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Abstract 

The automotive industry is required to accelerate the development and deployment of 

electrified vehicles at a faster pace than ever, to align the transportation sector with the climate 

goals. Reducing the development time of electric vehicles becomes an urgent priority. On the 

other hand, the industry is challenged by the increasing complexity and large design space of 

the emerging electrified powertrains. The existing approaches to address component design, 

such as numerical methods exemplified by finite element method, computational fluid dy-

namic, etc., are based on a detailed design process. This leads to a long computational burden 

when trying to incorporate them at system-level. Speeding up the early development phases 

of electrified vehicles necessitates new methodologies and tools, supporting the exploration of 

the system-level design space. These methodologies should allow for assessing different sizing 

choices of electrified powertrains in the early development phases, both efficiently in terms of 

computational time and with reliable results in terms of energy consumption at system-level. 

To address this challenge, this Ph.D. thesis aims to develop a scaling methodology for electric 

axles, allowing system-level investigation of different power-rated electric vehicles. The elec-

tric axle considered in this thesis comprises a voltage source inverter, an electric machine, a 

gearbox, and a control unit. The scaling procedure is aimed at predicting the data of a newly 

defined design of a given component with different specifications based on a reference design, 

without redoing time and effort-consuming steps. For this purpose, different derivations of 

scaling laws of the electric axle components are thoroughly discussed and compared at com-

ponent-level in terms of power loss scaling. A particular emphasis is placed on examining the 

linear losses-to-power scaling method, which is widely employed in system-level studies. This 

is because, this method presents questionable assumptions, and has not been the subject of a 

comprehensive examination. A key contribution of the presented work is the derivation of 

power loss scaling laws of gearboxes, which has been identified as a gap in the current litera-

ture. This is achieved through an intensive experimental campaign using commercial gear-

boxes. To incorporate the scaling laws at system-level and study the interaction between the 

scaled components, the energetic macroscopic representation formalism is employed. The 

novelty of the proposed method lies in structuring a scalable model and control for a reference 

electric axle to be used in system-level simulation. The novel organization consists of a refer-

ence model and control complemented by two power adaptation elements at the electrical and 

mechanical sides. These latter elements consider the scaling effects, including the power losses. 

The methodology is applied for different case studies of battery electric vehicles, ranging from 

light to heavy-duty vehicles. Particular attention is paid to assessing the impact of the linear 
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power-to-losses scaling method on energy consumption considering different power scaling 

factors and driving cycles, as compared to high-fidelity scaling methods.    

Keywords: early development phases, efficiency, electric vehicles, energetic macroscopic 

representation, energetic study, experimental campaign, modularity, scalable modeling and 

control, scaling laws, system-level design 
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Résumé 
 

L'industrie automobile est contrainte d'accélérer le développement et le déploiement des 

véhicules électrifiés à un rythme sans précédent, afin d'aligner le secteur du transport avec les 

objectifs climatiques. La réduction du temps de développement des véhicules électriques de-

vient une priorité urgente. D'autre part, l'industrie est confrontée à une complexité accrue et à 

l’ampleur de l’espace de conception des chaînes de traction électrifiées émergentes. Les ap-

proches existantes pour aborder la conception des composants, notamment les méthodes nu-

mériques telles que la méthode des éléments finis, la mécanique des fluides numérique, etc., 

reposent sur un processus de conception détaillé. Cela entraîne une longue charge de calcul 

lorsqu'on essaie de les intégrer au niveau système. L'accélération des premières phases de dé-

veloppement des véhicules électrifiés nécessite de nouvelles méthodologies et de nouveaux 

outils, permettant d'explorer l'espace de conception au niveau système. Ces méthodologies 

devraient permettre d'évaluer les différents choix de pré-dimensionnement des chaînes de 

traction électrifiées dans les phases de pré-étude. Cette évaluation devrait se faire de manière 

efficace en termes de temps de calcul, tout en garantissant des résultats fiables en ce qui con-

cerne la consommation énergétique au niveau système. Pour relever ce défi, cette thèse de 

doctorat vise à développer une méthodologie de mise à l'échelle pour les systèmes d'entraîne-

ment électromécaniques, permettant l'étude au niveau système de différents véhicules élec-

triques. Un système d'entraînement électromécanique se compose d'un ensemble comprenant 

un onduleur, une machine électrique, un réducteur mécanique et une unité de contrôle. La 

procédure de mise à l'échelle vise à prédire les données d'une conception nouvellement définie 

d'un composant donné avec des spécifications différentes sur la base d'une conception de ré-

férence, sans avoir à refaire des étapes qui demandent beaucoup de temps et d'efforts. À cette 

fin, différentes formulations de lois de mise à l'échelle des composants du système d'entraîne-

ment électromécanique sont examinées en détail et comparées au niveau composant en termes 

de mise à l'échelle de la perte de puissance. Un accent particulier est mis sur l'examen de la 

méthode de mise à l'échelle linéaire des pertes par une homothétie, qui est largement employée 

dans les études au niveau système. En effet, cette méthode présente des hypothèses discutables 

et n'a pas fait l'objet d'une étude approfondie. En outre, l’une des principales contributions de 

ce travail est la formulation des lois de mise à l'échelle des pertes de puissance des réducteurs 

mécaniques, qui ont été identifiées comme une lacune dans la littérature actuelle. Pour ce faire, 

une campagne expérimentale intensive a été menée sur des réducteurs mécaniques commer-

ciaux. Pour intégrer les lois d'échelle au niveau système et étudier l'interaction entre les com-

posants mis à l'échelle, le formalisme de la représentation macroscopique énergétique est uti-

lisé. La nouveauté de la méthode proposée réside dans la structuration d'un modèle et d'une 

commande évolutifs du système d'entraînement électromécanique de référence à utiliser dans 
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la simulation au niveau système. La nouvelle organisation consiste en un modèle et une com-

mande de référence complétés par deux éléments d'adaptation de puissance du côté électrique 

et mécanique. Ces derniers éléments prennent en compte les effets d'échelle, y compris les 

pertes de puissance. La méthodologie est appliquée à différents cas d'étude de véhicules élec-

triques à batterie, allant des véhicules légers aux véhicules lourds. Une attention particulière 

est accordée à l'évaluation de l'impact de la méthode de la mise à l'échelle linéaire sur la con-

sommation d'énergie, en tenant compte de différents facteurs de mise à l'échelle de la puis-

sance et des cycles de conduite, par rapport à d’autres méthodes de mise à l'échelle avec une 

haute-fidélité.    

Mots clefs : phases de développement préliminaire, cartographie de rendement, véhicules 

électriques, représentation macroscopique énergétique, étude énergétique, campagne expéri-

mentale, modularité, modélisation et contrôle évolutifs, lois d'échelle, conception système. 
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Samenvatting 
 

De auto-industrie moet de ontwikkeling en introductie van elektrische voertuigen sneller 

dan ooit realiseren om de transportsector op één lijn te brengen met de klimaatdoelstellingen. 

Het reduceren van de ontwikkelingstijd van elektrische voertuigen wordt een dringende 

prioriteit. De auto-industrie wordt hierbij uitgedaagd door de toenemende complexiteit en de 

grote ontwerpruimte van de opkomende geëlektrificeerde aandrijflijnen. De bestaande 

benaderingen om het ontwerp van componenten aan te pakken, zoals numerieke methoden 

en eindige-elementenmethodes, computational fluid dynamic, enzovoort, zijn gebaseerd op 

een gedetailleerd ontwerpproces. Dit leidt tot een grote rekenlast wanneer geprobeerd wordt 

om ze op systeemniveau toe te passen. Om de vroege ontwikkelingsfasen van elektrische 

voertuigen te versnellen, zijn nieuwe methodologieën en hulpmiddelen nodig die de 

verkenning van de ontwerpruimte op systeemniveau ondersteunen. Deze methodologieën 

moeten het mogelijk maken om verschillende dimensioneringskeuzes van geëlektrificeerde 

aandrijflijnen te beoordelen, waarbij hun efficiëntie in termen van rekentijd en  betrouwbare 

in termen van energieverbruik op systeemniveau belangrijk zijn. Om deze uitdaging aan te 

gaan, is dit proefschrift gericht op het ontwikkelen van een schaleringsmethode voor 

elektromechanische aandrijfsystemen, waardoor onderzoek op systeemniveau van 

verschillende elektrische voertuigen met verschillende vermogens mogelijk wordt. Het 

elektromechanisch aandrijfsysteem dat in dit proefschrift wordt bestudeerd bestaat uit een 

spanningsbronomvormer, een elektrische machine, een tandwielkast en een 

besturingseenheid. De schalingsmethodiek is gericht op het voorspellen van de gegevens van 

een nieuw gedefinieerd ontwerp van een component met verschillende specificaties op basis 

van een referentieontwerp, zonder tijd- en inspanningrovende stappen opnieuw uit te voeren. 

Voor dit doel worden verschillende schalingswetten van de componenten van het 

elektromechanische aandrijfsysteem grondig besproken en vergeleken op componentniveau 

in termen van vermogensverlies. Er wordt speciale nadruk gelegd op het onderzoeken van de 

lineaire methode voor het schalen van verliezen aangezien deze veel wordt gebruikt in studies 

op systeemniveau. De reden hiervoor is dat deze methode dubieuze aannames bevat en niet 

uitgebreid is onderzocht. Een belangrijke bijdrage van het gepresenteerde werk is de afleiding 

van de wetten voor de schaling van vermogensverliezen van tandwielkasten, wat een hiaat is 

in de huidige literatuur. Dit wordt bereikt door een intensieve experimentele campagne met 

commerciële tandwielkasten. Om de schalingswetten op systeemniveau op te nemen en de 

interactie tussen de geschaalde componenten te bestuderen, wordt het formalisme van de 

energetische macroscopische representatie gebruikt. De nieuwigheid van de voorgestelde 

methode ligt in het structureren van een schaalbaar model en de regeling ervan voor een 

referentie elektromechanisch aandrijfsysteem voor gebruik in simulatie op systeemniveau. De 
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nieuwe organisatie bestaat uit een referentiemodel en -regeling aangevuld met twee 

vermogensaanpassingselementen aan de elektrische en mechanische kant. Deze laatste 

elementen houden rekening met de schaaleffecten, inclusief de vermogensverliezen. De 

methodologie wordt toegepast op verschillende studiegevallen van batterij-elektrische 

voertuigen, variërend van lichte tot zware voertuigen. Er wordt bijzondere aandacht besteed 

aan de beoordeling van de impact van de lineaire schalingsmethode op het energieverbruik, 

rekening houdend met verschillende vermogensschalingsfactoren en rijcycli, in vergelijking 

met high-fidelity schalingsmethoden.    

Trefwoorden: vroege ontwikkelingsfasen, efficiëntie, elektrische voertuigen, energetische 

macroscopische weergave, energetische studie, experimentele campagne, modulariteit, 

schaalbare modellering en regeling, schaalwetten, ontwerp op systeemniveau 
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Extended summary 

The automotive industry is required to accelerate the development and deployment of 

electrified vehicles at a faster pace than ever, to align the transportation sector with the climate 

goals. Reducing the development time of electric vehicles becomes an urgent priority. On the 

other hand, the industry is challenged by the increasing complexity and large design space of 

the emerging electrified powertrains. The existing approaches to address component design, 

such as numerical methods exemplified by finite element method, computational fluid dy-

namic, etc., are based on a detailed design process. This leads to a long computational burden 

when trying to incorporate them at system-level. Speeding up the early development phases 

of electrified vehicles necessitates new methodologies and tools, supporting the exploration of 

the system-level design space. These methodologies should allow for assessing different sizing 

choices of electrified powertrains in the early development phases, both efficiently in terms of 

computational time and with reliable results in terms of energy consumption at system-level. 

To address this challenge, this Ph.D. thesis aims to develop a scaling methodology for electric 

axles, allowing system-level investigation of different power-rated electric vehicles. The elec-

tric axle considered in this thesis comprises a voltage source inverter, an electric machine, a 

gearbox, and a control unit. Given the abundance of technology for electric axle components, 

the scope of the study is confined to permanent magnet synchronous machines, IGBT-based 

inverters, and planetary gearboxes due to their relevance in the automotive industry. The scal-

ing procedure is aimed at predicting the data of a newly defined design of a given component 

with different specifications based on a reference design, without redoing time and effort-con-

suming steps. For this purpose, different derivations of scaling laws of the electric axle com-

ponents are thoroughly examined and compared at component-level in terms of power loss 

scaling and at system-level with regards to energy consumption.  

Regarding the scaling of permanent magnet synchronous machines and IGBT-based in-

verters, collectively referred to as an electric drive system, the literature demonstrates a pleth-

ora of scaling laws with different derivations. The literature, essentially addressing system-

level investigation, reveals an extensive utilization of the linear losses-to-power scaling 

method. The method has gained widespread popularity due to its ease of use, simplicity, and 

the scarcity of component data with different sizes available to powertrain designers in the 

early development phases of electric vehicles. The linear scaling method does not require in-

depth expertise in electric drive system design. Instead, the method assumes that the total 

losses of a reference design can be linearly scaled according to the desired new power rating 

regardless of the geometry scaling. The last aforementioned assumption lacks clearly defined 

explanations in literature, making the reliability of the linear scaling method questionable.  

Consequently, a focal concern in this dissertation is to assess whether the linear scaling method 
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can yield satisfactory results in terms of efficiency scaling and the computation of energy con-

sumption. Furthermore, the conditions, e.g. geometry scaling, power scaling factor, driving 

patterns of the vehicle, etc., under which the method is deemed reliable are thoroughly inves-

tigated. 

 To tackle this challenge, the outcomes of the linear scaling method are compared to more 

sophisticated scaling laws validated through the finite element method, ensuring their high 

fidelity. These scaling laws delve into the component design theory and provide clear relation-

ships for the scaled parameters as a function of the geometry change. Regarding permanent 

synchronous machines, linear scaling has been compared to geometric scaling laws based on 

three scaling choices that consist of preserving the magnetic field density, the temperature rise 

in the windings, and a hybrid choice that combines the aforementioned choices. The compar-

ison between linear scaling and geometric scaling laws reveals that the difference in terms of 

efficiency scaling depends on the operating regions within the torque-speed plane. The effi-

ciency discrepancy is greater in high-torque and low-speed regions, where copper losses pre-

vail. This efficiency disparity is more pronounced in downscaling cases, particularly when 

comparing linear scaling and geometric scaling that preserves the magnetic field density. In 

the last aforementioned region, the difference in terms of efficiency is less significant when 

comparing linear scaling with geometric scaling based on the preservation of the temperature 

rise. At high-speed regions of the machines, the efficiency difference between linear and geo-

metric scaling laws decreases, where the iron and mechanical losses dominate. This holds for 

upscaling and downscaling cases and the different scaling choices.  

A methodology is presented to incorporate a geometrical information layer into the linear 

losses-to-power scaling method using the energetic macroscopic representation. The linear 

scaling method of permanent magnet synchronous machines is demonstrated as a particular 

case of the geometric scaling laws. There exists at least one combination of axial and radial 

geometric scaling factors that yield a particular case of linear scaling of losses. Nonetheless, 

the last statement is true for solely upscaling cases. It has been demonstrated for such scaling 

cases that no geometric combinations resulted in linear scaling cases. 

Regarding IGBT-based inverters, linear scaling is compared against an efficiency bench-

marking of three commercialized inverters of the same family. The analysis encompasses other 

scaling choices available in literature, such as data-driven power loss scaling, and scaling laws 

based on preserving power density and temperature rise between the scaled and the reference 

inverters. The efficiency map scaling comparison between the linear losses-to-power scaling 

method and efficiency benchmarking of commercialized inverters demonstrates comparable 

results. This is attributed to the linear scaling of conduction losses and the non-significant im-

pact of nonlinearities in the switching losses throughout the scaling process. The last statement 

is true for upscaling and downscaling cases.  

Regarding the scaling of mechanical transmissions, the literature shows comparatively 

less research work as compared to electric drive systems. Most studies are confined to study-

ing the effect of the transmission geometry on relevant parameters, such as the maximal output 

torque and inertia. Nonetheless, scaling laws for mechanical transmissions taking into account 
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the losses are still lacking in literature due to the complexity of such scaling process. The der-

ivation of power loss of mechanical transmission becomes particularly challenging at high-

speed regions due to the limited data on the losses in the previously mentioned regions. The 

requirements for high-speed transmissions stem from the upward trend toward high-speed 

electric machines to improve power density. To address this challenge, an extensive experi-

mental campaign is conducted to investigate the power losses of five commercial planetary 

reducers, featuring different speed and torque ratings and gear ratios. Both load-dependent 

and load-independent losses have been experimentally characterized at speed values up to 

14,000 rpm. However, the maximal torque rating differs from the requirements typically en-

countered in automotive gearboxes due to the low-rated power rating of the tested specimens. 

The testing results allow for defining a data-driven model, containing physics-based terms, i.e. 

speed, torque, and gear ratio parameters. Scaling laws are then derived based on maximal 

input speed, output torque, and gear ratio requirement using a training set, containing the 

data of 3 gearboxes. A second dataset, containing data from two other gearboxes has been used 

as a validation case for the scaling process. A methodology based on the scaling laws is subse-

quently proposed to create a power loss map or efficiency map of a scaled gearbox using solely 

the data of a reference gearbox. The results of this investigation show that scaling the torque 

and speed of a reference gearbox while preserving the same gear ratio leads to outstanding 

results. However, the scaling exercise becomes more challenging when the gear ratio is incor-

porated because of the nonlinearity of losses at high-speed values. On top of that, linear scaling 

has been investigated to assess its reliability for mechanical transmissions. The analysis 

demonstrates that while the linear scaling method can guarantee good results within low-

speed regions, it is not suitable for high-speed regions. 

Regarding the investigation at system-level, a new methodology based on energetic mac-

roscopic formalism is proposed to facilitate the incorporation of the scaling laws at system-

level. The proposed methodology is intended to provide a unified simulation environment to 

assess the energetic performance of different design candidates of electric axles for electric 

vehicles with various classes. To achieve this aim, the model of each scaled component of the 

electric axle is reorganized by keeping the reference model fixed but complimented with two 

power adaptation elements on the input and output sides of the reference model. The scaling 

effect according to each adopted method is included in the power adaptation element. The 

methodology is first applied to each component separately at component-level, then extended 

to the system-level to investigate the interaction between the scaled components. This permits 

the derivation of a scalable model and control of the reference electric axle, complemented by 

solely two power adaptation elements at the electrical and mechanical sides. The presented 

methodology is intended to reuse the model and control of the reference electric axle, aimed 

at contributing to speeding up the simulation process of a wide range of electric vehicles.  

Furthermore, the impact of the linear scaling method on energy consumption is exten-

sively investigated by considering 4 scaling cases for different transport applications. The 

study cases encompass a range of power scaling, spanning from 0.58 to 1.96. The investigation 

has been performed considering different standardized and on-road driving cycles featuring 

different patterns, e.g. urban, rural, and highway. The outcomes of the linear scaling method 

in terms of energy consumption are compared with scaled design candidates of electric 
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machines with distinct geometry resulting from geometric scaling laws, combined with effi-

ciency benchmarking of inverters. Concerning upscaling cases, the sensitivity analysis shows 

that linear scaling for the electric drive system yields comparative results as compared to the 

second scaling method, with differences spanning from 0% to 3.2% in absolute terms. Regard-

ing the downscaling cases, it is found that linear scaling consistently underestimates energy 

consumption. A discrepancy ranging from 3% to 8% is found when applying linear scaling to 

the electric drive when investigating the urban driving cycle as compared to the geometric 

scaling laws of the electric machine. Consequently, caution is recommended when dealing 

with downscaling cases for such specific case scenarios. For highway driving cycles, the dif-

ferences in terms of energy consumption are found negligible for both upscaling and 

downscaling cases.  
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Uitgebreide samenvatting 
 

De auto-industrie moet de ontwikkeling en introductie van elektrische voertuigen sneller 

dan ooit realiseren om de transportsector op één lijn te brengen met de klimaatdoelstellingen. 

Het verkorten van de ontwikkelingstijd van elektrische voertuigen wordt een dringende 

prioriteit. Aan de andere kant wordt de industrie uitgedaagd door de toenemende 

complexiteit en de grote ontwerpruimte van de opkomende geëlektrificeerde aandrijflijnen. 

De bestaande benaderingen om het ontwerp van componenten aan te pakken met numerieke 

methoden zoals de eindige-elementenmethode, computational fluid dynamic, enzovoort, zijn 

gebaseerd op een gedetailleerd ontwerpproces. Dit leidt tot een grote rekenlast wanneer 

geprobeerd wordt om ze op systeemniveau toe te passen. Om de vroege ontwikkelingsfasen 

van elektrische voertuigen te versnellen, zijn nieuwe methodologieën en hulpmiddelen nodig 

die de verkenning van de ontwerpruimte op systeemniveau ondersteunen. Deze 

methodologieën moeten het mogelijk maken om verschillende dimensioneringskeuzes van 

geëlektrificeerde aandrijflijnen te beoordelen in de vroege ontwikkelingsfasen, zowel efficiënt 

in termen van rekentijd als met betrouwbare resultaten in termen van energieverbruik op 

systeemniveau. Om deze uitdaging aan te gaan, is dit proefschrift gericht op het ontwikkelen 

van een schalingsmethodologie voor elektromechanische aandrijfsystemen, waardoor 

onderzoek op systeemniveau van verschillende elektrische voertuigen met verschillende 

vermogens mogelijk wordt. Het elektromechanische aandrijfsysteem in dit proefschrift bestaat 

uit een spanningsbronomvormer, een elektrische machine, een versnellingsbak en een 

besturingseenheid. Gezien de overvloed aan technologie voor elektromechanische 

aandrijfcomponenten, is de reikwijdte van het onderzoek beperkt tot synchrone machines met 

permanente magneten, op IGBT gebaseerde omvormers en planetaire tandwielkasten 

vanwege hun relevantie in de auto-industrie. De schaalprocedure is gericht op het voorspellen 

van de gegevens van een nieuw gedefinieerd ontwerp van een bepaalde component met 

verschillende specificaties op basis van een referentieontwerp, zonder tijd- en 

inspanningsrovende stappen opnieuw uit te voeren. Hiervoor worden verschillende 

afleidingen van de schalingswetten van de elektromechanische aandrijfcomponenten grondig 

onderzocht en vergeleken op componentniveau wat betreft de schaling van het 

vermogensverlies en op systeemniveau wat betreft het energieverbruik. 

Met betrekking tot de schaling van synchrone machines met permanente magneten en op 

IGBT-gebaseerde omvormers, waarnaar collectief wordt verwezen als een elektrisch 

aandrijfsysteem, onthult de literatuur een overvloed aan schalingswetten met verschillende 

afleidingen. De literatuur, die zich voornamelijk richt op onderzoek op systeemniveau, onthult 

een uitgebreid gebruik van de lineaire verlies/vermogen-schalingsmethode. De methode 
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heeft veel aan populariteit gewonnen vanwege het gebruiksgemak, de eenvoud en de 

schaarste aan componentgegevens met verschillende afmetingen die beschikbaar zijn voor 

ontwerpers van aandrijflijnen in de vroege ontwikkelingsfasen van elektrische voertuigen. De 

lineaire schalingsmethode vereist geen diepgaande expertise in het ontwerp van elektrische 

aandrijfsystemen. In plaats daarvan gaat de methode ervan uit dat de totale verliezen van een 

referentieontwerp lineair kunnen worden geschaald volgens het gewenste nieuwe vermogen, 

ongeacht de geometrieschaling. Deze laatste aanname wordt niet duidelijk uitgelegd in de 

literatuur, waardoor de betrouwbaarheid van de lineaire schaalmethode twijfelachtig is.  

Daarom richt dit proefschrift zich op de vraag of de lineaire schalingsmethode bevredigende 

resultaten kan geven in termen van efficiëntie schaling en berekening van het energieverbruik. 

Verder wordt grondig onderzocht onder welke voorwaarden, bijv. geometrieschaling, 

vermogensschalingsfactor, rijpatronen van voertuigen, etc., de methode betrouwbaar wordt 

geacht. 

Om deze uitdaging aan te gaan, worden de resultaten van de lineaire schalingsmethode 

vergeleken met meer verfijnde schalingswetten die gevalideerd zijn met de eindige-

elementenmethode. Deze verschalingswetten gaan dieper in op de ontwerptheorie van 

componenten en geven duidelijke relaties voor de verschaalde parameters als functie van de 

verandering van de geometrie. Voor synchrone machines met permanente magneten is de 

lineaire schaling vergeleken met geometrische schalingswetten op basis van drie 

schalingskeuzes die bestaan uit het behoud van de magnetische velddichtheid, behoud van de 

temperatuurstijging in de wikkelingen en een hybride keuze die de bovengenoemde keuzes 

combineert. De vergelijking tussen lineaire schaling en geometrische schalingswetten onthult 

dat het verschil in efficiëntie afhangt van de werkingsgebieden binnen het koppel-

snelheidsvlak. Het rendementsverschil is groter in gebieden met een hoog koppel en lage 

snelheid, waar koperverliezen de overhand hebben. Dit rendementsverschil is meer 

uitgesproken bij het terugschalen, vooral bij het vergelijken van lineaire schaling en 

geometrische schaling waarbij de magnetische velddichtheid behouden blijft. In de 

laatstgenoemde regio is het verschil in efficiëntie minder groot wanneer lineaire 

schaalvergroting wordt vergeleken met geometrische schaalvergroting op basis van het 

behoud van de temperatuurstijging. Bij hogesnelheidsregio's van de machines neemt het 

verschil in efficiëntie tussen lineaire en geometrische schalingswetten af, waar de ijzer- en 

mechanische verliezen domineren. Dit geldt voor op- en afschalen en de verschillende 

schaalkeuzes. 

Er wordt een methodologie gepresenteerd om een geometrische informatielaag op te 

nemen in de lineaire schalingsmethode van verliezen naar vermogen met behulp van de 

energetische macroscopische voorstelling. De lineaire schalingsmethode van synchrone 

machines met permanente magneten wordt gedemonstreerd als een bijzonder geval van de 

geometrische schalingswetten. Er bestaat ten minste één combinatie van axiale en radiale 

geometrische schalingsfactoren die een bijzonder geval van lineaire schaling van verliezen 

oplevert. De laatste bewering geldt echter alleen voor opschaling. Voor dergelijke opschalingis 

aangetoond dat geen enkele geometrische combinatie resulteerde in lineaire opschaling. 
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Voor op IGBT-gebaseerde omvormers wordt lineaire schaling vergeleken met een 

efficiëntiebenchmarking van drie gecommercialiseerde omvormers van dezelfde familie. De 

analyse omvat andere schalingskeuzes die in de literatuur beschikbaar zijn, zoals 

gegevensgestuurde schaling van vermogensverliezen en schalingswetten op basis van behoud 

van vermogensdichtheid en temperatuurstijging tussen de geschaalde en de 

referentieomvormers. De vergelijking van de schaling van de efficiëntiekaart tussen de 

schaling van verliezen naar vermogen en de efficiëntiebenchmarking van 

gecommercialiseerde omvormers toont vergelijkbare resultaten. Dit wordt toegeschreven aan 

de lineaire schaling van geleidingsverliezen en de niet-significante invloed van niet-

lineariteiten in de schakelverliezen tijdens het schalingsproces. De laatste verklaring geldt 

voor opschalen en terugschalen. 

Wat betreft de schaalbaarheid van mechanische transmissies is er in de literatuur relatief 

minder onderzoek gedaan dan bij elektrische aandrijfsystemen. De meeste studies beperken 

zich tot het bestuderen van het effect van de geometrie van de transmissie op relevante 

parameters, zoals het maximale uitgaande koppel en de massatraagheid. Desalniettemin 

ontbreken in de literatuur nog steeds schalingswetten voor mechanische transmissies die 

rekening houden met de verliezen, vanwege de complexiteit van een dergelijk 

schalingsproces. Het afleiden van vermogensverliezen van mechanische transmissies wordt 

vooral een uitdaging bij hoge snelheden vanwege de beperkte gegevens over de verliezen in 

de eerder genoemde gebieden. De vereisten voor hogesnelheidstransmissies komen voort uit 

de stijgende trend naar hogesnelheidselektrische machines om de vermogensdichtheid te 

verbeteren. Om deze uitdaging aan te gaan, is een uitgebreid experimenteel onderzoek 

uitgevoerd naar de vermogensverliezen van vijf commerciële planetaire reductoren, met 

verschillende snelheids- en koppelwaarden en overbrengingsverhoudingen. Zowel 

belastingsafhankelijke als belastingsonafhankelijke verliezen zijn experimenteel 

gekarakteriseerd bij toerentallen tot 14.000 tpm. De maximale koppelwaarde wijkt echter af 

van de vereisten die gewoonlijk worden aangetroffen in versnellingsbakken voor auto's 

vanwege het lage nominale vermogen van de geteste exemplaren. De uitgevoerde 

testresultaten maken het mogelijk om een gegevensgestuurd model te definiëren dat op fysica 

gebaseerde termen bevat, d.w.z. parameters voor snelheid, koppel en 

overbrengingsverhouding. Vervolgens worden schaalwetten afgeleid op basis van de 

maximale ingangssnelheid, het maximale uitgangskoppel en de maximale 

overbrengingsverhouding die vereist zijn. 

Voor het onderzoek op systeemniveau wordt een nieuwe methodologie voorgesteld die 

gebaseerd is op een energetisch macroscopisch formalisme om de integratie van de 

schalingswetten op systeemniveau te vergemakkelijken. De voorgestelde methodologie is 

bedoeld om een uniforme simulatieomgeving te bieden om de energetische prestaties van 

verschillende ontwerpkandidaten van elektromechanische aandrijfsystemen voor elektrische 

voertuigen van verschillende klassen te beoordelen. Om dit doel te bereiken, wordt het model 

van elke geschaalde component van het elektromechanische aandrijfsysteem gereorganiseerd 

door het referentiemodel vast te houden, maar aangevuld met twee 

vermogensaanpassingselementen aan de ingangs- en uitgangszijde van het referentiemodel. 

Het schaaleffect volgens elke toegepaste methode is opgenomen in het 
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vermogensaanpassingselement. De methodologie wordt eerst toegepast op elke component 

afzonderlijk op componentniveau en vervolgens uitgebreid naar het systeemniveau om de 

interactie tussen de geschaalde componenten te onderzoeken. Dit maakt de afleiding mogelijk 

van een schaalbaar model en regeling van het elektromechanische aandrijfsysteem, aangevuld 

met slechts twee vermogensaanpassingselementen aan de elektrische en mechanische kant. 

De gepresenteerde methodologie is bedoeld om het model en de regeling van het 

elektromechanische referentiesysteem te hergebruiken, met als doel het simulatieproces van 

een groot aantal elektrische voertuigen te versnellen. 

Verder wordt de impact van de lineaire schaalmethode op het energieverbruik uitgebreid 

onderzocht door vier schaalscenario's voor verschillende transporttoepassingen te bestuderen. 

De studiegevallen omvatten een schaalbereik van 0,58 tot 1,96. Het onderzoek is uitgevoerd 

op basis van verschillende gestandaardiseerde rijcycli met verschillende patronen, 

bijvoorbeeld in de stad, op het platteland en op de snelweg. De resultaten van de lineaire 

schaalmethode in termen van energieverbruik worden vergeleken met geschaalde 

ontwerpkandidaten van elektrische machines met een verschillende geometrie die het 

resultaat zijn van geometrische schaalwetten, in combinatie met efficiëntiebenchmarking van 

omvormers. Wat betreft de gevallen van opschaling toont de gevoeligheidsanalyse aan dat 

lineaire schaling voor het elektrische aandrijfsysteem vergelijkbare resultaten oplevert in 

vergelijking met de tweede schalingsmethode, met verschillen van 0% tot 3,2% in absolute 

termen. Wat betreft het terugschalen, blijkt dat lineaire schaling het energieverbruik 

consequent onderschat. Een verschil variërend van 3% tot 8% wordt gevonden bij het 

toepassen van lineaire schaling op de elektrische aandrijving bij het onderzoeken van de 

rijcyclus in de stad in vergelijking met de geometrische schalingswetten van de elektrische 

machine. Daarom is voorzichtigheid geboden bij het omgaan met downscaling voor dergelijke 

specifieke scenario's. Voor rijcycli op de snelweg zijn de verschillen in energieverbruik 

verwaarloosbaar klein voor zowel opschalen als terugschalen. 
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Notations 
 

To distinguish the parameters of the scaled components from those of the reference com-

ponents, the following notations are employed throughout the remainder of this manuscript. 

The parameters of the reference components are denoted with a superscript (0), whereas an 

apostrophe (‘) is employed to refer to those of the scaled components. For instance, the torque 

of the reference machine is denoted as 𝑇0, while the scaled torque is referred to as 𝑇′.  

A superscript (*) is utilized to refer to the parameters defined by the control level. For 

example, the torque setpoint of the reference machine is expressed as 𝑇∗0, while 𝑇∗′ is the 

torque setpoint of the scaled machine.  

A superscript (~) is used to refer to fictitious variables resulting from mathematical ma-

nipulation of the models, e.g. permutation manipulation. 

A subscript using an underscore symbol (-) is employed to refer to a vector of parameters. 

For example, 𝑣s,dq refers to a vector containing the voltages in the dq axis of the Park Trans-

form, 𝑣s,dq = [
𝑣s,d
𝑣s,q

].   

The notation (~1) is utilized to indicate the preservation of a specific parameter during the 

scaling process. For instance, the choice B~1 refers to the preservation of the magnetic field 

density during the scaling process.  
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List of abbreviations 
 

 

Numbers  

1D One dimension 

2D Two dimensions 

3in1 Three components combined into one single entity 

  

A  

ADVISOR ADvanced VehIcle SimulatOR 

AGMA American Gear Manufacturers Association 

AWD All-Wheel Drive 

  

B  

BEV Battery Electric Vehicles 

  

C  

CAFC Corporate Average Fuel Consumption 

CAFE Corporate Average Fuel Economy 

CFD Computational Fluid Dynamics 

CO2 Carbon Dioxide 

COP28 The 28th Conference Of the Parties 

CUMIN Campus of University with Mobility based on Innovation and 

Carbon Neutrality 

  

D  

DT4V Digital Twins for Validation of dynamic performance and relia-

bility of drive systems 

DTC Direct-Torque Control 

DySC Dynamical Systems and Control research group 
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E  

e-axle electric axle system 

EDS Electric Drive System 

EM Electric Machine 

EMR Energetic Macroscopic Representation 

EPA Environmental Protection Agency 

EU European Union 

EVOLUTION EffectiVeness Of Lorries and bUses 

  

F  

FCEV Fuel Cell Electric Vehicles 

FEM Finite Element Method 

FOC Field-Oriented Control 

FW Field Weakening  

FWD Front Wheel Drive 

  

G  

GaN Gallium Nitride 

GB Gearbox 

  

H  

HDV Heavy-Duty Vehicles 

HEV Hybrid Electric Vehicles 

HiL Hardware-in-the-loop testing 

  

I  

ICCT International Council on Clean Transportation 

IEA International Energy Agency 

IGBT Insulated Gate Bipolar Transistors 

IM Induction Machines 

ISO International Organization for Standardization 

  

L  
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General introduction 
 

eing one of the largest emission emitters over the years, the transportation sector is 

confronted with pressing and paramount requirements to steer its course in accord-

ance with the goals delineated in the Paris Agreement [1], [2]. The duty of the transportation 

sector is to move forward in routes, that contributes to limiting global warming to 1.5 °C above 

pre-industrial levels. In pursuit of this goal, several major economies worldwide, with leader-

ship from the European Union, the United States of America, and China, have vowed to miti-

gate transport emissions. This commitment is demonstrated through putting forth progressive 

emission and fuel economy standards, that mandate annual or multi-year timeframe reduction 

targets [3], [4]. These environmental policies have played an important role in reshaping the 

automotive industry by supporting the development of low and zero-emissions vehicles [5]. 

This is exemplified by the exponential growth in the electrified vehicles market, with sales 

exceeding 10 million vehicles in 2022 as compared to hardly 120,000 a decade ago [6].  

 The efforts to reduce emissions from the transportation sector are decent, however, they 

are still not sufficient. This is evidenced by the continuous growth in emissions in the year 

2023, eight years after the historic Paris Agreement [7]. This upward trend is attributed to the 

growth in population, economic activity, and transport demand, all of which are expected to 

continue rising in the coming years. Consequently, the time window before reaching the 1.5°C 

goal is rapidly narrowing. As postulated in [8], it might not be feasible to keep this goal within 

reach unless there is tremendous carbon dioxide mitigation on an unprecedented scale by the 

year 2030. The end of the year 2023 will be critical as the world heads into the next round of 

climate negotiations at the 28th Conference Of the Parties (COP28) of the United Nations 

Framework Convention on Climate Change (UNFCCC) in November 2023 [9]. This is an un-

missable opportunity to increase the pace of the global transition towards low and zero-emis-

sions mobility and strengthen climate change actions and policies worldwide. As a result, the 

entire automotive industry is at a tipping point. All involved parties, e.g. carmakers, stake-

holders, and original equipment manufacturers etc., are fully cognizant that the upcoming 

years will require a surge in electrification to successfully meet the climate goals.  

The massive introduction of new electrified models to the market will inevitably bring 

forth a multitude of challenges. Beyond adhering to stringent emission standards and tight 

timelines, the automotive industry is confronted with new challenges arising principally from 

the technological disruption and escalating system complexity of the emerging electrified 

powertrains [10], [11]. In this regard, the design space of electrified powertrains is significantly 

large and flexible, providing an extensive diversity of technical solutions, as compared to their 

conventional counterparts. The design space of an electrified powertrain encompasses 
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different layers, namely powertrain topology, technology selection, components design, and 

sizing, as well as control design [12], [13]. During the early development phases of an automo-

tive project, a thorough examination of the aforementioned design layers is required. The anal-

ysis should adopt a systemic approach [14], taking into account the interaction between all 

these layers, to ensure solutions that align with the project specifications and constraints. Con-

sequently, the complexity of the development process increases, particularly when it comes to 

electrifying a wide range of vehicle classes within the automotive fleet. This is due to distinct 

specifications and requirements associated with each transport application, resulting in differ-

ent potential technical solutions. This factor intensifies the pressure on the automotive indus-

try, which is requested to deliver efficient electrified vehicle designs at a faster pace than ever 

before. Reducing the time-to-market of the next generation of vehicles is thereby becoming a 

top priority. To achieve this goal, new and flexible methodologies to support and effectively 

address the early development challenges are needed [15] .  

The early development phases of electrified vehicles heavily rely on virtual development 

[10]. The assessment of the performance of the potential solutions is usually done through 

system-level simulations, employing high-level models based on component data [16]. This 

data is typically established using high-fidelity numerical methods such as finite element 

methods [17], computational fluid dynamics [18], etc. Although these methods are recognized 

for their high accuracy, they are time and effort-consuming. Hence, the task of studying the 

impact of design changes is cumbersome, making their incorporation of the previously men-

tioned method at system-level challenging. As part of the endeavors to speed up the design 

and sizing process of electrified powertrain components, scalability has attracted widespread 

attention in system-level investigation in recent literature [19]–[22]. The main idea behind 

scalability is to leverage existing design solutions of a given component and reuse them to 

quickly derive a virtual scaled component with different specifications. This makes it unnec-

essary to redo cumbersome design steps. 

In effect, scalability is not an emerging research area, but rather a deeply rooted topic in 

literature addressing the sizing problem of components. This is evidenced by research papers 

discussing the scalability of electric machines dating back to the 1970s [23], [24]. Scaling at-

tracted widespread attention due to the constrained computational efficiency available at the 

time. Due to the notable advancements in computer computation, the subject has witnessed a 

diminishing level of interest over time. Notwithstanding, scalability has reignited a renewed 

and strong interest in a recent body of literature centered on the system-level design of elec-

trified powertrains [19]–[22]. This is attributed to the computational efficiency and the ease of 

implementation provided by scalability in addressing complex, multi-objective, and coupled 

optimization problems of electrified powertrains [12], [13]. 

Different approaches to implement scalability are adopted in system-level studies. Such 

approaches include different derivations of scaling laws. Indeed, scaling laws enable studying 

the effect of varying representative parameters of a reference component design, e.g. geome-

try, power, etc., to deduce the scaled parameters of a new design. Regarding electric drive 

systems, i.e. electric machines and power electronic converters, there is an abundance of scal-

ing laws in literature which can be classified into two main categories. The first one utilizes a 
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simplified version of scaling laws, known as linear losses-to-power scaling or simply linear 

scaling [16], [25], [26]. The aforementioned scaling method assumes that the overall power loss 

scale follows the new desired power rating. Due to its simplicity and computational efficiency, 

the linear scaling method has found widespread application in system-level studies to assess 

the energy consumption of electrified vehicles of different power ratings. Nonetheless, the as-

sumptions behind the latter method are doubtful and have been not subjected to a thorough 

examination. In this regard, reference [27] states that the accuracy of the linear scaling method 

is uncertain and recommends approaching the scaling process with caution using the afore-

mentioned method, without providing further insight. The second category employs more ad-

vanced scaling laws that delve into the component design and geometry [28]–[30]. These latter 

are primarily applied at component-level to assess design changes of components. Despite 

significant efforts to derive scaling laws in earlier studies, no comprehensive understanding 

of the impact of these scaling laws on the efficiency scaling and energy consumption compu-

tation of electrified vehicles is available. Furthermore, the literature shows comparatively less 

research work on the scaling of mechanical transmissions as compared to electric drive sys-

tems. Most studies are confined to studying the effect of the transmission geometry on relevant 

parameters, such as the maximal output torque and inertia [31], [32]. Nonetheless, scaling laws 

for mechanical transmissions taking into account the losses are still lacking in literature due to 

the complexity of such scaling process. On top of that, no clear structuration is employed for 

the scalable models in simulation environments. The scaling laws are used as a set of equations 

combined with the reference model of the components. This originates from the fact that the 

theory of scaling laws is established at component-level. Consequently, the interactions be-

tween the scaled components when analyzing the system are inherently not considered. Ac-

cordingly, a comprehensive examination of the impact of component scalability at system-

level becomes a challenging task. For this reason, it becomes desirable to establish a new or-

ganization of scalable models, following a systemic approach. 

In this context, the research motivation of this Ph.D. thesis is to contribute to a reduction 

of the time-to-market of electrified vehicles by accelerating the design process in the early de-

velopment phases of the electric axle components employing a scaling methodology. An elec-

tric axle consists of a power electronic converter, an electric machine, a mechanical transmis-

sion, and a control unit. The objective of this research work is to develop a scaling method for 

the electric axle components, allowing the investigation of the energetic performance of differ-

ent classes of vehicles at system-level. The Energetic Macroscopic Representation (EMR) for-

malism [33] is employed to provide an innovative organization of the scaling laws at system-

level. This is intended to offer a unified simulation framework of various power ranges and 

allows for investigation of the interaction between the scaled components. Furthermore, an 

intensive experimental campaign on different commercialized mechanical transmissions is 

conducted to address the literature gap on power loss scaling laws. 

This dissertation is structured as follows. Chapter I is dedicated to presenting the context 

and the framework of this research work, and delves into the challenges of system-level design 

of electrified vehicles. The specification of the work is introduced to define the scope of this 

Ph.D.  In Chapter II, a comparative analysis is performed between several scaling laws of elec-

tric drive systems. The chapter is intended to increase the understanding of the adopted 
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scaling laws on efficiency scaling over the operating range. A particular emphasis is placed on 

examining the assumptions and outcomes of the linear scaling method. A novel organization 

of the model of the scaled electric machines and power electronic converters is proposed. 

Chapter III addresses the derivation of the scaling laws of mechanical transmissions through 

an intensive experimental campaign. In Chapter IV, the interaction between the scaled com-

ponents is investigated at system-level. A new organization based on EMR is presented, al-

lowing the use of a unique system-level model and control of the electric axle to simulate the 

performance of multiple vehicle classes. This methodology incorporates different choices of 

scaling law for each individual component in a unified way. This permits conducting an in-

depth comparative analysis of the impact of the scaling choices on the energy consumption of 

different electric vehicles. Considerable emphasis is paid to evaluating how the linear scaling 

method impacts energy consumption based on different power scaling factors and driving 

patterns. Several appendices are provided to complement some of the sections presented in 

each chapter at the end of this dissertation.
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Chapter I 

Need for new methodologies to expe-

dite the development and deployment 

of electrified vehicles 

1 Introduction 

missions mitigation of the transportation sector is nowadays an urgent global envi-

ronmental challenge that is a top priority for many governments. The vision towards 

zero-emission transport is increasingly becoming universal. Over the past few years, much 

effort on the part of policymakers has been devoted to emission performance standards in the 

transportation sector because of its share of total emissions and its continuous growth [7]. 

These new emission standards create a perfect storm to put the transport sector on the right 

pathway toward green mobility. However, this comes with a myriad of challenges that lie 

ahead for the automotive industry, especially when it comes to electrifying a wide range of 

vehicle classes within a short timeframe. The increasing electrification trend can only be 

achieved with a high degree of scalability in terms of requirements (e.g. power rating, dimen-

sions, etc.) of the electric axle system (e-axle), i.e. the association of power electronics converter, 

electric machine, and gearbox. The design of a new e-axle involves multiple layers, namely the 

selection of the topology, the technology of the components, sizing, and control. Consequently, 

this yields a large design space that needs to be thoroughly explored and assessed. Notwith-

standing, the existing approaches are based on detailed design, which leads to a long compu-

tational time. Consequently, there is a need to develop new methodologies, offering the pos-

sibility of synthesizing, assessing, and comparing different preliminary virtual design candi-

dates of an e-axle for different vehicle classes in the initial stages of system development. This 

helps to make decisions before the initiation of detailed component design. In this context, this 

chapter addresses the research question in the present work by stressing the urgent need to 

find new methodologies that support the fast development of electrified vehicles. 

This chapter is organized as follows. Section 2 presents an overview of the environmental 

policies promoting a strong electrification trend. Section 3 provides an overview of the main 

phases of the development of an automotive project. Section 4 discusses the state of the art of 

E 



2. Strong electrification trend to cope with new environmental policies   
   

 

6 
 

the methods employed in the design of the e-axle. Section 5 is dedicated to discussing the 

research motivations and questions. The research goal, framework, and organization of this 

Ph.D. thesis are reported in Section 6.  

2 Strong electrification trend to cope with new environmental 

policies 

2.1  Tracking CO2 emissions in the transportation sector 

Undeniably, the transportation sector is one of the largest emitters of carbon dioxide (CO2) 

emissions in different countries worldwide, as depicted in Fig. 1.  

 

Fig. 1: Breakdown of energy-related emissions of carbon dioxide CO2 from fuel combustion, by eco-
nomic sector, data sourced from [34]–[37]. The number mentioned in Gt CO2 refers to the total CO2 
emissions emitted by the concerned nations, including all economic sectors. 

At a global scale, transportation stands as the second-largest contributor of CO2 emissions, 

accounting for approximately 23% of emissions in 2018 according to the International Energy 

Agency (IEA) database [34]. The shares of CO2 emissions across sectors depend on the ener-

getic mix and environmental policy of each country. Hence, the distribution of CO2 emissions 

per sector differs from one country to another. A more in-depth analysis of the breakdown of 

emissions by sector in the world’s most prominent markets, particularly the European Union 

(EU), and the United States of America (USA), reveals that the transportation sector is the larg-

est emitter of CO2. In the EU, the transport sector accounts for 28.4% of total CO2 emissions 

[35]. The Environmental Protection Agency (EPA) showed that after substantial declines in 

emissions from the electric power sector following 2017, the transportation sector became the 

leading source of CO2 with 38% of total emissions in the USA in 2021 [36]. However, in China, 

the transportation sector is not the main contributor to CO2 emissions, accounting for approx-

imately 9% of the overall emissions in 2020 relative to 48% for the power sector [37]. This is 

5 

   

   

   

   

 ther

Power

Industrial

 uilding

Transportation

  .  

   

   
 5.  

  .  
5 

   

     

   

   

  .  
  .  

 .   
9.  

EU USA China

Global
    

 .6 Gt C  
 

            

 .6 Gt C  
 

9.6 Gt C  
 



Chapter I: Need for new methodologies to expedite the development and deployment of electrified vehicles 
 

7 
 

because of the reliance of the power sector on coal. For instance, CO2 emissions from the steel 

and cement sectors, two uppermost components of the power sector in China, alone surpass 

the overall CO2 emissions of the EU [38]. 

Historically, the transportation sector has exhibited a consistent growth pattern over time, 

as illustrated in Fig. 2, except for two notable disruptions:  the financial crisis in 2008, and the 

COVID-19 pandemic in 2020 [39]. The sector experienced a minor reduction of about 2.2% in 

2009 relative to the 2008 level. However, this decrease was followed by an emission-increasing 

trend until 2020. Thereafter, the pandemic resulted in an unprecedented reduction in CO2 

emissions due to transport restrictions, but this was short-lived as emissions rebounded by 8% 

in 2021. Preliminary data suggest that emissions are heading toward their peak 

of early 2020, returning to the historical upward trend of emissions [1]. Compared to other 

sectors, Fig. 3. reveals that the transportation sector stands out as the sole sector with no sig-

nificant downward trend in the past three decades, despite the efforts made to establish emis-

sions regulation standards (cf. Appendix I). All other sectors experienced noteworthy declines 

in their CO2 emissions. For instance, the power sector in the EU and the USA have seen a de-

crease of about 36% and 16%, respectively in CO2 emissions relative to the 1990 baseline. Emis-

sions from the transportation sector increased by approximately 24% in the same nations, over 

the same period. This is mainly due to an increase in demand for travel and road freight activ-

ities. In the coming decades, transport demand is expected to increase worldwide due to pop-

ulation growth, urban sprawl, and economic growth. IEA forecasts that global transport (pas-

senger per kilometer) will double from 2019 to 2070, and car ownership rates are expected to 

increase by 60% [40]. 

 

Fig. 2: Global CO2 emissions evolution of the transportation sector, data extracted from [39].  

2.2 Intensified policy framework for decarbonizing road transportation  

Over the past two decades, efforts have been made worldwide to set CO2 regulations 

standards, aiming to mitigate emissions from the transportation sector. These standards, 

which vary by country, have established different CO2 reduction targets and deadlines based 

on specific transportation segments. To gain a good understanding of CO2 emissions regula-

tions, the primary contributors of emissions in the transportation sector are first discussed. For 

this aim, Fig. 4 provides a breakdown of the CO2 emissions contributed by various transport 

applications. From this figure, it is evidenced that road transport, which encompasses both 

passenger and freight transport, is the leading contributor to global transportation-related 
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emissions, totaling about 75% [41]. In the EU in 2022, this proportion is approximately 72% 

[42], whereas, in the USA, it is as high as 83% in 2019 [36]. Of all the on-road vehicles, Light-

Duty Vehicles (LDV), e.g. passenger cars and light commercial vehicles, have globally the 

greatest share of emissions, followed by Heavy-Duty Vehicles (HDV), such as trucks and 

buses. For instance, passenger cars were responsible for 60.6% of the total emissions emitted 

in 2022 in the EU, as compared to 11% for light commercial vehicles. Heavy-duty trucks and 

buses together accounted for 27.1% of road transport emissions during the same year in the 

EU. Similar observations can be made when examining the breakdown of contributors to 

transport emissions in the USA. 

 

Fig. 3: Evolution of CO2 emissions in the European Union (*data excluding the United Kingdom) and 
the United States of America by economic sector, data extracted from [36], [43]. 

 

Fig. 4: Shares of CO2 emissions by transportation sub-sector, data extracted from [36], [41], [42]. * indi-
cates that emissions from buses were included in the mentioned part, ** refers to road freight transport. 

To mitigate the likely increase in the road transportation sector, major markets have been 

intensifying their efforts to set short- and long-term vehicle emissions regulations, targeting 
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LDV and HDV. An overview of the history of CO2 emissions regulations in the major automo-

tive markets, exemplified by the EU, USA, and China cases, is presented in Appendix I. This 

section specifically highlights the CO2 reduction targets for the period from 2025 to 2035. In 

this context, the EU is demonstrating leadership in climate policy, by setting bold policies that 

are propelling the transition towards zero-emissions transport as part of the European Green 

Deal strategy [44]. In March 2023, the EU made significant steps by amending its 2019 regula-

tions and setting more ambitious objectives [45]. Compared to the 2019 regulation, the EU has 

strengthened the 2030 reduction target for newly registered passenger cars from 37.5% to 55% 

relative to the 2021 baseline (95 g CO2/km based on the New European Driving Cycle, NEDC, 

procedure). Additionally, the 2030 reduction target for vans was strengthened from 31% to -

50%, compared to the 2021 baseline (about 180 g CO2/km) as well. Most importantly, the EU 

introduced a groundbreaking target for 2035, aiming for a 100% cut in CO2 emissions (0 g 

CO2/km) for both passenger cars and vans. The amended regulation maintains the 2025 re-

duction target of 15% without any further changes. In the same year 2023, the European Com-

mission released a proposal to amend the CO2 standard for HDV, aiming to accelerate the 

deployment of zero-emissions vehicles1 in this sector. If approved, the amendment would re-

quire a 90% reduction for trucks by 2040, while city buses would be required to achieve a 100% 

reduction by 2030 [46].  

The USA, by its turn, has set a goal of net-zero emissions by 2050 [47]. In 2023, EPA re-

vealed a new more ambitious standard proposal to further reduce CO2 emissions from the 

entire LDV fleet for the timeframe 2027-2032 [48]. This standard aims to achieve an average 

target of 82 g CO2/mi of CO2 in 2032 (about 41 g CO2/km normalized to NEDC test proce-

dures2) for the LDV fleet. Regarding HDV, the regulation adopted in 2016 for the timeframe 

2018-2027, targets a reduction from 15-27% depending on the vehicle type, relative to the 2017 

baseline. In 2023, the EPA proposed a revision of the existing standards for HDV aiming at 

further reduction of emissions in 2027 [50]. 

China has committed to achieving carbon neutrality before 2060 [38]. For this aim, China 

adopted a fuel economy standard for passenger cars in 2021, setting an average fuel consump-

tion target of 4 L/100 km  (about 93 g CO2/km) by 2025 and 3.2 L/100 km (75 g CO2/km) by 

2030 [51]. As far as HDV are concerned, a proposal was issued in 2022, suggesting increasing 

the stringency by 15% relative to the regulation of 2019 [52]. 

2.3 Decent efforts, yet insufficient 

Notwithstanding the efforts dedicated to the development of standards and the increased 

stringency in CO2 reduction targets, certain analyses suggest that the currently adopted stand-

ards fall short of achieving the decarbonization of road transportation within the set 

timeframe. In the case of the EU, the International Council on Clean Transportation (ICCT) 

 
1 The terminology zero-emission vehicles is commonly used in the current literature and emission regulations standards to de-
scribe vehicles with zero tailpipe emissions. However, from a precise point of view, the terminology is not completely accurate 
as any type of vehicles still emit some local emissions such as  particulates during braking phases. 
2 It is worth noting that the American emissions testing procedure differs from the European one. This conversion has been 
performed using the conversion tool provided by the International Council on Clean Transportation, converting from the Corpo-
rate Average Fuel Economy (CAFE) procedure to the New European Driving Cycle (NEDC) procedure [49]. 
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recommends increasing the stringency of the 2025 objective as much as possible, to guarantee 

the attainment of zero-emissions vehicles by 2035 [53]. Furthermore, the recommended level 

of stringency for the LDV fleet-average CO2 targets in 2030 should be at least a 70% reduction 

relative to the 2021 baseline, surpassing the newly adopted target of 55%. Alternatively, it was 

suggested to bring forward the 2030 CO2 target to a date earlier than 2027. Concerning the 

USA case, the ICCT suggests that the CO2 standard needs to be as much lower as 57 g CO2/mi 

by 2030 [54]. This would represent a 69% reduction in comparison to the 2026 target. The anal-

ysis conducted by the ICCT for the Chinese case recommends imposing stringent targets for 

new passenger car CO2 emissions, aiming for 30 g CO2/km by 2030 [55]. This represents a 

substantial 60% reduction compared to the existing target. Additionally, it was advisable to 

establish a target of achieving zero-emissions passenger cars by 2035, to ensure steady pro-

gress toward the Chinese carbon neutrality target set for 2060.  

2.4 How to comply with emissions standards in the transportation sector?  

The continuous tightening of the CO2 and fuel economy standards results in a strong trans-

formation pressure on the automotive industry. This latter is at a tipping point, where rapid 

adaptation and technological changes are urgently needed. Although the adopted standards 

dictate clear emission reduction targets, they leave an open policy to choose suitable solutions 

enabling a shift towards low- and zero-emission mobility. The central question remains: how 

will manufacturers and stakeholders react to achieve the new regulation objectives in a short 

timeframe, while transport demands are increasing?  

In effect, manufacturers can make use of a variety of measures and technological solutions, 

that could help to achieve CO2 mitigation and can be summarized as follows [5]: 

➢ Usage optimization: shared mobility and connectivity of roads using intelligent transport 

networks and automated driving systems exhibit the potential to reduce fuel consumption, 

such as intelligent eco-driving guidance and vehicle platooning. 

➢ Efficiency improvement: one option for manufacturers is to improve the effectiveness of 

their internal combustion engines. New engine management systems, improved injection 

systems, and recovering heat waste can contribute to reducing fuel consumption. An effi-

ciency increase can be also made possible by improving the aerodynamic performances, 

lowering the rolling resistance tires, and lightweighting the body of the vehicles using 

other types of materials.   

➢ Adaptation of alternative fuels: liquefied natural gas and liquefied biogas are low-emis-

sion fuel alternatives for reducing the road transport sector emissions in the short term. 

Due to its chemical composition, gas-based technologies lead to lower CO2 emissions com-

pared to diesel vehicles and can be used with no major adjustments to conventional en-

gines.  
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➢ Electrification: emerging electrified powertrains3 introduce novel components, technolo-

gies, and functionality. The degree of electrification varies from low-emissions vehicles 

encompassing several solution forms of Hybrid Electric Vehicles (HEV), to zero-emissions 

vehicles, such as Battery Electric Vehicles (BEV), and Fuel Cell Electric Vehicles (FCEV). 

The three first solutions could provide some relief to achieve the short-term reduction tar-

gets. Nevertheless, a crucial question arises: to what extent is there room for improvement in 

conventional powertrains or making use of alternative fuels? To comply with the strengthened 

objectives of the 2025-2035 timeframe, manufacturers must dedicate their resources and re-

search toward implementing extensive electrification [56]. Electrified Vehicles (xEV4) hold the 

potential to succeed in meeting low and zero-emission mobility objectives.  

Accordingly, the market share of xEV is projected to grow massively over the next decade. 

At a global scale, the stated policies scenario of the IEA projects that the global share of xEV 

sales, given current policies and established objectives worldwide, will reach 35% by 2030 [6]. 

Focussing on the three major markets, namely the EU, USA, and China, Fig. 5 illustrates the 

historical development and future targets of xEV share.  

 

Fig. 5: Historical development and future targets of battery electric and plug-in hybrid vehicles among 
all new light-duty vehicle registrations, for EU, USA, and China. Data for China and Europe only in-
cludes passenger cars, whereas data for the USA includes light commercial vehicles. Data sourced from 
[57] and updated based on the 2023 amendment of EU regulation for LDV and [58] for the Chinese case. 

The EU announced the end of the era of engine-powered vehicles with a full transition to 

100% zero-emissions passenger car sales by 2035. The mandatory CO2 emissions regulations 

in the EU have shown a good impact on the uptake of xEV, as evidenced by a substantial rise 

in the market penetration of passenger cars from around 3% in 2019 to 11% in 2020, and further 

to 19% in 2021 [57]. Assuming the EU upholds its current pace of market transition, it is pro-

jected to surpass a 90% market share of electric passenger car sales by 2030 and achieve 100% 

 
3 A powertrain system is responsible for the propulsion of the vehicle and encompasses an assembly of elements from the energy 
storage or generation systems to the wheels. 
4 The letter x in xEV stands for the energy storage or generation system in the vehicle: Battery (B), Hybrid (H), and Fuel Cell (FC) 
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electrification by 2032 (three years ahead of its original target set for 2035). In the USA, the 

American Administration, under President Biden, pledged to achieve a 50% share of electric 

vehicle sales among all new vehicle registrations by 2030. The market share in the USA still 

has a long way to go as the current market share of xEV remains relatively low, standing at 

about 7% in 2022. As far as China is concerned, the market share of xEV climbed to 25% by 

mid-2022. Looking ahead, China has set an ambitious goal of deploying new xEV from 40% to 

50% of new passenger vehicle sales by 2030 [58].  Regarding HDV, the Dutch government and 

Drive to Zero program launched an initiative called Global MoU on Zero-Emission Medium- 

and Heavy-Duty Vehicles [59]. By 2040, the signatories countries, numbering 27 worldwide, 

aim for 100% of xEV bus and truck sales, with an interim goal of 30% by 2030. 

Following the new market requirements, automotive manufacturers have announced 

plans and strategic measures to cope with this rapid, and aggressive electrification wave [60]. 

Fig. 6 provides an overview of the xEV sales targets for LDV, established by major manufac-

turers across six major markets: EU, USA, China, India, Japan, and Korea. These latter repre-

sent about 80% of total annual global LDV sales, and the mentioned manufacturers encompass 

about 95% of those sales. If manufacturers successfully achieve the described objectives in the 

figure, this would result in 31% of xEV sales by 2030 and 55% by 2035 within the six major 

vehicle markets. Nonetheless, it is expected that manufacturer announcements will evolve in 

response to the future amendment of emissions policies in regions other than Europe.   

 
Fig. 6: Manufacturer targets5 for the future share of electric passenger cars and light commercial vehicles 
in six major markets, as of October 2022 [60]. The size of the bubbles in the figure corresponds to the 
number of sales in the major market in 2020, according to the scale illustrated in the legend. 

In light of this, the automotive industry is approaching a critical juncture, starting in 2025, 

when an expeditious and substantial transition is required to effectively develop and deploy 

 
5 Note that some manufacturers have announced different EV targets for each region worldwide, the regional targets were there-

fore normalized based on the sales within each respective region. For example, Stellantis has set a 100% xEV by 2030 target in 
Europe for passenger cars, while aiming for a 50% xEV penetration by 2030 target in the United States for the entire LDV fleet. 
These two regional targets, when combined, lead to an aggregated 69% global xEV target by 2030. 
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significantly more xEV within a relatively short timeframe. The electrification wave should en-

compass a wide range of models and segments, addressing the diverse needs and preferences of 

users. This is expected to disrupt the development process activities significantly, necessitating 

drastic changes to align with the requirements set forth by the 2025-2035 timeframe.  

3 Automotive projects development process 

3.1 Main phases of the development process 

The automotive industry relies on a development process to effectively develop a vehicle. 

The core principle of a development process lies in establishing a fundamental comprehension 

of the pathway from requirements to a mature solution that is ready for mass production. In 

essence, the development process provides a guideline, defining what needs to be done at each 

stage of the system development. The main phases of the vehicle development process are 

presented in Fig. 7. The depicted phases in the figure solely pertain to the lead time of the 

vehicle development. The lead time is actually the pure development time of a new vehicle, 

excluding the pre-business study and the production plan from the time-to-market6. The fol-

lowing is a brief overview of the main phases of the development process as referenced in [61].  

 

 

Fig. 7: Lead-time main phases of a vehicle development process [61] 

In the early development phases, also referred to as upstream phases, the vehicle concept 

idea is derived. This development stage can be further divided into two parts, namely the 

framework and optimization phases. In the framework phase, concurrent studies of different 

technical solutions are conducted to select the most suitable technical definition of the vehicle 

and its subsystems. Subsequently, during the optimization phase, the selected technical solu-

tion is further examined and optimized. At this stage, the technical definition of the vehicle is 

finalized. Simulation serves as a primary tool during these early development phases. Initially, 

the level of available detail for the systems or the entire vehicle is quite limited. However, the 

level of detail progressively increases according to the technical details investigated during 

this phase.  

The development phase is characterized by the design activities of subsystems and com-

ponents undertaken in collaboration with Original Equipment Manufacturers (OEM), aligning 

with the technical definition previously defined in the early development phase. Once the final 

 
6 The time-to-market is a business term that refers to the overall time duration from conception to market availability of a given 
product. 
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design is determined, OEM construct prototypes, and real tests are conducted to validate their 

products. The subsequent actions focus on solving issues that may arise during the integration 

of the subsystems in the vehicle.  

The industrialization phase comprises two phases that are running in parallel, each serv-

ing different purposes. The first phase involves a series of tests, ranging from system valida-

tion within the vehicle to the entire vehicle validation. These tests enable the acquisition of 

vehicle homologation, guaranteeing compliance with safety standards. Simultaneously, prep-

arations are made within the manufacturing facility and supply chain with OEM to facilitate 

the start of production for the new vehicle. 

3.2 Procedural models 

Procedural models are employed in the automotive industry to organize the development 

process and its subprocesses [10]. The V-model is a long-standing procedural model in the 

industry. This latter organizes the early development and development phases (Fig. 7) follow-

ing a top-down approach (development axis on the left side) and a bottom-up approach (val-

idation axis on the right side), as illustrated in Fig. 8. The development axis is a process of 

design, continuous assessment, and optimization. The overall goal of these activities is to pro-

vide well-defined solutions, that are ready for implementation. The process starts at the top of 

the left-hand side with system specifications, stemming from customers' requirements and 

targets (e.g. the range and emission targets, etc.). The following activities focus on product 

development with increasing levels of detail, from system-level to component-level. System-

level consists of high-level development specifications, e.g. defining the vehicle architecture. 

The next phase consists in decomposing the complex system into several subsystems. This 

means that the main specifications are broken down into subsystem specifications (for exam-

ple battery energy, electric machine power, etc.). The last stage of the development axis ends 

at the component level, where the focus is on detailed component design. During this step, 

virtual computer-aided design and simulations are typically used to evaluate design choices. 

Once the components are built, the next activities on the right-hand side of the V-model consist 

of testing and integrating from component-level to system-level. Firstly, the components are 

initially tested separately. Next, the components are assembled and tested progressively to 

form a working prototype. In parallel, verification against the defined specifications is per-

formed. These comparisons ensure that the obtained results are consistent with the defined 

specifications. 

Internal and iterative loops may appear during the development process, in case the ob-

tained performances during the validation and testing phases do not meet the specified re-

quirements. Iterative loops focus on repeating activities on the same level, whereas internal 

loops consist of a recursive execution of activities over several levels. To adjust the system 

performance, a combination of iterative and recursive actions is required [62]. The obtained 

results help to readjust some considerations and refine details that have been incorrectly de-

fined or estimated in previous steps. The development process can be repeated several times 

until the results converge toward the requirements. Therefore, these loops can have a signifi-

cant impact on the development time and costs. The later a loop appears in the cycle, the 
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greater its impact on development time and cost will be. False choices during the first stages 

of development can have costly consequences in the subsequent stages of the development 

process.  

 

Fig. 8: V-model for industrial product development 

The development of xEV differs from conventional vehicles as it encompasses too many 

areas and aspects that necessitate a close collaboration of several engineering teams with ex-

perts from different disciplines [10]. To effectively manage the workflow, the V-model can be 

further expanded and updated, resulting in a cube model representation with three dimen-

sions, as shown in Fig. 9 [63]. The breadth dimension captures the various disciplines involved 

in the development of a system, e.g. electric, mechanic, software, etc. The second dimension, 

called width, describes the involved technical domains in development such as design, devel-

opment,  verification & validation, etc. Lastly, the depth dimension describes the detailed level 

of the development process, reflecting the system hierarchy, ranging from global to specified 

development processes. Another type of representation of the V-model is the W-model, as 

depicted in Fig. 10 [64]. By incorporating a virtual validation axis, the W-model adapts the 

workflow to address the specific challenges associated with xEV test and validation. Despite 

the variety of procedural models, the V-model remains the most adopted model in today’s 

automotive industry. This is because of the inherent work methodologies that have been 

adopted for the development of thermal vehicles.  

Following the adopted procedural models, the process of introducing new xEV models to 

the market can range from 3 to 7 years [10], [64]. This duration varies from one manufacturer 

to another and even among different vehicle models. For instance,  reference [61] reports that 

the lead time of an entirely new model of an electric vehicle totals 180 weeks (about 4 years). 

The specific time durations of each phase of the lead time, illustrated in Fig. 7, have been 
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quantified as follows: 70 weeks for the early development phases, 50 weeks for the develop-

ment phases, and 60 weeks for the industrialization phases.    

 

Fig. 9: Cube-model representation of the development process [63] 

 

Fig. 10: W-model 

4 Electric axle design of electrified vehicles  

As mentioned in the previous section, the development of xEV is fundamentally different 

from conventional vehicles.  Essentially, the primary challenge brought by electrification lies 

in the extensive diversity of technical solutions that can be adopted. One illustrative example 

of this diversity is the variety of available powertrain systems, as shown in Fig. 11. All these 

electrified powertrains have an e-axle in common, comprising a Voltage Source Inverter (VSI), 

an Electric Machine (EM), and a gearbox (GB). Hence, it is necessary to analyze a broad and 

flexible design space that provides a multitude of solutions. From this perspective, the scope 
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of this thesis is exclusively centered on the system-level design of the e-axle, without delving 

into an in-depth discussion on the design of the remaining powertrain components. In the 

sequel, the design process of the e-axle for xEV is thoroughly discussed. 

 

Fig. 11: Electrified vehicles powertrain schematics 

4.1 Vehicle performance requirements 

The specification of the e-axle can be derived from the general requirements of the vehicle, 

the most important of which are outlined as follows: 

• Acceleration performance: this requirement in most cases is expressed as the mini-

mal time to accelerate from a standstill to 100 km/h.  Other requirements for passing 

maneuvers may be specified, such as the acceleration time needed from 60-100 km/h 

or 80-120 km/h. 

• Top speed:  a vehicle should meet a maximal speed, which highly depends on the 

vehicle segment. 

• Gradeability: this requirement is described as the maximal slope that a vehicle can 

climb while sustaining a specified speed. For instance, the American technical spec-

ifications of xEV specify that vehicles should be able to ascend a grade of 25% (about 

14°), maintain a speed of 88.5 km/h on a 3% grade, and sustain  72.4 km/h on a 6% 

grade [65]. 

• Driving range: this requirement refers to the distance that the vehicle can drive, 

which mainly depends on the battery size. 
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• Driving comfort: encompasses factors such as drivability in specific maneuvers (e.g., 

take off, gear shifting, etc.) as well as aspects of noise, vibration, and harshness. 

• Emissions: defined by regulation rules and can vary from one region to another. 

• Packaging and weight: this will depend on the technological choices, available 

space, and cost boundaries.  

• Recyclability and second life: the ability to recycle materials, as well as explore op-

portunities for extending the lifespan of some components in other applications is 

becoming of high interest to promote a circular economy in the automotive industry. 

The market of xEV, particularly LDV, shows a wide diversity in requirements aimed at 

promoting these vehicles. This is evidenced by Fig. 12, in which acceleration time, top speed, 

maximal traction power, curb weight (i.e. the weight of standard equipment without consid-

ering the weight of passengers or any additional cargo), and range data, pertaining to a sample 

of 60 models of electric LDV models commercialized from 2019 to 2022 are visualized. Appen-

dix II presents further details, along with the vehicle brands and models. 

 

Fig. 12: Overview of the requirements of different commercialized light-duty vehicles  
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The data is herein classified according to the body type of the vehicle. Analysis of this data 

reveals a wide range of variation. For example, the acceleration time to reach 100 km/h varies 

from 4s to 14s. Sedan-shaped vehicles, including sports cars, show the shortest acceleration 

times, while minivans exhibit the longest time. The high-acceleration time impacts the maxi-

mal traction power, which is observed higher in sedan vehicles as compared to minivans. The 

top speed varies between 110 km/h to 230 km/h to handle highway driving conditions. Se-

dans demonstrated the highest top speeds. Among all vehicles, hatchback-shaped vehicles 

have the lightest curb weight, ranging from 1100 kg and 2000 kg, whereas minivans are the 

heaviest. The range, determined based on the Worldwide Harmonised Light Vehicles Test 

Procedure (WLTP), shows substantial variation among the selected vehicles, with a maximum 

range of about 600 km and a minimum range of 190 km. 

Fig. 12 serves as a clear indication that each vehicle possesses specific requirements that 

vary following the preferences and needs of customers. This presents a significant challenge 

for the automotive industry in designing and delivering adaptable solutions for their electric 

axles to cover different types of vehicles. 

4.2 Electric axle design layers 

Fig. 13 outlines the design layers of the e-axle, which entail determining powertrain archi-

tectures, selecting technology, sizing components, and designing the control [12], [13], [66]. All 

of these layers are crucial and require careful consideration during the early development 

phases (cf. Section 3.1, and Fig. 7). This is of significant importance when addressing the defi-

nition of the system and subsystems specifications within the procedural models, i.e. the V, W, 

and cube models, presented in Section 3.2. In the following sections, each design layer is dis-

cussed. It is worth noting that the scope of the subsequent discussion does not encompass the 

energy storage and generation subsystem. 

 

Fig. 13: System-level design of electric vehicles [67] 
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4.2.1 Topology 

From system-level perspective (high-level view of the system), the topology is the arrange-

ment by which the components within the powertrain are connected. According to the V-

model, the topology selection belongs to the system specification, occurring during the early 

development phases (see Fig. 8). An abundance of topologies is reported in market trends and 

academic research [68]–[70]. Fig. 14 presents a few examples of the topologies used in the con-

text of BEV and FCEV. By varying the number of components and their locations, different 

powertrain topologies can be derived, including mono or multi-drive systems, as well as dis-

tributed and central powertrains. This variety of powertrain topologies leads to front, rear, 

and all-wheel drive vehicles.  

 

Fig. 14: Examples of topologies used in battery and fuel cell electric vehicles. The acronym FWD in the 

figure refers to Front-Wheel Drive, RWD denotes Rear-Wheel Drive, and AWD describes All-Wheel 

Drive. 

Central drive powertrain topologies are herein defined as a powertrain that has one me-

chanical port. The topology depicted in Fig. 14.a is the most used in the automotive industry 

for BEV and FCEV because of its simplicity. This is because this topology does not need a huge 

modification to the chassis configuration of conventional engine-powered vehicles. To 
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increase the system efficiency and redundancy, other central multi-drive-based powertrains 

are proposed, as shown in Fig. 14. b, and c. In such powertrain configuration, the machines 

can be mounted on the same shaft or have parallel shafts that can be coupled through a cou-

pling device, such as a planetary gear set or a belt. The inconvenience of this type of topology 

is the tight arrangement of the mechanical components, making it challenging to accommodate 

large-capacity energy storage systems. 

Distributed drive powertrains have at least two mechanical ports, allowing more flexibil-

ity to separately control each wheel (Fig. 14. d), each axle (Fig. 14. e), or both of them (Fig. 14. 

f). Therefore, vehicle dynamics, steering performance, efficiency (more recovered energy dur-

ing braking and different torque distribution strategies), and vehicle safety can be improved. 

Additionally, this kind of topology allows for the elimination of mechanical transmission, e.g. 

the gearbox, the differential, or both, which can provide weight reduction, volume, and cost 

savings. 

Regarding HEV, a wide range of topologies exists, which vary based on their architecture, 

i.e. series, parallel, and series-parallel. For further details, readers can refer to [69]. 

4.2.2 Technology 

In the context of the V-model, the technology selection is addressed when dealing with 

the definition of the subsystem specifications. There is a plethora of electric axle component 

technologies available [71]. The suitability of each technology depends on the specific context, 

requirements, and boundaries of a given application. Consequently, it is not straightforward 

to judge the superiority of one technology over others. Instead, a technological decision should 

be made following a comprehensive analysis of various factors specific to the application at 

hand. The following is a brief overview of the technological solution for the electric axle com-

ponents. 

The prevalent tractive EM technology in xEV consists of Permanent Magnet Synchronous 

Machines (PMSM) and relatively less Induction (IM) Machines [72]–[74]. PMSM, in particular, 

hold a higher market share because of a higher power/torque density and efficiency as com-

pared to their counterparts. Other technologies such as the Wound Rotor Synchronous Ma-

chine (WRSM), Switched Reluctance Machine (SRM), and Permanent Magnet assisted Syn-

chronous Reluctance Machine (PMaSynRM) are employed in a few commercialized models, 

however, their usage is relatively limited. A qualitative comparison between the different tech-

nologies, based on the aforementioned references, is given in Table 1. In this comparison, a 

point grading system ranging from A to F is employed, with F representing the lowest perfor-

mance and A indicating the highest performance. Different arrangement configurations are 

available for each technology of electric machines. For example, in the case of most commer-

cialized PMSM, the rotor can be present with different arrangements of permanent magnets, 

such as tangential, V-shaped, and delta-shaped, etc. As for IM, the rotor can be either a squirrel 

cage type or wound type. The pros and cons of each topology are discussed in detail in [72]. 
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Table 1:  Evaluations of different electric machines for electrified vehicles 

Criteria PMSM IM WRSM PMaSynRM SRM 

Power density A F D B D 
Efficiency A F C B C 

Cost F A B D A 
Robustness D A C D A 

Noise A A A A F 
Recyclability F A A F A 

As far as inverters are concerned, the choice of the right semiconductor technology de-

pends on the desired voltage level and switching frequency. Since 1996, Silicon-Insulated Gate 

Bipolar Transistors (IGBT) have dominated the market of tractive voltage source inverters be-

cause of high voltage/current ratings, reasonable cost, and decent efficiency [11]. In the last 

decades, wide band-gap semiconductor devices, namely the Silicon Carbide (SiC) based-Metal 

Oxide Semiconductor Field Effect Transistors (MOSFET), are beginning to establish them-

selves as a viable option for traction inverters because of higher efficiency, power density, and 

switching frequency [75]. SiC-MOSFET exhibit better efficiency at partial load regions and the 

maximal efficiency of the inverter can be pushed to over 99%, compared to about 96% achieved 

with Si-IGBT [76]. However, IGBT are still advantageous in terms of cost. Gallium Nitride 

(GaN) semiconductors are also gaining attention. Nonetheless, it is not yet deemed suitable 

for use in traction inverters because of voltage rating limitations. The predominant topology 

used in tractive inverters, for automotive applications, is a two-level voltage source with six 

switches [77]. This choice is driven by its simplicity, cost-effectiveness, ease of manufacturing, 

and simple control requirements. Although there are other available topologies, most of them 

necessitate the incorporation of additional switches and passive elements as compared to the 

standard topology. Instances of such alternatives include Z-source and multi-level inverters 

[77].  

As far as gearboxes are concerned, single-speed gearboxes7, generally with two stages, are 

widely used in LDV, particularly, BEV and FCEV [78], [79]. This is attributed to their simplic-

ity, cost-effectiveness, efficiency, and their ability to satisfy acceleration, and top-speed re-

quirements. These gearboxes use either spur or helical gears, with a preference for helical gears 

due to better noise behavior [78]. Recent models of commercialized BEV have started to apply 

planetary gearboxes because of their more compact design and co-axial shaft arrangements 

[80]. Furthermore, in the context of powertrains involving multi-drive systems, planetary gear-

boxes have been proposed as an interesting solution for coupling the machines [68], [81]. Ad-

ditionally, as the xEV market is expanding to cover a broader range of vehicle segments, in-

cluding HDV, there is a growing adoption of multi-speed gearboxes to meet the load require-

ments effectively [82]. Alternative gearbox technologies are also available such as continuous 

variable transmissions, dual-clutch transmissions, automated manual transmissions, magnetic 

gear transmissions, and automatic transmissions [83]. However, the last-mentioned solutions 

 
7 Single-speed gearboxes are often refered to as speed reducers or simply reducers in some works in literature. 
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are less used in BEV and FCEV, with greater prevalence in HEV powertrains. The advantages 

and disadvantages of each type of gearbox are discussed in-depth in [78], [82] 

Emerging trends in electric axle technologies for the next generation of xEV involve high-

speed powertrains. By increasing the operating speed of EM, it is possible to further enhance 

power density, thereby reducing the volume and weight of the machines and the use of rare-

earth materials in electric machines [84]. This trend arises as a result of the space limitations in 

vehicles for holding large energy storage systems. Currently, the maximum speed of commer-

cialized machines is within the range of 8000 rpm to 18,000 rpm. Appendix II provides further 

details, exemplified by commercialized EM. Ongoing efforts are focussing on further expand-

ing the speed range. For instance, a commercially available tractive PMSM that can achieve 

30,000 rpm and prototypes capable of reaching 50,000 rpm have been proposed in [85]. Other 

emerging technological trends include axial flux machines [86], the use of additive manufac-

turing [87], in-wheel machines [88], high-voltage inverters and machines (upgrading to 800 V 

as compared to the commonly used 400 V) [89], and highly integrated electric axles compo-

nents into one package (3in1) [73]. 

4.2.3 Control design 

The control design is part of the system and subsystem specifications activities of the V-

model. The following is a cursory overview of the commonly used control laws in the context 

of xEV. The control design can be tackled from two perspectives: component and system lev-

els. When referring to component-level control, it signifies the control laws used for each indi-

vidual component of the electric axle. System-level control stands for the control strategy to 

manage the distribution of the power flows within the system, referred to often as an energy 

management strategy. 

The output voltages produced by the VSI and feeding the EM are generated through Pulse 

Width Modulation (PWM) wherein the power semiconductors are switched in a predeter-

mined pattern. Four modulation techniques are commonly employed in the context of tractive 

inverters [77]: Sinusoidal modulation (SPWM) is one of the most classic techniques, Space Vec-

tor modulation (SVPWM) is employed to reduce total harmonic distortion and enhance effi-

ciency,  Sinusoidal modulation with a Third Harmonic Injection (THI) is used for maximizing 

the RMS output voltage of the inverter for a given DC input voltage, and Square wave modu-

lation is typically employed in the flux-weakening region to improve the performance of the 

machine. 

The control of electric machines can be divided into three categories: Field-Oriented Con-

trol (FOC), Direct-Torque Control (DTC), and Model Predictive Control (MPC) [72], [74]. FOC 

is extensively applied in xEV due to its ability to ensure accurate torque output. DTC finds 

typical usage in high-power xEV and for applications where a fast torque response is needed.  

MPC is gaining increasing attention in xEV due to the possibility of attaining a wide speed 

range, and fast dynamic response, as well as providing high flexibility to improve different 

criteria of the electric machine performance (e.g. torque ripples, and efficiency). Emerging 
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control techniques such as fault-tolerant control and sensorless control are worth mentioning 

as well. 

Single-speed gearboxes do not use a control law, whereas multi-speed gearboxes employ 

control laws to shift from one speed to another [82]. The basic control law involves upshifting 

and downshifting based on the speed of the vehicle. However, more complex control laws can 

be classified into two groups: dynamic shift schedules, which primarily focus on achieving the 

requested speed and acceleration, and energy-efficient shift schedules, which aim to optimize 

powertrain efficiency. 

At system-level, particularly for multi-drive systems, the use of global control is crucial to 

managing power distribution [68], [90]. This control can be categorized into three groups: rule-

based, optimization-based, and learning-based [12], [13], [66], [91], [92]. Rule-based control 

relies on engineering experience and proves effective for real-time applications. However, the 

optimal vehicle performance in various driving scenarios is not guaranteed. Optimization-

based control employs optimization algorithms to find the optimal solutions for a given prob-

lem and can be further classified into two categories: online (suitable for real-time applications) 

and offline (not feasible for real-time implementation). Learning-based control, on the other 

hand, employs data-driven methods, to derive the optimal control laws based on historical 

and real-time information. 

4.2.4 Sizing and component design 

A major part of the subsystem specification and component design activities of the V-

model comprises the sizing of the e-axle, which aims to define the appropriate specifications 

of its components that match the driving requirements of the vehicle. This process involves 

targeting a mono/multi-objective(s) function, wherein achieving high efficiency is one of the 

major considerations. The sizing problem involves a wide parameter variation that can be clas-

sified based on two levels: system and component [93]. The system-level sizing considers high-

level (macro) parameters to determine the torque-speed characteristic of the electric axle. On 

the other hand, the component-level sizing delves into the component design details, aiming 

to propose a well-defined design solution that fulfills the requirements at system-level. It is 

important to emphasize that both levels are interconnected as changes in parameters at the 

system-level lead to corresponding variations in the outcomes of component-level sizing. 

Most important high-level parameters have been identified and discussed in pertinent lit-

erature [15], [93], [94]. These parameters are visually presented in Fig. 15. The electric machine 

can serve as a central element of the sizing problem. The torque-speed characteristic of an 

electric machine is defined according to 4 key parameters, namely the nominal torque, maxi-

mal torque, base speed, and maximal speed. When combined with the gear ratio of the gear-

box, the overall torque-speed characteristic of the electric axle can be deduced. The nominal 

torque of the machine is generally defined as the average torque that satisfies the driving re-

quirements of the vehicle. This can be performed by analyzing different load profiles of differ-

ent driving cycles. The choice of the gear ratio impacts also the definition of the nominal torque 

of the machine. On the other hand, the maximal torque is established to satisfy short-term 
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driving needs, such as during acceleration phases. Based on the last parameter, the current 

rating of the inverter can be defined. The base speed is constrained by the voltage rating of the 

inverter. The combination of the base speed and nominal torque determines the nominal 

power of the machine. The maximal speed of the machine and the gear ratio are inherently 

connected and need to be both defined to ensure the maximal speed of the vehicle. Typically, 

the maximal speed of the machine is limited by the switching frequency of the inverter.  

 

Fig. 15: sizing of the electric axle 

Once the high-level sizing parameters have been established, the design of the compo-

nents commences. This process entails an extensive exploration of numerous design parame-

ters such as geometry parameters, winding parameters as well as electric, magnetic, and me-

chanical loading, and many others. To assess the performance of the electric axle, various dis-

ciplinary-level analyses, such as electromagnetic, mechanical, and thermal analyses, need to 

be conducted. In this design analysis, the primary concerns are power losses and efficiency. 

This approach results in more detailed modeling and analysis of the examined component. 

Acquiring a deep understanding of each individual component is crucial in this process.  

At the end of the sizing process, power loss or efficiency maps are generated to assess the 

energetic performance of different designs. These maps consist of contour plots of effi-

ciency/power loss as a function of each torque-speed operating point. To this end, a control 

paradigm is needed to establish the efficiency map. For instance, the Maximum Torque Per 

Ampere (MTPA) control is extensively used to generate the efficiency map of PMSM [95]. The 

accuracy of the mapping relies on how the data is generated [96]. These data can be obtained 

using different methods, which will be discussed later in the next section. Finally, it should be 
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noted that the sizing problem entails an iterative process, with each iteration requiring the 

generation of an efficiency map. 

5 Problem statement 

This section aims to elucidate the research problem of the present work. For this aim, the 

currently employed approaches to solve the design of e-axles are initially reviewed. 

5.1 State of the art of e-axle design 

In recent literature, several research studies have dedicated their efforts to addressing the 

system-level design of the electric axles [12], [13], [93]. To identify the best sizing, an optimi-

zation routine is commonly employed to vary the parameters, enabling the exploration of a 

broad range of solutions. These optimization routines are incorporated with a high-level 

powertrain model to assess the different solutions at system-level, particularly in terms of en-

ergy consumption. Notably, optimization-based methods combine the different layers of the 

electric axle design. Thereby, this leads to a coupled optimization problem, which can be 

solved following different approaches as shown in Fig. 16, and detailed in the following: 

 

Fig. 16: Optimization framework for system-level design of the electric-axle 

➢ Sequential:  for a given topology and technology, the sizing of the electric axle is initially 

optimized through individual investigations at component-level for each component. Sub-

sequently, the control design is optimized for the optimal powertrain sizing obtained from 

the previous step.  

➢ Alternating: for a given topology and technology, the process of optimizing the sizing and 

control design occurs in distinct and iterative steps. In this way, this method keeps alter-

nating between the sizing and the control optimization by adding a further iteration until 

the results converge. 

➢ Nested: optimization is performed following a top-down approach, where each iteration 

in one layer involves optimizing all the other layers. For a given topology, the nested ap-

proach involves two nested optimization loops. For this reason, this approach is often re-

ferred to as a bilevel optimization framework. The component sizing is optimized in an 

outer loop, while the control optimization is conducted in an inner loop. The nested opti-

mization method requires a higher number of total function evaluations, which rapidly 

increases as more design parameters are added. Global optimum can be reached following 

this approach. 
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➢ Simultaneous: as compared to the nested approach, simultaneous optimizations of the 

different layers are conducted in a single loop. This approach involves formulating a math-

ematically complex problem with a significant number of variables, all incorporated into 

a single framework. 

To address the sizing problem of the components, models are needed to synthesize, assess, 

and compare different design candidates (i.e. different dimensions, power ratings, etc.) of com-

ponents. Particular emphasis is usually placed on energetic performance during the initial 

stages of development. In this sense, various models with different levels of detail and granu-

larity exist in the literature, as shown in Fig. 17, to address different design problems. The 

models exhibit variations in accuracy, computational time, and the number of parameters they 

incorporate. For instance, numerical models rely on computationally intensive numerical tech-

niques that are generally implemented in specific computational tools. A semi-analytical 

model serves as an intermediate model between purely numerical and analytical models. An 

analytical model is based on an analytical formulation, primarily derived from linear or non-

linear mathematical expressions. Analytical models provide insight into the behavior of the 

component/system under study and can be classified as either physics-based analytical mod-

els or data-driven analytical models. Physics-based analytical models require a solid under-

standing and knowledge of the physical phenomenon to be modeled. Data-driven models, on 

the other hand, are mathematical expressions derived from experiments or databases without 

a direct relationship to the physical phenomenon. All these models enable the creation of maps 

or mapping-based models, which can be integrated into system-level simulations to evaluate 

the performance of the generated design in terms for example of energy consumption. 

 

Fig. 17: Different granularity of models for component design 
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In the subsequent section, an overview of the most commonly utilized models in the con-

text of electric axles is presented. 

5.1.1 Voltage source inverter 

The design of power electronics converters involves various elements, including the sizing 

of semiconductor components and passive components, as well as the design of the microcon-

troller unit, circuitry, and cooling unit. Therefore, numerous design variables are implied and 

knowledge from various engineering disciplines is required. A comprehensive review of the 

power electronics converter design steps is presented in [97]. 

Starting from the system-level specification, the semiconductor components of the inverter 

need to be selected to meet the desired performance. Typically, this can be accomplished by 

choosing devices from the manufacturers' catalog. However, this may result in sub-optimal 

sizing as components are available in discrete sets of values in the catalogs. Hence, determin-

ing the minimal size of the semiconductor components that fulfill the requirements becomes a 

critical task. To optimize the sizing of the semiconductors, losses need to be computed as a 

function of the operating conditions and chip area, typically employing analytical models [98]. 

Further steps involve thermal analysis using either a thermal lumped parameter model [99] or 

numerical methods [100]. For power electronics converters, thermal modeling is crucial be-

cause of a low thermal time constant, i.e. fast dynamic. The power loss can be then translated 

via thermal calculations to a junction temperature for the devices of a given area. Based on the 

outcomes of the thermal analysis, the area of the semiconductors is adjusted accordingly 

through an iterative process to respect the maximal allowable temperature. At this point, the 

size of the semiconductor components is optimized for the studied application, and it becomes 

feasible to generate an efficiency/loss map for the obtained chip area. Apart from the semi-

conductor components, the sizing of the DC-link capacitor is of utmost importance for achiev-

ing a more compact design of the inverter. This is because the DC-link capacitor is one of the 

bulkiest components in the converter. For this sizing task, analytical models exist in literature 

[101]. Furthermore, it is crucial to appropriately size passive components and electromagnetic 

interference filters based on the chosen switching frequency. This is essential to prevent any 

potential electromagnetic compatibility issues that may arise. 

5.1.2 Electric machine 

The electromagnetic design serves as the initial phase in the machine design process. The 

primary objective is to calculate fundamental electromagnetic parameters by analyzing the 

magnetic field and its distribution and to assess the efficiency of the proposed design. This 

analysis is conducted based on geometrical sizing, commonly following well-known design 

handbooks [102], [103]. The electromagnetic design of tractive EM is addressed following dif-

ferent approaches which are discussed in the following paragraphs. 

 The Finite Element Method (FEM) is widely used in electric machine design because of 

its high accuracy. The theoretical foundations of FEM can be found in several books such as 

[17]. FEM considers the detailed geometry of the component and uses accurate modeling of 
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the various phenomena occurring in the component. By utilizing FEM, the electromagnetic 

parameters of the designed machines, such as flux linkage, back electromotive force, induct-

ance, and losses can be calculated. These parameters are then used to assess machine perfor-

mance, such as output torque, power, and efficiency maps across the different operating points 

[104]. In earlier studies, optimization approaches were coupled with FEM to maximize the 

efficiency of electric machines [105], [106]. However, the complexity of FEM introduces a sig-

nificant computational burden, making it impractical for use in the optimization process of the 

overall system, particularly when searching for both optimal sizing and control solutions. To 

address this issue, some studies have proposed reducing the number of geometric parameters 

and limiting the optimization routine to some representative points of the driving cycle [107], 

[108].  

The magnetic equivalent circuit model, often referred to as the magnetic reluctance net-

work, is a semi-analytical model that can be employed to perform the electromagnetic design 

of EM. This model employs a magneto-electrical equivalence based on physical geometry and 

material characteristics. This results in a magnetic circuit where each reluctance depends on 

the geometrical parameters. By using this model, the performance and loss characteristics of 

the machine can be determined at any specific operating point. Furthermore, non-linearities 

can be taken into account using this model. It has been reported in [109] that this modeling 

technique provides a good trade-off between computational time and accuracy in the design 

of EM as compared to FEM. Consequently, several studies have incorporated the magnetic 

reluctance network into multi-objective optimization processes for electric machine sizing, 

particularly in the context of system-level design [110], [111]. Although the magnetic equiva-

lent circuit model is faster than FEM, the computational effort for a first general assessment of 

the size of a design remains relatively high. 

Analytical models are frequently utilized in various studies as they offer a computation-

ally efficient solution for electromagnetic design problems. This is attributed to their compar-

atively simpler mathematical formulation. Nevertheless, the achievable accuracy is relatively 

limited due to some simplifications as compared to FEM or magnetic circuit model  [112]. For 

instance, nonlinear magnetic properties pose a significant challenge when utilizing analytical 

models, as they result in changes in machine parameters. Several machine design tools based 

on an analytical model were proposed in the literature [113]–[115] to compute the efficiency 

maps of different machine designs using a few input parameters. These tools enable the com-

putation of efficiency maps for diverse machine designs using only a small set of input param-

eters. Another analytical model is proposed to derive efficiency maps of EM in [116]. The 

model describes the different loss components using a polynomial expression as a function of 

torque, speed, and other coefficients that need to be identified. 

After completing the electromagnetic design, thermal design and mechanical design can 

be conducted. In thermal design, the focus is on calculating the temperature distribution in the 

machine based on the power loss obtained from the electromagnetic analysis. Two widely 

used methods for thermal analysis in electrical machines are the lumped thermal network 

model and FEM [72]. Some studies employ a combination of the lumped thermal and magnetic 

reluctance network models to address multidisciplinary design challenges [117]. The 
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mechanical design addresses the stress, deformation, and vibration of the machine considering 

both electromagnetic and thermal analyses. This can also be accomplished using FEM [72]. 

5.1.3 Gearbox 

The mechanical design of mechanical transmissions involves various branches of theoret-

ical and applied mechanics such as machine design theory, tribology, material engineering, 

etc. The challenge when designing a gearbox is to find the right balance between load-carrying 

capabilities, volume, expected life, noise, and efficiency. This leads to a multi-objective opti-

mization routine, extensively detailed in [118]. 

 The load-carrying capability and geometrical sizing are usually done through analytical 

models based on stress analysis to avoid material failure, e.g. tooth breakage, pitting, micro 

pitting, wear, and scuffing during contact behavior. This is well-documented in standards 

such as the American Gear Manufacturers Association (AGMA) [119] and the International 

Organization for Standardization (ISO) [120]. To enhance the understanding of the mesh 

mechanism of gear, there are three widely used modeling methods, namely FEM, lumped pa-

rameter model, or a hybrid FEM/lumped model [121]. These latter enable to conduct dynamic 

analysis, thereby enhancing the understanding of stress distributions and displacements. Con-

sequently, the sizing of the gearbox can be improved as compared to the analytical model, but 

at the expense of increased complexity and computational time. 

Regarding efficiency computation, an abundance of analytical and empirical relations ex-

ists to calculate the different power loss components [122], [123]. These models enable decent 

prediction of losses resulting from friction between gear meshes and bearings due to sliding 

and rolling actions. However, it is still challenging to accurately calculate the power loss gen-

erated by the interaction of the gearbox components with the surrounding medium (oil, air, or 

a mixture of oil and air). Most of the existing models are derived from extensive experimental 

testing. Nonetheless, these models are not sufficiently reliable for predicting power losses 

when there are variations in some proprieties such as geometries, speeds, or lubricant proper-

ties, as compared to the experimental test conditions [18]. In other words, the applicability of 

these models is limited to the conditions for which they have been tuned. To tackle this issue, 

a methodology based on parameter identification is proposed in [124]. The methodology con-

sists in calibrating the empirical parameters presented in the analytical models based on an 

experimental power loss map of a tested gearbox. Following that, this methodology is used to 

gain insights into the power loss distribution of the gearbox at system-level over a driving 

cycle. The primary objective is to subsequently optimize the gearbox design based on the anal-

ysis conducted using the introduced methodology. Nevertheless, one of the shortcomings of 

this approach is the requirement to identify a large number of empirical parameters, which 

poses a challenge in terms of generalizing it as a well-founded method for design optimization.  

 Recognizing the last mentioned limitations, there has been a shift towards using Compu-

tational Fluid Dynamics (CFD) to accurately calculate gear power loss and study the impact 

of design parameters on the losses [18], [125]. CFD is a numerical method primarily utilized to 

solve fluid flow and heat transfer problems. Its key advantage consists of providing a 
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comprehensive understanding of the lubricant distribution inside the gearbox, which is not 

feasible with other methods. Additionally, CFD offers great flexibility for analyzing various 

gear geometries and gear housing, facilitating the investigation of a broad range of operating 

conditions and geometric variations. In [126], an illustration of a case study using CFD for 

analyzing the design and the losses of the gearbox of an electric vehicle is presented. Nonethe-

less, this approach entails a substantial computational burden. 

5.2 Need for methods allowing fast development of electric vehicles 

As discussed earlier in the previous section, the design of the e-axle is flexible, and com-

plex, necessitating a deeper level of modeling and a solid knowledge of each specific compo-

nent. Most importantly, these methods result in a significant computational time, which makes 

their adaptation at system-level not practical, despite their high accuracy level. Additionally, 

it becomes hard to study the interaction between the components using such models. These 

limitations hinder their suitability for system-level design purposes, where the ability to 

quickly generate and predict the performance of different design solutions is crucial. As a re-

sult, these methods are typically confined to the subsystem or component levels, allowing for 

detailed design and analysis to ensure the readiness of the component for implementation and 

testing. 

The findings from the reviewed literature lend support to the last statement, as demon-

strated by the computational times reported in the studies conducted in [127], [128]. For ex-

ample, the FEM simulation of an optimized efficiency map of a PMSM using 24 cores required 

approximately 16 hours, considering 10,000 variations for the optimization routine [127]. Sim-

ilarly, in [128], it was reported that the CFD simulation of one operating point of a gearbox 

using a workstation equipped with 16 cores took around 20 hours. Therefore, multiplying this 

computational time by the number of the different design candidates to be evaluated and the 

number of components results in a cumbersome design process. On the other hand, shortening 

the development time of e-axles has become now an explicit demand in the automotive indus-

try to meet environmental policies and the electrification trend in time. 

Despite efforts to reduce the computational burden by restricting the design optimization 

to some specific operating points, as mentioned in Section 5.1.2, this approach does not com-

pletely solve the system-level design problem. The example of multi-drive systems is a good 

illustration of this. This is because the operating points of each drive component are predom-

inantly influenced by the high-level control of the vehicle, rather than being directly influenced 

by the driving cycle. Furthermore, the utilization of semi-analytical or analytical models, 

which are more computationally efficient as compared to FEM, involves many design param-

eters and requires a high number of function evaluations in optimization routines.   

Accordingly, different assumptions have been undertaken to simplify the system-level de-

sign of the e-axle. Examples include the use of a constant efficiency of 87% and 95% for the 

electric drive system [129], [130], and the gearbox [131], respectively. The impact of this sim-

plification on energy consumption was validated by a comparison between simulation results 

and on-road testing. These assumptions, even though too simplified, can be accepted to some 
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extent, particularly when the main objective is to solely investigate the control design, as was 

done in [132]. Nevertheless, this fails to consider the impact of the power rating or design 

change on the efficiency of the component. Additionally, the last assumption is valid for a 

given driving cycle with a specific distribution of the operating point. When the driving cycle 

changes, this results in different operation points. Therefore, a new average efficiency needs 

to be defined, to account for these variations. 

For all the exposed reasons mentioned above, there is a need for methods allowing power-

train designers to investigate different component designs in a short time without having a 

deeper knowledge of the component itself. On the other hand, this needs to be done while 

keeping decent accuracy. Most importantly, these methods need to offer ease of integration of 

the component models at system-level simulation to conduct holistic sizing and performance 

optimization. Furthermore, these methods need to be flexible supporting the diversity in the 

powertrain requirements, and can be applied in the development process of a large spectrum 

of xEV.  

In this context, the research motivation of this thesis is to contribute to a reduction of the 

lead time of e-axles by accelerating the design process in the early development phases.  

6 Research specifications 

6.1 Scalability:  a promising solution for accelerating early stages of devel-

opment 

To reduce the lead time of new xEV, an approach worth considering is to explore the po-

tential of transferring the design knowledge and solutions of a reference powertrain conceived 

for a reference application (passenger car as an example) to derive others (e.g. light vehicles, 

vans, medium-duty trucks, etc). This leads to the notion of the “scaling” approach. The main 

purpose of scaling is to alter the properties of a reference component/system by adjusting a 

known solution according to specific rules [32]. In the automotive field, there is a broad un-

derstanding of the term “scalability” or “scaling”. Scaling, in most literature, is commonly as-

sociated with a change in the power rating of a reference powertrain. Therefore, different so-

lutions can be adopted to achieve this scalability in terms of power, namely geometric scaling 

of the components or scaling the number of the components, as illustrated in Fig. 18. 

Originally, the term “scalability” or “scaling” was defined in Euclidean geometry as a ge-

ometric change in the size of a reference object to derive adjacent scaled objects. Scaling is then 

a transformation that increases (scale-up) or shrinks (scale-down) the size of an object, follow-

ing the similarity theory. This approach is interesting as the power rating of electric and me-

chanical components is inherently linked with their size [102], [119]. Therefore, applying the 

concept of scalability for a pre-existing design, called a reference design, will result in a wide 

product range of scaled components with different power ranges that fit different transport 

applications. The main challenge lies in predicting the scaled proprieties and performances 

without redoing a cumbersome detailed design. In this regard, scaling laws can be of use [32]. 

In effect, scaling laws enable studying the effect of varying representative design parameters, 



Chapter I: Need for new methodologies to expedite the development and deployment of electrified vehicles 
 

33 
 

such as the geometry of the reference design, on the other parameters. Thereby, the perfor-

mance of the scaled design can be predicted by using data from the reference design. By fol-

lowing this concept, an opportunity arises for the powertrain designer to explore a vast power-

train design space for different automotive applications in a shorter time, before starting de-

tailed component design activities.  

 

Fig. 18: Scaling possibilities of electric axle components: electric machine as an illustrative case 

The second option to scale the power relies on increasing the number of components by 

cascading or paralleling them. This approach is more often known as a “modular approach” 

or simply “modularity”.  ulti-drive systems (Fig. 14) are a good example of a modular sys-

tem. This approach provides more degrees of freedom for the system-level design of the e-

axle, by combining different technologies or sizing options [133]. Additionally, modularity is 

of high importance when there are high integration constraints for the e-axle or when system 

redundancy is demanded. However, this approach can be applied in only one power scaling 

direction, namely for increasing the power. When it comes to downscaling the power, the 

modular approach cannot be applied. For this reason, geometric scaling is a more practicable 

option in such cases. Even more, the geometric scaling can be applied to derive a modular 

drive system using reference components. This means that the scope of geometric scaling is 

broader as compared to the modular approach. In other words, modularity can be considered 

a particular case of scalability. 

Over the past few years, there has been a growing interest in scalability in the automotive 

industry. Car manufacturers such as Volkswagen aims to develop scalable powertrain plat-

form to reduce the time-to-market of their vehicles [134]. Early in 2021, Stellantis announced 

its plans to have four all-electric platforms, facilitating the development of 39 xEV models that 

would cover all market segments [135]. Each platform is designed to enable the interchangea-

bility of a scalable e-axle system within the range of 70-330 kW. Component suppliers, as well, 

provide the scalability option for their e-axle system. For example, Bosh proposes an electric 

drive with a power rating ranging from 50 to 300 kW, making it suitable for different vehicles 

Power rating

S
I
Z
E

Modularity: increase in the number of components

Power rating



6. Research specifications   
   

 

34 
 

[136]. Vitesco in its turn has developed a scalable e-axle capable of providing power from 80 

to 230 kW [137]. 

6.2 Scientific goal, and key challenges 

The presented work aims to develop a scaling method for the electric axle system, i.e. the 

set of voltage source inverter, electric machine, and gearbox, in the early development phases 

of electrified vehicles, allowing to perform fast system-level investigation.  

Taking the system-level design space of xEV as a reference, the scope of this work will 

primarily focus on the component sizing, with a comparatively lesser emphasis on the control 

design layer, as depicted in Fig. 19. The method should allow the development of powertrains 

of various power ratings, ranging from light to heavy-duty vehicles and optimize them within 

a common framework to reduce their development time. Additionally, the scaling method 

should enable the investigation of different powertrain topologies.   

Regarding the technology choice, the method will be applied to an electric axle consisting 

of an IGBT-based inverter, a permanent magnet synchronous machine, and a planetary gear-

box. This choice is driven by the reasons and market trends exposed in Section 4.2.2.  

 

Fig. 19: Scope of the presented work within the system-level design space 

Over the past few years, there has been a surge in the number of published papers related 

to the scalability of xEV [20], [21], [138]. In the same context, many European projects such as 

OBELICS [22], VISION-xEV [139], and 1000kmPLUS [140] have focussed on developing scal-

able powertrains to reduce the lead time of xEV. Nevertheless, even if all the aforementioned 

references are taken into account, 5 key challenges remain to be pointed out: 

1. The scaling of electric machines is deeply rooted in literature, as evidenced by recent 

studies [28], [29] as well as earlier papers dating back to the 1970s [23], [24]. Different 
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approaches and choices have been undertaken that differ from component and system 

levels. However, no comprehensive comparison between these approaches is available 

in the literature to assess their impact on the performance of the scaled machines and the 

energy consumption of the vehicle at system-level.  

2. Contrary to the electric machine, few contributions have been made to the scalability of 

gearboxes [31], [141]. The last aforementioned references have exclusively focused on 

geometrical scaling to achieve a new desired torque demand or to have insights into the 

mass and inertia. Nevertheless, scaling laws for gearboxes taking into account the losses 

are still lacking. Losses are considered independent of the scaling, without further expla-

nation. This challenge is further intensified by the high input speed values of automotive 

gearboxes (up to 18,000 rpm) since there is currently limited knowledge of gearbox loss 

modeling at high-speed regions. 

3. At system-level, the holistic sizing of electric axles components using scaling laws is not 

comprehensively addressed. Typically, the scalability approach is applied to the electric 

machine in optimization routines [138], [142], [143], while neglecting the scalability and 

interaction of other components. To address this issue, it is crucial to adopt a compre-

hensive approach to the scaling process that considers all interconnected components. 

4. So far, the scaling laws are just employed as a set of equations combined with the model 

of the reference component. This is because the theory of scaling laws has been derived 

at component-level. The incorporation of the scaling laws into system-level simulation 

lacks a clear organizational and unified framework.  

5. In addition to scaling the component model, the control needs to be scaled as well. Until 

now scalable control has only been applied to electric machines [30]. No scalable control 

exists for other components. 

It is noteworthy that a comprehensive discussion of the state-of-the-art of scaling methods 

at component and system levels will be provided in the subsequent chapters of this disserta-

tion, to support the last-mentioned statements.  

6.3 Framework of the work 

The presented work is conducted within the framework of the CUMIN (Campus of Uni-

versity with Mobility based on Innovation and Carbon Neutrality) program [144]. This re-

search program, launched in 2015, aims to develop an eco-campus based on an electromobility 

to reduce the greenhouse gas emissions of the Cité Scientifique campus of the University of 

Lille. To achieve this, the solutions proposed by CUMIN involve restricting access to thermal 

cars on campus, promoting sustainable modes of transportation, and encouraging drivers to 

transition to low-emission vehicles. A possible future mobility option at the campus Cité Sci-

entifique of the University of Lille is depicted in Fig. 20. 

CUMIN is an interdisciplinary program that brings together researchers from national and 

international academic and industrial environments, encompassing expertise in different 

fields such as electric engineering, mechanical engineering, urban planning development, eco-

nomics, and public policy. This results in different projects to promote electromobility as de-

picted in Fig. 21 [145]. In this context, the presented work is conducted within the STeVE 
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project (Scalability of powerTrain for electrified Vehicles of an Eco-campus). STeVE involves 

a joint Franco-Belgian Ph.D. thesis between the L2EP laboratory (Laboratory of Electrical En-

gineering and Power Electronics) of the University of Lille in France and the Department of 

Electromechanical, Systems and Metal Engineering of Ghent University in Belgium. The pre-

sented work aims to support the STeVE project by proposing a scaling methodology allowing 

the simulation of different types of electric vehicles with different power ratings and assessing 

their energy consumption. The outcomes of the project could be beneficial for other projects 

such as the TESS project to perform techno-economical investigations of electric vehicles.   

 

Fig. 20: Possible future composition of the campus Cité Scientifique of the University of Lille [145] 

 

Fig. 21: On-going projects of the CUMIN program [145] 
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6.4 Positioning of the work 

The scientific positioning of the presented work among the previous and current con-

ducted research activities in both universities is depicted in Fig. 22.  

 

Fig. 22: Scientific positioning within both universities 

Regarding the French part, the L2EP laboratory of the University of Lille has strong exper-

tise at system-level. The Control team of L2EP is recognized for its expertise in developing 

methodologies and graphical organizations of complex systems, namely the Energetic Macro-

scopic Representation (EMR) [33]. EMR is a graphical formalism used to organize the models 

of energetic systems based on physical causality. One of the main research areas of L2EP is 

electromobility, where the EMR formalism is used to deduce global control and energy man-

agement strategies of different powertrain topologies of xEV. For instance, W. Lhomme in his 

thesis for the accreditation to supervise research has presented a common framework using  

EMR to structure the control of different types of HEV [67]. Additionally, the ambition of this 

research work is aligned with the PANDA EU project [64], coordinated by the University of 

Lille, which proposed a new methodology based on EMR to reduce the lead time of xEV. 

Herein, the EMR will be used to organize and describe the different models and controls of 

the scaled components. Moreover, modular drivetrain or multi-converter multi-machine sys-

tems have been a major research topic since the 2000s, exemplified by the contributions of A. 

Bouscayrol [146] and recently K. Li [147]. Another significant research axis of the control team 

of the L2EP laboratory is the reduced-scale Power Hardware-In-the-Loop. EMR has been use-

ful in organizing various power emulators for different automotive applications at a reduced-

power scale. The Ph.D. theses of T. Letrouvé [148] and A. Pam [149] have demonstrated the 

effectiveness of EMR in this field. The expertise gained in scaling for testing and validation 

provides a good foundation for extending the applied methodologies to the development axis, 

rather than the test and validation axis. 
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Regarding the Belgian part, the proficiency of the Dynamical Systems and Control (DySC) 

team within the electromechanical department at Ghent University lies in the design, model-

ing, and low-level control of mechatronic systems. The expertise of the department has led to 

the development of innovative drivetrains to increase the efficiency of a variety of applications 

(wind turbine, robotics, industrial, automotive, etc.). Notable contributions include the works 

of J. Druant [150] and F. Verbelen [151] on electrical and mechanical variable transmissions. 

To support the research activity, the department possesses well-equipped test facilities located 

at Ghent University Campus Kortrijk [152]. These facilities consist of modular test benches and 

calorimeter setups, enabling extensive experimental investigations for both academic and in-

dustrial purposes. These test facilities have been useful for the experimental activities con-

ducted by S. Dereyne and P. Defreyne to benchmark the efficiency of a series of gearbox prod-

ucts [153]. Scaling is emerging as a new significant research axis within the department. Initial 

contributions have been proposed by F. Verbelen in his Ph.D. thesis, by developing a scaling 

methodology for the electric variable transmission (dual rotors electric machine). This Ph.D. 

thesis, aligned with the work of F. Verbelen, aims to broaden the scaling scope to consider 

other components. Additionally, this thesis shares interests with a regional project entitled 

Digital Twins for Validation of dynamic performance and reliability of drive systems (DT4V) 

[154]. One of the objectives of the DT4V project is to develop a virtual framework to minimize 

the costs of validating new motion drivetrains for industrial applications with a partially mod-

ified functionality and/or rescaled power rating, using the concept of digital twins. 

This Ph.D. is not the first collaboration between the two research groups. In 2019, a collab-

orative project named EVOLUTION (EffectiVeness Of Lorries and bUses using innovative 

TransmissION) was launched to study the benefits of electrifying heavy-duty vehicles using 

innovative transmissions. Within the framework of this project, I investigated during my Mas-

ter Thesis in 2020 the benefits of hybridizing a long-haul truck using an electric variable trans-

mission in terms of energy savings [143]. In the aforementioned work, scaling laws of the elec-

tric variable transmissions have been incorporated into system-level optimization routines to 

minimize fuel consumption. Furthermore, the outcomes of EVOLUTION have yielded two 

international conference papers, putting forth a new structuration of the scalable model of 

electric variable transmission (with myself as a co-author) [155], and PMSM [156] using the 

EMR formalism. 

6.5 Research organization and approaches 

The present research is organized following three main axes: methods, components, and 

vehicles as illustrated in Fig. 23. In this section, the adopted approach for each stage of the 

work is outlined. 
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Fig. 23: Ph.D. thesis organization 

6.5.1 Method: EMR to organize the scalable model and deduce a scalable control 

The scaling laws will be developed for relevant properties (e.g. output torque and losses, 

etc.), as well as component parameters (e.g. inductance, resistance, inertia, etc.). EMR will be 

then used to organize the scalable component models including scalable control, in a unified 

way. The organization consists of keeping the model and the representation of a reference 

component but complemented with two power adaptation elements as shown in Fig. 24. The 

new part is to embed the scaling laws in power adaptation elements and scale only the input 

and output properties of the reference model. The losses due to the scalability of the compo-

nents should be carefully analyzed and considered in the new model structure. In this way 

different design candidates, i.e. different dimensions and power ratings of scaled components 

can be easily assessed and incorporated at system-level simulations. This description is called 

EMR-based scaling laws in the remainder of this report. It is important to stress that the pri-

mary goal of EMR formalism is to systemically deduce the control structure rather than focus-

ing on the design of the components. The work conducted in this research contributes to for-

malism by incorporating this aspect. In effect, the power adaptation elements of the EMR for-

malism in earlier works have served two purposes. Initially, power adaption elements have 

been introduced to scale input control variables of a given system to perform power hardware-

in-the-loop testing using a reduced-scale experimental setup [157]. Subsequently, power ad-

aptation elements have been employed to simplify the representation of complex systems such 

as railway systems with various cars [130]. For more details on the EMR formalism basics and 

the historical usage of the power adaptation elements, the reader is referred to Appendix III.   
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Fig. 24: EMR-based scaling laws of a scaled component, PA stands for Power Adaptation elements [156] 

6.5.2 Components: experimental and numerical campaigns to validate scalable models 

To establish and validate the scaling laws for components, a combination of numerical and 

experimental approaches will be employed as illustrated in Fig. 25. The methodology involves 

starting with a well-known design of a given component and subsequently applying the de-

rived scaling laws. These laws will be derived using either analytical models of component 

design or data-driven approaches from experimental campaigns. Different scaling choices and 

assumptions will be studied. The accuracy of the scaling laws will be assessed by comparing 

them with physical or virtual scaled components. To this end, a dedicated high-speed test 

bench for gearbox testing is used to investigate the efficiency of various gearboxes with differ-

ent power ratings and dimensions. The literature body on the scalability of electric machines 

demonstrates substantial and reliable research foundations. However, there is a notable 

knowledge gap in the power loss scaling of gearboxes, necessitating in-depth investigations 

through experimental campaigns. For these reasons, it is decided to allocate all available re-

sources, to exclusively conduct intensive experimental testing on different gearbox specimens. 

Regarding electric machines, FEM will be used to support the development and validation of 

scaling laws. As far as voltage source inverters are concerned, data extracted from the 

datasheets of commercialized inverters will be used to validate the scaling laws. 

6.5.3 Vehicles: e-axle sizing based on scalability and systemic approach 

Once the different scaled models for components are validated and organized following 

the EMR methodology, the subsequent steps involve studying the interaction of the scaling 

model to form the desired scaled e-axle. For this aim, further organization is aimed by keeping 

only two power adaptations at the input and output of the reference system as shown in Fig. 

26. In this way, models and control can be easily reused to simulate a whole range of power-

trains with different specifications. Additionally, the impact of the scaling choices made at 

component-level will be assessed at system-level to investigate their impact on energy con-

sumption. 
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Fig. 25: Scaling approach for components 

 

Fig. 26: EMR-based-scaling laws of a scaled system 

It is worth noting that the work is organized following a top-down and bottom-up ap-

proach. The top-down approach implies employing the EMR-based scaling laws to organize 

both the component and vehicle axes. On the other hand, the bottom-up approach involves 

updating and refining the method from the investigation carried out at component and system 

levels. Following this organization, an overview of the dissertation outline is depicted in Fig. 

27. Given that both the inverter and electrical machine are intrinsically connected, the set of 

which is commonly known as the electric drive system, Chapter II considers a comprehensive 

approach to address the scaling issue. The scaling of gearboxes is tackled in Chapter III. Chap-

ter IV capitalizes on the scaling laws developed and discussed for the components in the pre-

vious chapter to approach the scaling of the e-axle at system-level. 
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Fig. 27: Outline of the subsequent chapters of this Ph.D. thesis following the research organization 
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7 Conclusion  

This chapter presents the motivation for this research work, which essentially revolves 

around the need to accelerate the lead time of electrified vehicles in response to stringent emis-

sion regulations. The current development phases and their associated methods have been 

thoroughly reviewed, showing a high complexity and particularly a high computational bur-

den. This hinders their incorporation at system-level for investigating different solutions to 

develop electrified vehicles. Shortening the development time of electric axle systems, i.e. in-

verters, electric machines, and gearboxes is becoming an unequivocal market necessity. In this 

context, this research aims to develop a scaling methodology for electric axles for system-level 

investigations, contributing to a time reduction of the lead time. The major challenges and the 

organization of the work have been presented as well. 
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Chapter II 

Comparative analysis of the effect of 

scaling methods on efficiency scaling of 

electric drive systems   

1 Introduction 

his chapter focuses on conducting a comparative analysis of the scaling laws of Elec-

tric Drive Systems (EDS) at component-level, intending to clarify their influence on 

the efficiency scaling of a reference EDS. As a reminder, the terminology EDS refers to the set 

of a voltage source inverter, an electric machine, and a control unit. This allows subsequently 

elucidating the impact of the scaling laws on energy consumption at system-level in Chapter 

IV. In this context, the literature review on scaling laws of EDS reveals an abundance of differ-

ent scaling approaches that can be classified into two categories, based on the level at which 

the parameters are varied, namely component and system levels.  

The literature, primarily focussing on system-level investigation, shows different scaling 

laws derived for different purposes, e.g. reduced-scale hardware-in-the-loop and the sizing of 

EDS. In the context of reduced-scale hardware-in-the-loop, the Buckingham 𝜋- theorem [158] 

is employed to derive scaling laws, that preserve dynamic similarity between a reference and 

scaled systems [159]. Moreover, the 𝜋- theorem finds applications in time-accelerated hard-

ware-in-the-loop simulations, considering tests involving long-duration missions [160]. In 

[157], another scaling approach is proposed for reduced-scaled hardware-in-the-loop testing. 

The purpose of such a method is to test the real-time execution of control algorithms using a 

hardware setup. This is achieved by introducing scaling factors, defined as the ratio between 

the parameters of the reduced-scaled experimental setup and those of the full-scale system.  

Another body of literature centered on electrified powertrain sizing employs different 

scaling methods, principally aimed at scaling the efficiency map of the entire EDS or one of its 

key components. This is exemplified by the Willans line, which is an affine representation re-

lating the input and output powers of a power converter [16]. This method was initially intro-

duced for internal combustion engines and later extended to electric machines by Rizzoni et 

T 
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al. [161]. The Willans method is made scalable by normalizing all the torque and speed quan-

tities involved. For electric machines, scalability is achieved by introducing the concept of 

mean effective pressure to describe the ability to produce mechanical work and tangential 

speed to describe the operating speed of the machine. Nevertheless, this method is only ap-

plied to scale electric machines and does not consider the voltage source inverter. For this rea-

son, another set of literature utilizes linear losses-to-power scaling or simply linear scaling. 

This method gained widespread popularity in system-level investigations because of its sim-

plicity and applicability to the early design stages due to its minimal input requirements [16]. 

Linear scaling does not need an extensive understanding of the reference EDS design. Instead, 

the method assumes that the total losses of a reference design can be linearly scaled according 

to the desired new power rating. This assumption applies to the power loss scaling of both 

voltage source inverters and electric machines. Given its ease of utilization and computational 

efficiency, the linear scaling method has been incorporated into optimization routines to eval-

uate the performance of EDS of varying power ratings in various transportation applications, 

ranging from light to heavy-duty vehicles. Examples can be found in literature on hybrid elec-

tric vehicles [25], [162], battery electric vehicles [163], [164], and fuel-cell electric vehicles [165], 

[166]. This method has been applied also in vehicle simulation packages, such as ADVISOR 

(ADvanced VehIcle SimulatOR) [167] and Quasi-Static Simulation (QSS) toolbox [168].   

Notwithstanding the extensive use of linear scaling in literature, the assumptions of the 

method are highly questionable. This scaling method provides neither the geometrical param-

eters nor insights into the electromagnetic or electric parameters of the scaled machine and 

inverter. Most importantly, the assumption that the overall losses of EDS, including both in-

verter and machine, scale linearly with the new desired power rating is questionable. This 

raises a lot of concerns regarding the accuracy of the method in forecasting efficiency at com-

ponent-level, and the trustworthiness of the method on energy consumption results at system-

level. To date, there is limited evidence in literature demonstrating the reliability of the linear 

scaling method in terms of efficiency forecasting and its impact on energy consumption sim-

ulation results of vehicles, notwithstanding the extensive use of the method. One of the scarce 

references in literature [110] suggests that linear scaling might present optimistic results in 

terms of fuel consumption for hybrid electric vehicles considering scaled Permanent Magnet 

Synchronous Machines (PMSM) with low power ratings. However, no further explanation is 

provided to justify the last statement. Therefore, a central concern in this dissertation is 

whether the linear scaling method can yield satisfactory results for the scaling process at the 

early stages of the development of EDS, and whether more sophisticated scaling methods that 

delve into more component design details are required. 

As concerns about the reliability of linear scaling of EDS emerged, alternative scaling 

methods have gained a surge in attention in recent research studies on system-level design. 

Regarding the scalability of electric machines, research studies are increasingly exhibiting a 

heightened interest in employing geometric scaling laws. This is demonstrated by recent re-

search on the optimal sizing of electric machines using geometric scaling laws within the con-

text of electric vehicles [20], [21], [138] and hybrid electric vehicles [142], [143]. Contrary to the 

linear scaling method, geometric scaling laws provide a way to gain insight into how the pa-

rameters, most importantly the losses, of the reference machine change by varying the macro-
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geometric parameters, mainly the core length and diameters, combined with a rewinding scal-

ing. The geometric scaling method is derived at component-level for design analysis for PMSM 

[28] and is extended afterward to dual rotors permanent magnet synchronous machines (com-

monly known as electrical variable transmissions) [30], as well as to induction machines [29]. 

In [169], the authors showed that geometric scaling laws for PMSM guarantee highly accurate 

results in terms of efficiency prediction of scaled machines across the possible operating points 

of the speed-torque plane. These have been validated with numerical campaigns using Finite 

Element Method (FEM) for upscaling and downscaling cases of a reference PMSM with torque 

scaling factors of 1.64 and 0.64, respectively. The comparison between the geometric scaling 

laws and FEM reveals an average percentage discrepancy in terms of efficiency significantly 

below 1%. It is worth noting that the scaling laws, mentioned in the last aforementioned refer-

ences, are derived based on a choice that assumes the flux density and saturation levels in the 

reference and scaled machines are preserved during the scaling process. This scaling choice is 

denoted as 𝐵~1 in the remainder. The motivation behind this choice is driven by the ability to 

reuse the magnetic field solutions of the reference design for the scaled one.  

In general terms, a scaling choice, in the context of electric machines, refers to the decision 

made regarding the consistency of one or multiple parameters during the scaling process. Con-

sequently, the derivation of the scaling laws based on geometric changes is impacted by the 

scaling choice. A comprehensive review of the literature on electric machine scaling at compo-

nent-level reveals alternative scaling choices in earlier works. For example, scaling laws based 

on a choice that maintains the temperature rise in the winding between the reference and 

scaled machines are derived in [23], [170] for induction machines, as well as for PMSM in [171], 

[102], [172], [173]. This choice is referred to as Θ~1 in the sequel. The latter references justify 

the choice Θ~1 by underlying the importance of maintaining a balance between the tempera-

ture rise and the maximal temperature of the insulating materials. This criterion is critical for 

the lifespan of the machine and is not considered while opting for the choice 𝐵~1. In [174], 

[175], a hybrid choice, combining the choices 𝐵~1  and Θ~1, is reported. This choice ensures 

that the magnetic saturation and temperature limits are not exceeded. Another scaling choice, 

which consists in conserving the current density is postulated in [103]. However, this choice 

overlooks the fact that the current density should be adjusted according to the power rating to 

deal with the cooling challenges. Additionally, keeping the current density constant would 

violate the flux density constraint, as explained in the case of PMSM [176]. It is worth men-

tioning that the use of the previously mentioned scaling choices is confined to design analysis 

at component-level and not extended to system-level, as in the case of the choice 𝐵~1. 

Regarding the scaling of the voltage source inverter, few studies have been published on 

this research topic. One of the contributions is a data-driven model, which has been derived 

based on the parameters extracted from datasheets of a group of IGBT inverters [177]. This 

scalable data-driven model has been incorporated later at system-level simulations [21]. An-

other data-driven scalable model has been proposed in [178] based on experimental campaigns 

on Si- and SiC components of traction inverters. The findings of the last study suggest that the 

switching loss linearly scales with the chip area of the semiconductor components. In contrast, 

the conduction loss demonstrates a scaling relationship that is inversely proportional to the 
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chip area. The same outcomes have been reported for IGBT-based power electronic converters 

in reference [179]. The last statement is comparable, to some extent, with the assumption of 

linear losses-to-power scaling, where the overall losses are scaled according to the power scal-

ing factor [26]. In another approach, general efficiency scaling laws are derived in [180] for 

power electronics converters, by adopting a choice of a constant power density and heating of 

different scaled converters. Other scaling laws have been proposed in [181] for GaN-on-Si 

HEMT, SiC MOSFET, and Si MOSFET to scale the on-resistance, and the charge-equivalent 

capacitance as a function of the voltage rating.  

The literature review shows a plethora of scaling laws for electric machines and relatively 

few for inverters. However, a comprehensive comparison between these scaling laws is still 

lacking, making it challenging to decide which scaling method should be selected when deal-

ing with the system-level design. Of significant importance, each component of the EDS is 

scaled with a specific scaling method, highlighting the absence of a common scaling method 

for the entire EDS, except for linear scaling. Another important point is that the input require-

ments of the scaling process can be limited, in some cases, to one global efficiency map of the 

reference EDS. This is particularly applicable to experimental efficiency maps of EDS, without 

separate details on the loss distribution of each component. Consequently, implementing some 

scaling methods becomes challenging because they necessitate a detailed model of the compo-

nent such as a FEM model, including the distribution of each loss component.  In contrast, the 

linear scaling method holds an advantage in this point, as it only requires an efficiency or loss 

map to conduct the scaling process. Hence, a pivotal concern addressed in this chapter re-

volves around the reliability of linear losses-to-power scaling of EDS.  

The objective in this chapter is to make a comprehensive comparison between the different 

scaling laws proposed in literature, for electric machines and voltage source inverters. Partic-

ular emphasis is paid to comparing the outcomes of the linear scaling method with those re-

sulting from alternative scaling laws of inverters and electric machines that delve more pro-

foundly into the component design. Moreover, this chapter proposes a derivation of the con-

ditions that result in a reliable linear losses-to-power scaling case of the EDS. This is achieved 

by a new organization of the scalable model of EDS following the Energetic Macroscopic Rep-

resentation (EMR) rules. Through the new model organization using EMR, criteria that result 

in a linear scaling case of the component are not only highlighted but also the reuse of the 

reference model of EDS becomes possible. This aspect stands out as one of the novelties put 

forth in this chapter. Note that the scope of this comparison is confined to PMSM and IGBT-

based inverters, for the reasons exposed in Section 6.2 in Chapter I. This is justified by the 

extensive utilization of the aforementioned technologies in the current automotive industry. 

Furthermore, it is important to mention that this chapter is not aimed at deriving new scaling 

laws for the EDS, on the other hand, the focus is placed on the comparison itself at component-

level. The contribution of this work is summarized as follows: 

1) Assessment of the reliability of linear losses-to-power scaling for PMSM, and IGBT-

based inverters, in terms of efficiency scaling. 

2) Derivation of EMR-based scaling laws of EDS to enhance the reusability of the refer-

ence model of EDS, facilitating the implementation of scalability at system-level 
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simulation. This is attained by a new model structuration of the scaled EDS following 

the EMR rules.  

3) Derivation of the conditions, e.g. geometric parameters of the machine, scaling of the 

electric parameters of the inverter, etc., that result in a losses-to-power scaling. This is 

achieved by the new organization of the scaling laws using EMR. 

4) Assessment of the feasibility of the derived conditions of the linear scaling method. 

This chapter is organized as follows. Section 2 presents the theoretical background of the 

linear losses-to-power scaling method of the EDS. A comparison of the scaling laws based on 

different choices for PMSM and the EMR-based scaling laws of PMSM is presented in Section 

3. Section 4 is dedicated to the comparison of the scaling laws of IGBT-based inverters and the 

presentation of their corresponding EMR-based scaling laws.   

2 Linear scaling method of electric drive systems 

The input requirement of the linear scaling method is an efficiency or loss map of a refer-

ence EDS. The efficiency map of an EDS 𝜂ED consists of the product of the efficiency maps of 

an inverter 𝜂INV and an electric machine 𝜂EM, as depicted in Fig. 28. This implies that linear 

scaling is employed for both the inverter and electric machine throughout the scaling process. 

Note that an efficiency map of an EDS is established for a given control law of each component, 

and a given temperature. The last two parameters are assumed consistent when applying the 

linear scaling method.  

 

Fig. 28: Illustration of the efficiency map of an electric drive system 

The linear scaling of efficiency maps is performed using a power scaling factor 𝐾P that 

represents the ratio between the peak mechanical power of the scaled EDS 𝑃m,max
′  and the ref-

erence one 𝑃m,max
0  (1). Thereby, the torque axis of a reference efficiency map is stretched or 

narrowed using a torque scaling factor 𝐾T, while conserving the same base speed Ωb and 
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Electric drive
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maximal speed Ωmax as illustrated in Fig. 29. The torque scaling factor 𝐾T is defined as the ratio 

between the maximum torque of the reference EDS 𝑇max
0  and the new desired one 𝑇max

′  (1). 

Given that the base speed Ωb is maintained, the torque scaling factor 𝐾T will be equal to the 

power scaling factor 𝐾P, as indicated in (1).  

{
 
 

 
 𝐾P =

𝑃m,max
′

𝑃m,max
0 𝑥

𝐾T =
𝑇max
′

𝑇max
0 𝑥

𝐾T = 𝐾P with Ωb
′ = Ωb

0

 (1) 

 

Fig. 29: Linear scaling illustration of electric drive system 

It is worth noting that the apostrophe ‘, in (1), is used to indicate the parameters of the 

scaled component, whereas the superscript 0 is used to denote the parameters of the reference 

component throughout the rest of this chapter. According to the linear scaling method, the 

different loss components of the reference PMSM, namely the copper 𝑃cu
0 , iron 𝑃fer

0 , permanent 

magnet 𝑃PM
0 , and mechanical 𝑃mech

0  losses, scale as a function of 𝐾T (2). Similarly, the losses of 
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the reference inverter, i.e. the conduction 𝑃cond
0  and switching losses 𝑃sw

0 , scale following (3), 

assuming that the switching frequency is unchanged. For this reason, this method is referred 

as to linear scaling. Note that the superscript LS in the last aforementioned equations, (2), and 

(3),  stands for Linear Scaling. 

{
 
 

 
 
𝑃cu
LS = 𝐾T𝑃cu

0

𝑃fer
LS = 𝐾T 𝑃fer

0

𝑃PM
LS

𝑃mech
LS

=
=

𝐾T𝑃PM
0

𝐾T𝑃mech
0

 (2) 

{
𝑃cond
LS = 𝐾T𝑃cond

0

𝑃sw
LS = 𝐾T 𝑃sw

0
 (3) 

Consequently, the efficiency at an operating point (𝑇′, Ω) of the scaled EDS corresponds 

to the efficiency of the reference EDS at the operating point (𝑇0, Ω). This results in the same 

maximal efficiency between the reference and scaled EDS (see red marker in Fig. 29). In [110], 

it is postulated that linear scaling is optimistic for downscaled machines and pessimistic for 

upscaled machines. To address this issue, correction factors (𝑎LS and 𝑏LS in (4)) are proposed 

in [182] to obtain a more realistic maximal efficiency for scaled machines with different power 

ratings. These correction factors are derived from manufacturers' catalogs of PMSM by per-

forming a regression law that translates the evolvement of maximal efficiency as a function of 

the power. The new maximal efficiency of the scaled machine can be calculated by applying a 

linear variation as indicated in (4). It is important to emphasize that these correction factors 

are solely applied to the maximal efficiency, and do not cover the other efficiencies present in 

the torque-speed plane. This limitation is due to the lack of data regarding the efficiency maps 

in the last aforementioned reference. 

𝜂max
′ = 𝜂max

0 (𝑎LS + 𝑏LS 𝐾T) (4) 

Despite the widespread use of linear scaling, the absence of geometrical information on 

the scaled machines and details regarding the scaled parameters and the distribution of the 

different loss components of the EDS is recognized as one of the major weaknesses of the 

method. Most importantly, all losses are considered to be scaled with the same factor, which 

is highly questionable due to the non-linearity of losses. To assess the reliability of linear scal-

ing, the subsequent sections delve into the scaling of the electric machine and inverter using 

scaling methods that provide a greater level of design details for these components. Fig. 30 

presents an overview of the scaling laws considered for the comparative analysis. The assess-

ment is conducted separately for each component to identify the individual differences in 

terms of efficiency scaling. For the electric machine, the linear scaling is compared against the 

geometric scaling laws, with the latter serving as a reference because of its high fidelity in 

computing efficiency. Concerning the inverter, linear scaling, data-driven scaling laws, and 

scaling laws based on the choice that preserves the power density and the temperature rise are 

compared against an efficiency benchmarking study using the well-known models available 

in literature to compute the efficiency of power electronic converters.  
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Fig. 30: Overview of the scaling methods considered for the comparison 

3 Geometric scaling laws of permanent magnet synchronous ma-

chines 

This section focuses on a comparison of the impact of the geometric scaling laws based on 

different scaling choices on efficiency as compared to the linear losses-to-power scaling. As 

indicated in Fig. 30, three choices are retained, which consist of preserving the magnetic flux 

density 𝐵~1, the temperature rise in the windings Θ~1, and the hybrid choice 𝐵&Θ~1. As a 

reminder, a scaling choice refers to the decision made regarding the consistency of one or mul-

tiple parameters during the scaling process. In the following sections, a scaling factor, denoted 

as 𝐾x for a given parameter 𝑥, is defined as the ratio between the parameters in the framework 

of the scaled 𝑥′ and reference machines 𝑥0(5). 

𝐾x =
𝑥′

𝑥0
 (5) 

3.1 Geometric scaling laws based on different scaling choices 

3.1.1 Geometric scaling procedures 

For any scaling choice, the geometric scaling procedures involve a proportional change of 

the dimensions of the reference machine in the axial and radial directions, alongside a third 

scaling procedure for the winding as illustrated in Fig. 31. The materials and technology 
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(winding type, slot-fill factor, etc.), and the number of pole pairs 𝑁p remain unchanged during 

the scaling process.  

 

Fig. 31: Scaling procedures of electric machines 

The axial scaling procedure consists of altering the core length of the machine 𝑙0 using an 

axial scaling factor 𝐾A, while preserving the lamination cross-section (6). This procedure sup-

poses adding or removing laminations from the stator and rotor stacks. The lamination thick-

ness is unchanged, which conforms with the manufacturing process.  

𝐾A =
𝑙′

𝑙0
 (6) 

 The radial scaling procedure consists of proportionally altering the geometrical parame-

ters of the cross-section with a radial scaling factor 𝐾R. During this procedure, it is assumed 

that the angles and aspect ratios are preserved. This scaling factor is therefore equal to the ratio 

of the outer stator diameters of the scaled 𝐷′ and reference 𝐷0 machines, respectively (7). Based 

on the axial and radial scaling procedures, the scaling relationships for the area, volume, and 

mass can be derived as mentioned in (8). 

𝐾R =
𝐷′

𝐷0
 (7) 

Area ∝ 𝐾A𝐾R
Volume ∝ 𝐾A𝐾R

2

 ass ∝ 𝐾A𝐾R
2

 (8) 

The rewinding scaling procedure consists of adjusting the machine terminal voltage to the 

predefined DC bus voltage rating through a rewinding scaling factor 𝐾W. This scaling proce-

dure considers a change in the number of turns per coil 𝑁turns
0  and the number of parallel paths 

𝑎p
0 of the reference machine. As postulated in [28], the current density, the cross-section geom-

etry, and the slot fill factor are assumed unchanged during the rewinding scaling. 

𝐾W =
𝑎p
0

𝑎p
′

𝑁turns
′

𝑁turns
0  (9) 

- Radial scaling- Axial scaling - Rewinding 

Scaling procedures
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3.1.2 Conditions of each geometric scaling choice 

Table 2 presents an overview of the scaling conditions associated with the different scaling 

choices examined in this study.  

Table 2: Scaling conditions and consequences associated with each geometric scaling choice on the 
magnetic, electric, and thermal loading 

Scaling factors 𝐵~1 Θ~1 𝐵&Θ~1 

Magnetic field density  𝐾B [-] 1 
1
√𝐾R
⁄  1 

Temperature rise 𝐾Θ [-] 1
𝐾R
⁄  1 ≈1 

Current density 𝐾J [-] 
1
𝐾R
⁄  

1
√𝐾R
⁄  1

√𝐾R
⁄  

Electric load 𝐾eload [-] 1 √𝐾R √𝐾R 

Current 𝐾i
PMSM [-] 

𝐾R
𝐾W

 
𝐾R
1.5

𝐾W
 

𝐾R
1.5

𝐾W
 

Flux linkage 𝐾ψ  [-] 𝐾A𝐾R𝐾W 𝐾A𝐾R
0.5𝐾W 𝐾A𝐾R𝐾W 

The scaling choice B~1 assumes that the magnetic field density B in all active parts is pre-

served during the scaling process. In other words, the magnetic fields in the scaled machine 

are the exact images of the magnetic fields present in the reference machine, as described in 

[28], [183]. To satisfy this choice, the current density 𝐽 needs to be scaled by a factor inversely 

proportional to 𝐾R as indicated in Table 2. This condition can be found by examining Poisson's 

equation, in which the same magnetic permeability 𝜇 is kept constant in the corresponding 

points of the scaled geometry in the space coordinates (x,y,z) to deal with the saturation chal-

lenges. Consequently, the electric load A is kept consistent during the scaling process. 

The scaling choice Θ~1 assumes that the growth in losses follows the growth of the cooling 

surface which evolves proportionally with 𝐾A𝐾R during the scaling process [102], [171], [172]. 

Thus, this choice ensures the preservation of the temperature rise in the winding Θ. This choice 

is often referred to as preserving the losses-to-cooling surface of the machine. To comply with 

this requirement references [102], [172] postulate that the current density J and the magnetic 

field density B need to be altered inversely proportional to the square root of the radial scaling 

factor 𝐾R, as shown in Table 2. The conditions for J and B can be found by analyzing the evo-

lution of the predominant losses, namely the copper loss in the core part 𝑃cu,co, and iron 𝑃fer 

losses, according to the machine size. The last aforementioned loss components should align 

with the growth of the cooling surface growth, resulting in the relationships of J and B as de-

scribed in (10), and (11). The contribution of the other loss components is considered marginal 

as compared to the copper and iron losses in this reasoning. Note that Appendix IV.1.2 pro-

vides more details on the derivation of these conditions.  

𝑃cu,co
′ = 𝐾A𝐾R𝑃cu,co

0
𝑥
⇒ 𝐽′ =

1

√𝐾R
𝐽0 (10) 
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𝑃fer
′ = 𝐾A𝐾R𝑃fer

0
𝑥
⇒𝐵′ =

1

√𝐾R
𝐵0 (11) 

The hybrid choice B&Θ~1 represents a compromise between the two scaling choices dis-

cussed earlier [174], [175]. To achieve this choice, the magnetic field density B is conserved 

during the scaling process, similar to the choice 𝐵~1. To ensures a comparable thermal situa-

tion, although not completely identical, between the reference and scaled machines, the cur-

rent density J scales similarly to the choice Θ~1. Therefore, the electric load A follows the scal-

ing law, as given in Table 2.  Note that an identical thermal situation cannot be achieved as the 

loss scaling for the iron loss, in the case of the hybrid choice does not follow the surface growth. 

This will be discussed in the next section, focussing on the loss scaling. 

As a result of the magnetic and electric loading scaling conditions, the current and flux 

linkages scale differently depending on the scaling choice, as shown in Table 2.  

3.1.3 Discussion on the scaling choices of geometric scaling laws 

This section presents a comprehensive discussion of the scaling laws, centered on four 

criteria: torque, magnetic loading, thermal loading, and loss scaling.  

3.1.3.1 Torque scaling 

At a constant speed, the electromagnetic torque 𝑇EM of a PMSM evolves as a function of 

the tangential stress 𝜎Ftan, diameter 𝐷r, and the active length 𝑙r of the rotor. 

𝑇EM ∝ 𝜎Ftan𝐷r
2𝑙r (12) 

Referring to Table 2, the scaling of the electric A and magnetic loading B dictates the scal-

ing factors of the tangential stress 𝜎Ftan, indicated in Table 3.  It can be readily observed from 

the aforementioned table, that adopting the scaling choices B~1 and Θ~1 ensures the preser-

vation of the same tangential stress. Thereby, this enables maintaining material within the 

scaled machine series. Knowing the tangential stress scaling, the torque scaling for the previ-

ously mentioned choices follows the volume growth 𝐾A𝐾R
2, as shown in Table 3. The hybrid 

choice 𝐵&Θ~1 exhibits a higher torque scaling with 𝐾A𝐾R
2.5 as compared to 𝐾A𝐾R

2, for the same 

volume growth. Therefore, the torque scaling, using the hybrid choice, is increased faster than 

the volume (8). However, this comes at the expense of increasing the tangential stress 𝜎Ftan 

with a factor of 𝐾R
0.5. The values of 𝜎Ftan depend on the chosen material and cooling technique, 

and are typically constrained by a maximal value. The maximal tangential stress values related 

to the tractive electric machines for automotive applications are scarce in literature, however, 

it is possible to find typical values for industrial machines in [102]. Due to the constraint of 

tangential stress, the torque scaling law using the hybrid choice cannot always be achieved. In 

[175], it is postulated that the torque scaling law for the hybrid choice can be amended as de-

scribed in (13). The electric load is capped to a maximal value 𝐴max to avoid the risk of magnet 

demagnetization, particularly when applying a large 𝐾R. The calculation for determining this 

value is given in (14), following what is reported in [184]. 
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{
𝑇EM
′ = 𝐾A𝐾R

2.5𝑇EM
0 if 𝐴 ≤ 𝐴max

𝑇EM
′ = 𝐾A𝐾R

2𝑇EM
0 if 𝐴 > 𝐴max

 (13)  

𝐴max = √
𝛼thΔΘmax
𝑘𝑒𝑤𝜌cond

√
𝑉cu
𝑆th

 (14) 

In (14), 𝛼th is the surface heat exchange coefficient, ΔΘmax is the maximal temperature rise, 

𝑘ew is a coefficient added to consider the impact of the end-winding part, 𝜌cond is the resistivity 

of the conductors, 𝑉cu is the total copper volume, and 𝑆th is the heat exchange surface with the 

cooling fluid. 

Table 3: Torque scaling based on each scaling choice 

Scaling factors 𝐵~1 Θ~1 𝐵&Θ~1 

Tangential stress 𝐾σ [-] 1 1 𝐾R
0.5 

Torque scaling factor 𝐾T
PMSM [-] 𝐾A𝐾R

2 𝐾A𝐾R
2 𝐾A𝐾R

2.5 

3.1.3.2 Magnetic loading 

The choice 𝐵~1 and the hybrid choices assume that the field solutions are kept unchanged 

during the scaling process (Table 2). This is a pragmatic choice because it allows reusing the 

finite element simulation solutions without any concerns related to magnetic saturation and 

demagnetizing fields. Consequently, the pre-design process of scaled machines can be expe-

dited. Regarding the choice of Θ~1, the air gap flux density 𝐵g needs to be scaled by a factor 

inversely proportional to the root square of 𝐾R (Table 2). This becomes critical when consider-

ing small radial scaling factors 𝐾R, which results in high values of 𝐵g. The last statement holds 

until saturation in the iron becomes significant, and therefore 𝐵g can no longer be increased. 

Additionally, the scaling of 𝐵g is bounded by the magnet residual flux density 𝐵r. On the other 

hand, a very large 𝐾R will lead to inefficient iron material use. Therefore, a more thorough 

analysis to set boundaries for the radial scaling procedure is required when employing the 

choice Θ~1. 

The sizing boundary should keep the maximal flux density below a well-defined maxi-

mum value to avoid saturation problems. However, this will be highly dependent on the ref-

erence design, in which different electrical sheets can be used. For example, FeSe and CoFe 

materials exhibit typical maximum values of flux density of 1.7 T and 2.2 T, respectively [185]. 

Fig. 32.a depicts a brute force search to study the sensitivity of the magnetic field density B 

scaling. The scaled values of the field density are described as a function of different combina-

tions of the radial scaling factor 𝐾R and the peak value of B in the reference machine, irrespec-

tive of the area where the maximum value is obtained. Next, a constraint for B is added, con-

sisting of a tolerance interval from 1.2 T to 2.2 T. Fig. 32.b shows that based on the maximal 

value of the magnetic flux density in the reference machine, a feasible range for 𝐾R falls be-

tween 0.6 and 1.75.  
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Fig. 32: Scaling of the peak value of the magnetic field density B using the scaling choice 𝛩~1 as a func-
tion of the radial scaling factor 𝐾𝑅 and the original magnetic field density in the reference machine 𝐵𝑟𝑒𝑓 : 

(a) search space without constraints, (b) search space with imposed constraints. 

To derive the condition depicted in Table 2, allowing the scaling of the air gap field density 

𝐵g, a simplified magnet equivalent circuit is used. This latter allows the expression of 𝐵g, as 

shown in (15), in terms of the magnet residual flux density 𝐵r, the magnet relative permeability 

𝜇rm, the length of magnets 𝑙m, and the air gap length 𝑔. Note that the latter is derived based 

on 1D reluctance equation, neglecting fringing fluxes at the magnet edges and along the cir-

cumference of the machine in the axial direction. 

𝐵g ≅
1

1 + 𝜇rm
𝑔
𝑙m

𝐵r (15)  

From (15), it can be readily observed that there are two options to achieve the condition of 

the scaling of 𝐵g. Both options involve the introduction of an additional scaling factor, either 

for the air gap 𝑔 or the radial dimensions of the magnet 𝑙m. In other words, during the radial 

scaling procedure, all the parameters of the cross-section scale proportionally with 𝐾r, except 

for either the air gap or the magnet length. One of these two dimensions needs to be scaled 

with a scaling factor 𝐾g or 𝐾m that can be expressed as follows: 

{
 
 

 
 𝐾g =

𝐾r
1.5(𝑙m + 𝑔) − 𝐾r𝑙m

𝑔
if air gap scaling

𝐾m =
𝐾r𝑔

𝑙m(𝐾r
0.5 − 1) + 𝐾r

0.5𝑔
if magnet length scaling

 (16)  

Typically, the ratio 𝑙m 𝑔⁄  is within the range of 3 to 5 [186]. As the value of 𝐵g approaches 

𝐵r, the aforementioned scaling procedures become unfeasible due to convergence. As a result, 
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either the magnet length or the air gap length tends towards infinity. Additionally, it is worth 

noting that if the scaling factor 𝐾m is chosen, the scaling of permanent magnet loss requires 

amendment. Consequently, it is convenient to say that the choice Θ~1 presents more chal-

lenges to use in the pre-design phases, because of the magnetic field density scaling. 

3.1.3.3 Thermal loading 

Regarding the choice 𝐵~1, consistent use of materials can be achieved as both electrical 

load 𝐴 and flux density 𝐵 remain unchanged during the scaling process. Nevertheless, the 

growth of the losses is not proportional to the cooling surface, leading to a different thermal 

situation between the reference and scaled machines. Scaling in the radial direction with a 

small factor leads to an increase in the temperature rise in the windings with a factor inversely 

proportional to 𝐾𝑅 (Table 2). The thermal scaling of PMSM has been the subject of recent liter-

ature, wherein diverse thermal scaling laws have been proposed based on the choice 𝐵~1 

[187]–[190]. These thermal scaling laws describe the temperature changes in different parts of 

the machine as a function of the scaling procedures employed. Further development has been 

made in [191], wherein the authors have proposed scaling laws for the water-cooling jacket 

subsystem. It is worth emphasizing that the thermal scaling falls out of the scope of this thesis. 

This is because the assessment of the energy consumption is generally conducted using an 

efficiency map established at a nominal temperature, following the current state of the art on 

system-level investigations [16]. This assumption stems from the fact that the assessment of 

the energy consumption is conducted employing standardized driving cycles, characterized 

by durations shorter than the time required for the temperature of the machine to rise. This is 

because, under such driving cycles, the electric machine seldom operates at conditions request-

ing maximal power. Additionally, tractive electric machines are equipped with a cooling sys-

tem designed to regulate temperature. For a more comprehensive examination of how thermal 

constraints influence the sizing of electric machines in the context of electrified vehicles, the 

reader is referred to [192].  

Regarding the choice Θ~1, it can guarantee an equivalent thermal situation between the 

reference and the scaled machine. This is because the scaling of the predominant losses, 

namely the copper and iron losses, follows the surface growth, as indicated in Table 2. By using 

the hybrid choice, a similar thermal condition can be achieved, although not identical. This is 

due to the difference in scaling the iron loss caused by maintaining the magnetic field density 

unchanged during the scaling process, which is highlighted in the next section. 

3.1.3.4 Losses scaling 

Table 4 describes the scaling of the individual losses as a function of the geometric scaling 

laws, alongside the scaling factors for the resistances at the core and end winding parts of the 

machine. By consulting Table 4, it is apparent that the rewinding scaling factor 𝐾W does not 

intervene in the scaling laws of the losses. However, the scaling of certain parameters, includ-

ing resistances, current, and flux linkages, are dependent on this latter scaling factor 𝐾W. A 

complete derivation of these scaling laws can be found in Appendix IV.1.  
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Table 4: Overview of the scaling factors for each loss component of PMSM for each scaling choice 

Scaling factors 𝐵~1 Θ~1 𝐵&Θ~1 

Core resistance 𝐾𝑅
co [−] 

𝐾W
2 𝐾A

𝐾R
2  

𝐾W
2 𝐾A

𝐾R
2  

𝐾W
2 𝐾A

𝐾R
2  

Copper loss (active part) 𝐾cu
co [-] 𝐾A 𝐾A𝐾R 𝐾A𝐾R 

End-winding resistance 𝐾𝑅
ew [−] 

𝐾W
2

𝐾R
 

𝐾W
2

𝐾R
 

𝐾W
2

𝐾R
 

Copper loss (end winding part) 𝐾cu
ew [-] 𝐾R 𝐾R

2 𝐾R
2 

Iron loss 𝐾fer [-] 𝐾A𝐾R
2 𝐾A𝐾R 𝐾A𝐾R

2 

Permanent magnet loss  𝐾PM [-] 𝐾A𝐾R
4 𝐾A𝐾R

3 𝐾A𝐾R
4 

Bearing loss 𝐾br [-] 𝐾A𝐾R
2 𝐾A𝐾R

2 𝐾A𝐾R
2 

Windage loss 𝐾win [-] 𝐾A𝐾R
3 𝐾A𝐾R

3 𝐾A𝐾R
3 

To compare the loss scaling for each choice, illustrative cases are presented herein focusing 

on torque upscaling with a factor of 2, and torque downscaling with a factor of 0.5. In this 

sense, Fig. 33 shows the different loss scaling factors, 𝐾cu
co, 𝐾cu

ew, 𝐾fer, and 𝐾PM which correspond 

to the scaling of copper loss in the core and end-winding, iron loss, and permanent magnet 

loss, respectively. These scaling factors are shown as a function of the radial scaling factor 𝐾R. 

For each value of 𝐾R, the corresponding axial scaling factor 𝐾A is computed based on the de-

sired torque scaling factor 𝐾T, following the scaling law indicated in Table 3. The mechanical 

losses are not included in this analysis because they scale in the same way using the three 

geometric scaling choices, as indicated in Table 4 for the scaling of windage and bearing losses. 

This is because the aforementioned loss components are independent of the magnetic and elec-

tric load scaling.  

The initial observation derived from Fig. 33 reveals that when 𝐾R is equal to 1, all the scal-

ing choices yield equivalent power loss scaling. By consulting Fig. 33.a and b, it is apparent 

that maintaining the choice Θ~1 results in lower copper losses compared to the two other 

choices. Nevertheless, this holds solely for 𝐾R values less than 1. Conversely, when 𝐾R values 

exceed 1, the choice 𝐵~1 leads to greater reduction of copper losses. Note that the hybrid 

choice and Θ~1 yield the same copper loss scaling in the end-winding part of the machine, as 

they share the same power loss scaling factor (∝ 𝐾R
2). Concerning the iron loss, the choice Θ~1 

results in higher iron loss, when 𝐾R is less than 1, as compared to the other choices. This power 

loss scaling trend is reversed when 𝐾R exceeds 1, resulting in lower iron loss. The scaling of 

the latter power loss when opting for the choice 𝐵~1, remain constant, regardless the scaling 

factors. This is because the scaling of the iron loss for the last aforementioned choice follows 

the volume and torque scaling (∝ 𝐾A𝐾R
2), as indicated in Table 2. Concerning the permanent 

magnet power loss, they are higher for the choice 𝐵~1 as compared to the other choices, when 

using a radial scaling factor 𝐾R values above 1, and vice versa. Irrespective to the values of 𝐾R, 

the hybrid choice offers a balanced compromise in terms of power loss scaling as compared to 

the other two choices. Additionally, it is interesting to note that the power scaling laws remain 
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the same if an axial procedure is solely performed without any radial scaling procedure, re-

gardless of the scaling choice. To summarize, Table 5 presents the scaling choices that result 

in a lower loss for each loss component, depending on the chosen value of 𝐾R. The analysis of 

the losses is further elaborated in Section 3.3, where a comparison of the efficiency is presented 

for the entire torque speed of the scaled machines. 

 
Fig. 33: Assessment of the power loss scaling factors using different scaling choices for a downscaling 
scenario with a torque scaling of 0.5 (solid lines for the two first choices and dashed line for the hybrid 
choice) and upscaling scenario with a torque scaling of 2 (dash-dotted lines). 

Table 5: The scaling choices corresponding to a lower loss for each loss component of the scaled machine 

 𝐾R < 1 𝐾R > 1 

𝑃cu
co Θ~1 𝐵~1 

𝑃cu
ew Θ~1 𝐵~1 

𝑃fer 𝐵~1 Θ~1 

𝑃PM 𝐵~1 Θ~1 

3.2 Numerical validation of the scaling laws based on the finite element 

method 

In this section, a numerical validation using FEM of the geometric scaling laws based on 

different choices is presented. For this aim, the workflow, shown in Fig. 34, is adopted. Due to 

the high number of scaled designs that can be investigated, the study is confined to illustrative 

cases of geometric scaling factors, as indicated in Table 6. Different scaled designs have been 

considered to demonstrate the application of the scaling laws, for the geometric choices 𝐵~1 
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and Θ ~1. As for the hybrid choice, the same scaling factors as the choice 𝐵~1 have been ap-

plied for the sake of simplicity and synthesis. No rewinding scaling is herein applied (𝐾W =

1). These scaling factors are selected to examine examples of upscaling and downscaling cases. 

Regarding the choice Θ~1, a choice is made to scale the air gap following (16). It is worth 

noting that the section is not intended to exhaustively examine and discuss different scaled 

designs. Ultimately, the section is aimed to illustrate the trustworthiness and applicability of 

the scaling laws. For more details, the reader is referred to [28], where a thoroughly discussed 

numerical validation of the choice 𝐵~1 using different geometric scaling factors is reported. 

This section can be considered as a continuation of the last study by proposing a numerical 

validation for the other scaling choices under investigation in this work. This is because, liter-

ature centered on the scaling of PMSM does not demonstrate numerical validation of the scal-

ing choice Θ ~1, and 𝐵&Θ~1. The scope of this numerical validation is centered on electromag-

netic parameters, namely torque, flux linkages, iron loss, and permanent magnet losses. No 

thermal validation is carried out as part of this work.  

 

Fig. 34: Adopted workflow for the numerical validation 

Table 6: Scaling factors involved in the numerical validation 

 Scaling choice [-] 
Axial scaling factor 

𝐾A [-] 

Radial scaling factor 

𝐾R [-] 

Torque scaling factor 

𝐾T [-] 

Downscaling 

𝐵~1 0.78 0.80 0.50 

Θ~1 0.41 1.10 0.50 

𝐵&Θ~1 0.78 0.80 0.45 

Upscaling 

𝐵~1 1.40 1.20 2 

Θ~1 1.65 1.10 2 

𝐵&Θ~1 1.40 1.20 2.20 

3.2.1 Presentation of the reference machine 

The reference machine used in this study is a traction interior PMSM, with a maximal 

power of 80 kW, a maximal torque of 280 Nm, and a base speed of 2728 rpm. The design of the 

Comparison

Scaling laws
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resulting from scaling laws

Virtual scaled component
resulting from FEM

Redo FEM for different 
scaled geometries

Reference machine
FEM model
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machine is similar to the 2012 Nissan Leaf traction machine [193]. The main geometrical pa-

rameters of the machine are presented in Appendix IV.6, based on the data published in [194]. 

The geometry of the machine is implemented and simulated using Ansys Maxwell in 2D tran-

sient mode. 

3.2.2 Numerical validation of the upscaling case 

A comparison between the outcomes of FEM and the scaling laws is discussed in this sec-

tion for the upscaling cases. The section starts with examining the outcomes of the scaling 

choices based on the choices B~1 and 𝐵&Θ~1. The results for the choice Θ~1 are addressed in 

a subsequent step, as they result from a distinct scaled design featuring a different air gap in 

comparison to the scaled design defined using the first two mentioned scaling choices. 

Fig. 35 shows a comparison between the outcomes of the scaling laws using the choice for 

B~1 and 𝐵&Θ~1 choices and FEM. By consulting the figure, it can be seen that the results of 

the scaling laws for the considered choice are the same as FEM in terms of torque, flux linkages, 

and iron loss scaling. Differences in terms of the permanent magnet loss in Fig. 35.e are ob-

served. This is mainly due to the difference in terms of the model formulation that has been 

used to derive the scaling law and the model incorporated in the software. Due to the low 

contribution of the previously-mentioned loss component, the difference in terms of the scal-

ing will not have a significant impact on the efficiency.  

 

Fig. 35: Validation of the upscaling case considering the choice B~1, and 𝐵&𝛩~1  for a current 𝑖𝑠𝑑 = 0 
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Fig. 36 depicts the comparison between the scaling laws based on the choice Θ~1 and FEM.  

Similarly, the results of the scaling laws are close to those of FEM, except for the permanent 

magnet loss scaling.   

 

Fig. 36: Validation of the upscaling case considering the choice 𝛩~1  for a current 𝑖𝑠𝑑 = 0 

3.2.3 Numerical validation of the downscaling case 

The comparison results for the downscaling case are reported in this section for the choices 

B~1, and 𝐵&Θ~1 in Fig. 37, and the choice Θ~1 in Fig. 38. Similar to the upscaling case, the 

scaling demonstrates a good match with FEM.  
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Fig. 37: Validation of the downscaling case considering the choice B~1, and 𝐵&𝛩~1  for a current 𝑖𝑠𝑑 =
0  
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Fig. 38: Validation of the downscaling case considering the choice 𝛩~1  for a current 𝑖𝑠𝑑 = 0 

3.3 Comparison of linear losses-to-power scaling law versus geometric scal-

ing laws 

Following a thorough discussion and validation of the geometric scaling laws, this section 

aims to compare the efficiency map scaling of a reference machine using linear scaling and 

geometric scaling laws. For this aim, the efficiency of the reference machine, presented in Sec-

tion 3.2.1, is initially benchmarked using FEM across the operating points in the torque-speed 

plane, as depicted in Fig. 39.a. Note that the Maximum Torque Per Ampere (MTPA) control 

paradigm is used for establishing the efficiency map [95]. The comparison between the com-

puted efficiency map and the experimental one exhibits a good match as shown in Fig. 39.b.  

In the following sections, the efficiency map of the reference design is subjected to upscal-

ing with a torque scaling factor 𝐾T of 2 and downscaled with a factor of 0.5. These torque 

scaling factors are selected as illustrative cases to conduct a comprehensive comparison be-

tween linear scaling and the other scaling choices for upscaling and downscaling cases. For 

this comparison, all scaled designs, established using geometric scaling laws, share the same 

base speed as the reference machine. This is necessary to ensure a fair comparison since linear 

scaling maintains the base speed throughout the scaling process. Correspondingly, the 
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rewinding scaling factor 𝐾W is defined to preserve the same base speed. For simplicity reasons, 

non-integer values of 𝐾W are herein allowed. 

 

Fig. 39: Efficiency map of the reference electrical machine in [%] in the torque-speed plane: (a) map established 
using finite element analysis; (b) map built using experimental tests [38]. 

3.3.1 Upscaling case 

To demonstrate the difference between linear scaling and geometric scaling laws regard-

ing efficiency map scaling for upscaling cases, an illustrative case is initially presented. The 

scaling factors for this case are presented in Table 7.   

Table 7: Scaling factors for the upscaling case 

 𝐾T 𝐾A 𝐾R 𝐾W 𝐾cu
co 𝐾cu

ew 𝐾fer 𝐾PM 

Linear scaling 2 ∅ ∅ ∅ 2 2 2 2 

𝐵~1 2 1.39 1.20 0.60 1.39 1.20 2 2.88 

Θ~1 2 1.39 1.20 0.66 1.67 1.44 1.67 2.40 

𝐵&Θ~1 2 1.27 1.20 0.66 1.52 1.44 1.82 2.63 

 The results of the efficiency map scaling are presented in Fig. 40. By consulting Fig. 40. a-

d, it is evident that the area of maximal efficiency (97%) is broader for the three choices of 

geometric scaling than for linear scaling. This confirms that the linear scaling is pessimistic in 

terms of efficiency estimation for larger machines. The second column of Fig. 40 shows the 

difference in terms of efficiency Δ𝜂 between the results obtained with linear scaling and each 

choice of geometric scaling laws. Negative values of Δ𝜂 indicate that linear scaling underesti-

mates the efficiency as compared to geometric scaling and vice versa. The most conspicuous 

observation that emerges from these figures is that the region with low speed and high torque, 

where the copper losses are predominant, exhibits the largest difference between the scaling 

choices. This discrepancy is particularly noticeable in Fig. 40.e, where the maximal absolute 

value of Δ𝜂 reaches 7.7%, when comparing linear scaling with the choice B~1. This substantial 

difference can be attributed to the large difference in the copper losses scaling factors between 

the two aforementioned scaling choices, as indicated in Table 7.   

(a) (b)
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Fig. 40: Efficiency maps 𝜂𝐸𝑀 in [%] in the torque-speed plane using linear and geometric scaling laws 
for an upscaling case with a torque scaling factor of 2. The second column represents the efficiency 
difference 𝛥η in [%] between linear and each choice of geometric scaling laws. Negative values for 𝛥η 
mean that linear scaling underestimates the efficiency as compared to geometric scaling and vice versa. 

Concerning the remaining choices, the maximal difference in terms of efficiency Δ𝜂 is com-

paratively lower. For the choice Θ~1, the maximal value of Δ𝜂 reaches 4.7%, whereas, for the 

hybrid choice, it amounts to 5.5%. Interestingly, the difference between linear scaling and the 

scaling choices decreases at high-speed regions, where the iron losses are dominant. In certain 

areas of the map, the difference cancels out. This is because the scaling factor for the iron loss 

of the geometric scaling laws is close to the linear scaling one, as shown in Table 7. It is worth 

mentioning that Appendix IV.4 includes a quantification of the difference between linear scal-

ing and the scaling choices for each power loss component across the torque-speed plane. 
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3.3.2 Downscaling case 

Similar to what has been done in the previous section for the upscaling case, a downscaling 

case of the reference machine with a torque scaling factor of 0.5 is herein presented. 

Table 8: Scaling factors for the downscaling case 

 𝐾T 𝐾A 𝐾R 𝐾W 𝐾cu
co 𝐾cu

ew 𝐾fer 𝐾PM 

Linear scaling 0.50 ∅ ∅ ∅ 0.50 0.50 0.50 0.50 

𝐵~1 0.50 0.78 0.8 1.60 0.78 0.80 0.50 0.32 

Θ~1 0.50 0.78 0.8 1.43 0.63 0.64 0.63 0.40 

𝐵&Θ~1 0.50 0.87 0.8 1.43 0.70 0.64 0.56 0.36 

By examining Fig. 41, the findings reveal that linear scaling resulted in a more efficient 

machine design than those obtained by the different choices of geometric scaling laws. The 

maximal efficiency of the machine is 97% using linear scaling, against 96% obtained with geo-

metric scaling. This substantiates the statements made in Section 2, confirming that linear scal-

ing is optimistic in terms of efficiency estimation for small power rating machines. For further 

consideration of this issue, Fig. 41.e-f show the difference in efficiency Δ𝜂  [%] between the scal-

ing choices, considering linear scaling as a reference. Note that a positive value of Δ𝜂 means 

that the linear scaling result in a more efficient operating point than geometric scaling laws 

and vice versa. Similar to the outcomes observed in the upscaling case, the regions character-

ized by low-speed and high-torque demonstrate the largest discrepancy among the scaling 

choices. This efficiency disparity can be as high as 10% when comparing linear scaling with 

the geometric scaling laws based on the choice 𝐵~1. The scaling choice Θ~1 demonstrates 

comparable results with the linear scaling, with a maximal value of Δ𝜂 approximately equal to 

4%. Once more, this observation is confined to regions characterized by low speed and high 

torque values. Although the large differences observed in the aforementioned regions, it 

should be noted that these latter regions encounter infrequent usage in the context of automo-

tive applications. These regions are mainly engaged during acceleration phases. This detail 

will be further discussed in Chapter IV when addressing the system-level investigations. Ad-

ditionally, similar to what was observed in the upscaling case, the values of Δ𝜂 diminishes at 

high speed regions for all three comparison cases.  

Note that the current analysis on the comparison between linear losses-to-power scaling 

law and geometric scaling laws is expanded in Appendix IV.5 with a sensitivity analysis, in-

cluding distinct geometries and different torque scaling factors.  
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Fig. 41: Efficiency maps 𝜂𝐸𝑀 in [%] in the torque-speed plane using linear and geometric scaling laws 
for a downscaling case with a torque scaling factor of 0.5. The second column figures represent the 
efficiency difference 𝛥η in [%] between linear and each choice of geometric scaling laws. Positive values 
for 𝛥η mean that linear scaling overestimates the efficiency as compared to geometric scaling and vice 
versa. 

3.4 Conditions of linear losses-to-power scaling of PMSM 

This section derives the conditions that result in linear losses-to-power scaling of the 

PMSM, followed by a feasibility analysis of these conditions. This is achieved by a new organ-

ization of the scalable model of the PMSM following the Energetic Macroscopic Representation 

(EMR) formalism. This involves maintaining a reference PMSM model fixed but comple-

mented with two electrical and mechanical Power Adaptation (PA) elements, as depicted in 

Fig. 42 [155], [156]. The key novelty lies in the incorporation of geometric scaling laws based 

on different scaling choices within the power adaptation elements. This enables scalability 

through adjustments solely to the input and output variables of the reference model. By 
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following this approach, the non-linearity of the losses is included in the scaling process by 

introducing an equivalent loss term Δ𝑃, as shown in Fig. 43. This provides a novel functionality 

of the power adaptation elements of the EMR methodology, which are historically used to 

perform linear scaling manipulations (Fig. 43) [157]. An overview of the prior use of the power 

adaptation element of EMR is presented in Appendix III.2. By consulting Fig. 43, a criterion 

that leads to a linear scaling case can be already observed, which involves the elimination of 

the Δ𝑃 term. If the latter condition is feasible, it can be therefore concluded that the linear 

scaling of PMSM is a particular case of the geometric scaling laws. The derivation of this con-

dition is elaborated in the following section.  

 

Fig. 42: Proposed structural methodology of the scaled machine 

 

Fig. 43: New proposed functionality of Power Adaptation (PA) element 

3.4.1 EMR-based scaling laws of PMSM 

The EMR-based scaling laws of PMSM are depicted in Fig. 44. A comprehensive explana-

tion of the derivation of the power adaptation elements using the three choices of the geomet-

ric scaling laws is provided below. 

 

Fig. 44: EMR-based scaling laws of PMSM 
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3.4.1.1 Reference PMSM 

The analysis assumes that the PMSM is only considered in the Park framework. The model 

of the reference machine (17)-(22) is represented by EMR using three elements (Fig. 44): Park-

Concordia transform (red rectangle) for the transition from the three-phase abc frame to dq 

frame, the winding dynamic (orange rectangle pictograms with an oblique bar), and the elec-

tromagnetic conversion (orange circle pictogram). The three-phase voltage 𝑣s,abc
0  and speed 

Ωsh are the inputs of the reference model, while the back-emf 𝑒s,dq
0  and shaft torque 𝑇sh

0  are its 

outputs. The shaft torque is determined by subtracting the equivalent torque loss terms, 

namely the iron core torque 𝑇fer
0 , magnet torque 𝑇PM

0 , and mechanical loss torque 𝑇mech
0 , from 

the electromagnetic torque 𝑇EM
0 . Note that the equation numbers are recalled in EMR, which 

are above each pictogram in Fig. 44. As a reminder, superscript 0 refers to the variables of the 

reference machine. Furthermore, the underscore subscript indicates a vector of parameters, for 

example 𝑣s,dq
0 = [𝑣s,d

0 , 𝑣s,q
0 ] T. 

{
𝑣s,dq
0 = [𝑃(𝜃)]𝑣s,abc

0

𝑖s,abc
0 = [𝑃(𝜃)]−1𝑖s,abc

0  (17) 

𝑑

𝑑𝑡
𝜓s,dq
0 = 𝑣s,dq

0 − (𝑅co
0 + 𝑅ew

0 )𝑖s,dq
0 − 𝑒s,dq

0  (18)  

𝑇EM
0 = 𝑁p[𝜓s,d

0 𝑖q
0 + 𝜓s,q

0 𝑖d
0] (19) 

𝑇sh
0 = 𝑇EM

0 − 𝑇fer
0 − 𝑇mag

0 − 𝑇mech
0  (20) 

{
𝑇fer
0 = 𝑃Fe

0 Ω𝑠ℎ⁄

𝑇PM
0 = 𝑃PM

0 Ω𝑠ℎ⁄
 (21) 

{
𝑒s,d
0 = −𝑁pΩ𝑠ℎ

0 𝜓s,q
0

𝑒s,q
0 = 𝑁pΩ𝑠ℎ

0 𝜓s,d
0  (22) 

3.4.1.2 Electrical power adaptation derivation   

The derivation of the electric power adaptation element is based on a new organization of 

the geometric scaling laws of PMSM outlined in Section 3.1. For this aim, the voltages 𝑣s,dq
′  of 

the scaled machine can be expressed in a unified way for the three scaling choices as a function 

of the parameters of the reference machine and the scaling factors.  

𝑣s,dq
′ = 𝐾A𝐾R

𝑛𝐾W
𝑑

𝑑𝑡
𝜓s,dq
0 + 𝐾W

2 (
𝐾A

𝐾R
2 𝑅co

0 +
1

𝐾R
𝑅ew
0 )

𝐾R
𝑚

𝐾W
𝑖s,dq
0 + 𝐾A𝐾R

𝑛𝐾W𝑒s,dq
0  (23) 

where n and m are exponents that are defined based on the scaling choices and presented in 

Table 9. The electric PA is derived by refining (23) to get the voltages 𝑣s,dq
0  applied to the ref-

erence model. To this end, a voltage scaling factor 𝐾v
PMSM and an equivalent resistance Δ𝑅0 is 

introduced (24)-(26). Furthermore, a current scaling factor 𝐾i
PMSM is introduced as the ratio 

between the scaled and reference currents. The PA is described in EMR by an orange square 

pictogram with the symbol “>” inside. The sign means that the scaled PMSM power is greater 
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than the reference PMSM power. In the case of downscaling, the symbol "<" needs to be em-

ployed to indicate the opposite scenario. 

{
𝑣s,dq
0 = (𝑣s,dq

′ 𝐾v
PMSM⁄ ) − Δ𝑅0𝑖s,dq

0

𝑖s,dq
′ = 𝐾i

PMSM 𝑖s,dq
0   (24) 

ΔR0 =
1

𝐾R
𝑥 (
𝑅co
0

𝐾R
+
𝑅ew
0

𝐾A
) − 𝑅0 (25) 

{

𝐾v
PMSM = 𝐾A𝐾R

𝑛𝐾W

𝐾i
PMSM =

𝐾R
𝑚

𝐾W

 (26) 

in which x, n, and m are exponents that depend on the scaling choice and are summarized in 

Table 9. Finally, equation (24) can be rewritten in the three-phase frame abc as follows:  

{
𝑣s,abc
0 = (𝑣s,abc

′ 𝐾v
PMSM⁄ ) − Δ𝑅0𝑖s,abc

0

𝑖s,abc
′ = 𝐾i

PMSM 𝑖s,abc
0   (27) 

Table 9: Overview of the exponents used for the power adaptation elements 

 𝐵~1 Θ~1 Hybrid choice 

x in  (25) 1 0 0.5 

n in (26) 1 0.5 1 

m in (26)  1 1.5 1.5 

𝛼 in (29) n+m n+m n+m 

𝛽 in (30) 0 1 0.5 

𝛾 in (31) 2 1 1.5 

𝜀 in (32) 1 1 0.5 

3.4.1.3 Mechanical power adaptation derivation  

The mechanical power adaptation element is derived from (20). To achieve this, the shaft 

torque of the reference machine 𝑇sh
0  is scaled by the torque 𝐾T

PMSM. However, since the power 

loss scaling factors differ from 𝐾T, an equivalent torque Δ𝑇 must be subtracted to find the right 

value of the scaled torque (29)-(31). As a reminder, the scaling factors of torque and power loss 

are presented in Table 3 and Table 4, respectively. Furthermore, it is assumed that the reference 

and the scaled machines operate at the same speed. 

{
𝑇sh
′ = 𝐾T

PMSM𝑇sh
0 − Δ𝑇

Ω𝑠ℎ
′ = Ω𝑠ℎ

0
 (28) 

{
𝐾T = 𝐾A𝐾R

𝛼

Δ𝑇 = Δ𝑇fer + Δ𝑇PM + Δ𝑇mech
 (29) 

Δ𝑇fer = 𝐾𝑇
PMSM (

1

𝐾R
𝛽
− 1)𝑇fer

0  (30) 

Δ𝑇PM = 𝐾T
PMSM(𝐾R

𝛾
− 1)𝑇PM

0  (31) 
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∆𝑇mech = 𝐾T
PMSM(𝐾R − 1)𝑇w

0 (32) 

in which 𝛼, 𝛽, 𝛾, and 𝜀 are exponents that depend on the scaling choice and are summarized 

in Table 9. Δ𝑇fer, Δ𝑇PM, and ∆𝑇mech represent the equivalent iron, magnet, and mechanical loss 

torques, respectively. 

3.4.1.4 Scaled losses 

Based on the electrical and mechanical PA elements, the losses 𝑃loss of the scaled PMSM 

can be straightforwardly deduced by considering the power loss of the reference machine and 

introducing equivalent loss terms Δ𝑃 (33)-(35). This is achieved thanks to the new organization 

of the scalable model, following the rules of the EMR methodology. 

𝑃loss
′ = 𝑃cu

′ + 𝑃fer
′ + 𝑃PM

′  (33) 

{
 
 

 
 𝑃cu

′ = 𝐾T
PMSM𝑃cu

0 + Δ𝑃Cu
𝑃fer
′ = 𝐾T

PMSM𝑃fer
0 + Δ𝑃fer

𝑃PM
′ = 𝐾T

PMSM𝑃PM
0 + Δ𝑃PM

𝑃mech
′ = 𝐾T

PMSM𝑃mech
0 + Δ𝑃mech

 (34) 

{
 
 

 
 Δ𝑃cu = 𝐾T

PMSMΔ𝑅0 (𝑖s,a
0 2

+ 𝑖s,b
0 2

+ 𝑖s,c
0 2
)

Δ𝑃fer = Δ𝑇ferΩsh
0

Δ𝑃PM = Δ𝑇PMΩsh
0

Δ𝑃mech = Δ𝑇mechΩsh
0

Δ𝑃tot = Δ𝑃cu + Δ𝑃fer + Δ𝑃PM + Δ𝑃mech

 (35) 

According to the values of both axial and radial scaling factors, the equivalent loss 

terms Δ𝑃 can be either positive or negative. This can be observed by examining (25), and (30)-

(32). A positive value of Δ𝑃 means that the scaling process result in greater losses than a linear 

losses-to-power scaling and vice versa. The extra copper losses Δ𝑃cu, due to the addition of the 

equivalent resistance Δ𝑅0, can be seen as the difference between the input electric power of a 

scaled machine using geometric scaling laws and a linearly scaled machine, as described in 

(36). 

Δ𝑃cu = 𝑣s,abc
′ 𝑖s,abc

′ − 𝐾T
PMSM𝑣s,abc

0 𝑖s,abc
0  (36) 

Similarly, the sum of the extra magnetic loss terms, i.e. Δ𝑃fer, Δ𝑃PM, alongside the mechan-

ical loss Δ𝑃fer, can be considered as the ratio between the mechanical power of the machine 

scaled using geometric scaling laws and the linearly scaled machine, as shown in (37).  

Δ𝑃fer + Δ𝑃PM + Δ𝑃mech = 𝑇sh
′ Ω𝑠ℎ

′ −𝐾T
PMSM𝑇sh

0 Ω𝑠ℎ
0  (37) 



Chapter II: Comparative analysis of the effect of scaling methods on efficiency scaling of electric drive 
systems 

 

73 
 

3.4.2 Derivation of the conditions of linear losses-to-power scaling of PMSM 

Through the examination of equations (36), and (37), it can be concluded that a relation-

ship between the geometric and linear scaling exists. In simpler terms, if it is feasible to elimi-

nate the equivalent terms Δ𝑅 (25), and Δ𝑇 (29), it becomes conspicuous that both scaling meth-

ods yield the same power loss scaling. This is further evidenced by redrafting the power scal-

ing laws of geometric scaling laws, mentioned in (34), to be expressed in (38) as a function of 

the power loss scaling of linear scaling. The aforementioned equation provides a clear indica-

tion that to achieve a case where losses scale linearly with power, it is necessary to eliminate 

the equivalent loss terms ∆𝑃. To accomplish this, it is sufficient to find the scaling factors in  

(25), (30)-(32) that enable the complete cancellation or minimization of the Δ𝑃 terms, as de-

picted in (39). In other words, if a combination of the axial and radial scaling factors that elim-

inate Δ𝑃 exists, the linear losses-to-power scaling is then considered as a particular case of the 

geometric scaling laws. Note that this particular case can result from the three scaling choices 

presented in Section 3. 

{
 
 

 
 
𝑃cu
′ = 𝑃cu

LS + Δ𝑃Cu
𝑃fer
′ = 𝑃fer

LS + Δ𝑃fer

𝑃PM
′ = 𝑃PM

LS + Δ𝑃PM

𝑃mech
′ = 𝑃mech

LS + Δ𝑃mech

 (38) 

Find 𝐾A, and 𝐾R that cancel out 

{

Δ𝑃Cu = 0
Δ𝑃fer = 0
Δ𝑃PM = 0
Δ𝑃mech = 0

 
(39) 

As can be seen in (39), there are four independent equations with two unknown variables 

to be found.  For simplicity reasons, it is assumed that the contribution of the equivalent terms 

related to the iron, permanent magnet, and mechanical losses are marginal as compared to the 

copper loss. Therefore,  Δ𝑃fer, ∆𝑃PM, and ∆𝑃mech can be initially disregarded. The impact of this 

assumption will be assessed in the next section. Consequently, the determination of the con-

ditions for linear scaling necessitates finding a combination of the geometric scaling factors 𝐾A 

and 𝐾R that makes ∆𝑅, and hence ∆𝑃cu, equal to zero. 

The second condition of linear scaling is the assumption of a fixed base speed through the 

scaling process. This can be accomplished by appropriately defining the rewinding scaling 

factor 𝐾W, based on the performed geometric scaling. Indeed, the base speed Ωb PMSM is re-

lated to the voltage limit of the DC bus 𝑣DC
limit and can be approximately expressed as in (40). 

Assuming that 𝑣DC
limit is preserved, which is a reasonable assumption considering different ve-

hicle classes share the same DC bus voltage rating, the base speed scales following (41). 

Ωb
′ ∝

𝑣DC
limit

 √(𝜓s,d
′ )

2
+ (𝜓s,q

′ )
2
 (40) 

Ωb
′ =

1

𝐾A𝐾R
δ𝐾W

Ωb
0  (41) 
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in which δ ∈ {0.5, 1}, depending on the selected scaling choice of the geometric scaling 

laws, as indicated in Table 2 for the flux linkage 𝜓 scaling. Based on (41), the rewinding scaling 

factor should be defined as in (42), to preserve the base speed. This finding has not confirmed 

previous research, which postulates that the DC bus voltage needs to be scaled to maintain the 

base speed through the scaling process using linear scaling [182], [195]. For instance, in [182], 

the authors  assumed that the DC bus voltage needs to be scaled with 𝐾T
PMSM, or with the root 

square of 𝐾T
PMSM in [195], without providing any further explanation for these assumptions. 

Based on (42), the voltage 𝐾v
PMSM and current 𝐾i

PMSM scaling factors, indicated in (24), can be 

reformulated as in (43). 

𝐾W =
1

𝐾A𝐾R
δ
 (42) 

{
𝐾v
PMSM = 1

𝐾i
PMSM = 𝐾T

PMSM (43) 

3.4.3 Simulation-based validation of the derived conditions 

To assess the reliability of the derived conditions discussed earlier, Fig. 45 presents the 

difference in terms of efficiency Δ𝜂EM between two efficiency maps computed using linear and 

geometric scaling methods. The efficiency map defined with geometric scaling is established 

using the scaling factors, presented in Table 10, that result in ∆𝑅, thus equivalent copper loss 

Δ𝑃Cu, equals to 0 for the three geometric scaling factors. For simplicity, non-integer values of 

𝐾W are herein allowed. The assumption of disregarding Δ𝑃fer, ∆𝑃PM, and ∆𝑃mech is initially 

evaluated in Fig. 45. a-c. This followed by a second assessment in Fig. 45. e-f that incorporates 

the preceding equivalent loss terms.  

Table 10: Scaling factors that cancel out ∆𝑅 

 𝐾T 𝐾A 𝐾R 𝐾W 

𝐵~1 2 3.146 0.7973 0.3986 

Θ~1 2 0.700 1.6093 1.1261 

𝐵&Θ~1 2 0.4620 1.7970 1.2045 

 Fig. 45. a-c reveal that Δ𝜂EM is zero accros the entire torque-speed plane of the scaled ma-

chine, for the three geometric scaling choices. This means that linear losses-to-power scaling 

is achieved using the defined combination of the geometric scaling factors in Table 10. Fig. 45. 

e-f shows Δ𝜂EM including ∆𝑃fer ∆𝑃PM, and ∆𝑃mech to assess their impact. As it can be observed 

from the previous figure, Δ𝜂EM is less than 0.5% in absolute terms for most operating points. 

The largest discrepancy, up to 2%, between linear and geometric scaling occurs in confined 

areas characterized by high-speed and low-torque values, wherein mechanical and iron losses 

predominate. However, it is worth emphasizing that, in the context of automotive applica-

tions, the concerned areas are seldom used except for braking phases, essentially due to the 

resistive forces imposed by the environment of the vehicle. This result has further strength-

ened the confidence in the assumption of disregarding ∆𝑃fer,  ∆𝑃PM, and ∆𝑃mech is not impact-

ful. It is then enough to find the combination of the geometric scaling factors that results in 
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∆𝑃cu equal to zero. The linear losses-to-power scaling method applied to PMSM can be there-

fore deemed sufficient for this upscaling case study. 

 

Fig. 45: Difference in terms of electric machine efficiency |𝛥𝜂𝐸𝑀| between linear scaling and geometric 
scaling laws for an upscaling case with a torque scaling factor of 2. The figures in each row represent 
|𝛥𝜂𝐸𝑀|between linear scaling and a particular choice of geometric scaling laws. Each column figure per-
tains to the assumption of either disregarding or including the equivalent loss terms 𝛥𝑃𝑡𝑜𝑡. 

To generalize the last condition of ∆R=0 using different torque scaling factors 𝐾T
PMSM,  Fig. 

46 shows the results of the equivalent resistance term ∆R in per-unit ( ∆R [Ω]/ (𝑅co
0 + 𝑅ew

0 ) [Ω]) 

as a function of different combinations of geometric scaling factors. The figure also depicts the 

contour lines of the torque scaling 𝐾T values as a function of the geometric scaling, with values 

ranging from 0.5 to 2. Regarding the upscaling case, the sign of ∆R varies according to the 

combination of the selected geometric scaling factors. A positive value (blue color in Fig. 46)  

of ∆R means that the linear scaling underestimates the copper loss, particularly for lengthy 

machines, and vice versa. Most importantly, certain combinations of axial and radial scaling 

factors nullify ∆R. The intersection between the contours of 𝐾T
PMSM (purple color in Fig. 46) 

and the contour line ∆R of zero values defines the geometric scaling factors that result in a 

linear scaling of the losses. Fig. 46. a-c suggests that all cases of upscaling lead to linear scaling 

of the losses, regardless of the applied torque scaling factor. This is true for the three scaling 

choices of geometric scaling. However, the opposite is not true for the downscaling cases, in 
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which only a torque scaling factor 𝐾T of 0.9 results in a linear scaling case, as illustrated in Fig. 

46.a-b for the choices B~1 and Θ~1. Below the aforementioned scaling factor, the value of ∆R 

is always positive, leading to the conclusion that no combination of geometric scaling factors 

results in linear losses-to-power scaling for the downscaling cases. For the hybrid choice, Fig. 

46.c shows that there are no combinations of the geometric scaling factors that cancel out ∆R 

for the downscaling cases. Based on these findings, it is concluded that geometric scaling laws 

exhibit a particular case that results in linear power-to-losses scaling solely for the upscaling 

cases. However, the last statement does not hold for the downscaling cases. To generalize this 

statement, the same analysis is conducted in Appendix IV.6, using a second machine as a ref-

erence. Note that this second machine has a completely different design as compared to the 

initial one utilized in the analysis above.   

  

 

 

Fig. 46: Equivalent resistance term ∆𝑅 (black contour lines) in per-unit and torque scaling factor 

𝐾𝑇
𝑃𝑀𝑆𝑀 [-] (purple contour lines) as a function of axial 𝐾𝐴 and radial 𝐾𝑅  scaling factors. 
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Up to this point, it has been demonstrated that there are geometric scaling factor combi-

nations that numerically yield linear scaling cases for the upscaling scenarios. However, the 

feasibility of these combinations, considering both axial and radial scaling factors, needs to be 

assessed. To accomplish this, the constraints outlined in (44) are set as boundaries during the 

scaling process. These constraints ensure that undesirable geometries of the machine, such as 

tubes and disk-shaped machines, are avoided. This is considered by keeping the equivalent 

axial stack length to the diameter of the air gap ratio (la/Dg ratio) within the range indicated in 

(44). The boundaries indicated in the preceding equation allow for avoiding mechanical prob-

lems, related to vibrations due to the first critical speed [102]. Furthermore, the maximal al-

lowable current density 𝐽′ is maintained below 23 A mm , which can be handled by the exist-

ing cooling technology of traction machines. Fig. 47 shows combinations of geometric scaling 

factors, i.e. axial 𝐾A and radial 𝐾R factors, that yield different torque scaling factors 𝐾T
PMSM. 

 

Fig. 47: Assessment of the feasibility of the geometric scaling factors combinations that result in linear 
power-to-losses scaling cases for different torque scaling factors. The solid lines represent the feasible 
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geometric scaling factors, while the dashed lines represent unfeasible geometric factors. The red marker 
indicates the geometric scaling factors that result in linear scaling cases for each torque scaling factor 
and scaling choice. 

{
0.4 ≤

𝑙a
′

𝐷g
′ =

𝐾A
𝐾R

𝑙a
0

𝐷g
0 ≤ 2.5

𝐽′ ≤ 23 A mm 

 (44)  

The solid lines in Fig. 47 depict the feasible geometric scaling factors, whereas the unfea-

sible ones are described in dashed lines. This assessment is carried out for the three scaling 

choices of geometric scaling. From Fig. 47.a, which deals with the scaling choice B~1, it can be 

seen that a linear scaling case is solely achieved for a torque scaling factor 𝐾T of 1.25. This is 

illustrated by the red marker that overlays the solid line, representing feasibility. Nonetheless, 

for KT above 1.25 and considering the same scaling choice, no feasible geometric scaling factors 

that yield a linear scaling case have been found. The red markers in Fig. 47.a suggest the ne-

cessity of large axial factors, which can be achieved due to the length-to-diameter associated 

with the first critical speed. Conversely,  the examination of Fig. 47.b and Fig. 47.c reveals that 

there exists at least a viable combination of 𝐾A, and 𝐾R that can result in linear scaling cases for 

different torque scaling factors. This can be explained by the fact that Δ𝑅 scales differently for 

each scaling choice, as shown in (25), which leads to a different mathematical solution for 𝐾A, 

and 𝐾R. It is of high importance to emphasize that the analysis presented in this section is 

specifically based on the geometry of the reference machine utilized for this study. In case a 

new reference machine with other geometric parameters is considered, different conclusions 

might be drawn. Consequently, generalizing the statements made in this section is challeng-

ing. However, it is important to note that the presented methodology is general and can be 

conducted using different machines. To substantiate the last statement, Appendix IV.6 pre-

sents the same analysis conducted in this section but uses another design of PMSM as a refer-

ence machine. 

4 Scaling laws of IGBT-based voltage source inverters 

Compared to electric machines, investigation on the scalability of voltage source inverters 

has received comparatively less attention. The concept of applying geometric scaling to power 

electronics is less straightforward. Instead, the concept of modularity finds widespread appli-

cation. This is exemplified by manufacturers providing power modules, wherein semiconduc-

tor devices are either paralleled or connected in series to increase the current or the voltage of 

the power converter [77]. If the requirements are altered, it becomes necessary to either replace 

the semiconductor components with other ones selected from a catalog, reassess the parallel 

or series connections, or even reconsider the topology of the power electronic converter. There-

fore, these later solutions result in different discrete sets of values for voltage and current rat-

ing.   

This section aims to make a comparison between linear losses-to-power scaling and the 

available scaling laws of IGBT-based inverters in literature. As a reminder, the retained scaling 

methods for inverters in this study are depicted in Fig. 30 and consist of the scaling law that 

preserves the temperature rise and the power density, data-driven scaling laws, and linear 
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scaling. The analysis in the subsequent sections is centered on two-level inverters due to their 

prevalence in the automotive industry. The section concludes by deriving and assessing the 

conditions that result in a linear power scaling case of the inverters through the EMR-based 

scaling laws. 

4.1 Theoretical background of the scaling laws of inverters 

4.1.1 Preserving temperature rise and power density 

Kasper et al. derived a general scaling law for the efficiency scaling of power electronics 

converters based on a hybrid choice that consists in preserving the temperature rise and power 

density of the reference and scaled converters [180]. To derive the efficiency scaling law, the 

converter is assumed to be a cube with a surface 𝑆conv, with a volume 𝑉conv, leading to the 

relationship between the surface and volume in (45). Based on the last equation, the tempera-

ture rise Θ is expressed as a function of the volume (46). Under the assumption that tempera-

ture rise is preserved during the scaling process (47), a relationship between the output power 

𝑃conv,out of the reference and scaled converters as a function of the volume scaling can be de-

duced (48). The latter scaling law, under the assumption of a consistent power density 𝜌conv 

throughout the scaling process (49), can be reformulated as depicted in (50). This scaling choice 

is referred to as 𝜌&Θ~1 in the sequel. 

𝑆conv = 6𝑉conv
2/3

 (45)  

Θ =
𝑃losses
𝑆conv

=
𝑃losses

6𝑉conv
2/3

 (46) 

Θ′ = Θ0
𝑥
⇒
𝑃losses
′

6𝑉conv
2/3′

=
𝑃losses
0

6𝑉conv
2/30

 (47) 

𝑃conv,out
′

𝑃conv,out
0 =

(1 − 𝜂VSI
0 )

(1 − 𝜂VSI
′ )

𝜂VSI
′

𝜂VSI
0 (

𝑉conv
′

𝑉conv
0 )

2/3

 (48) 

𝜌conv
′ = 𝜌conv

0
𝑥
⇒
𝑃conv,out
′

𝑉conv
′ =

𝑃conv,out
0

𝑉conv
0  (49) 

𝜂VSI
′ =

𝜂VSI
0 (

𝑃conv,out
′

𝑃conv,out
0 )

1/3

1 + 𝜂VSI
0 ((

𝑃conv,out
′

𝑃conv,out
0 )

1/3

− 1)

 (50) 

4.1.2 Data-driven scalable loss model 

This scaling choice relies essentially on knowledge of the parameters of a group of power 

electronics converters with the same technology. The derivation of this scaling can be achieved 

by fitting the data from measurements or catalogs. Then, models can be deduced to describe a 

general tendency and relationships between variables. For instance, a “scalable inverter power 

module” model is established in [177] based on datasheet data of 650V IGBT automotive 
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power modules with nominal collector current ratings from 50A up to 800 A. The proposed 

model in the last previously mentioned reference expresses the different parameters of the 

inverter as a function of either the nominal collector current 𝐼cn or the magnitude of the AC 

current 𝐼s determined from the electric machine mapping, as illustrated in (51). The parameters 

of the fitted model, e.g. the on-state resistance 𝑟on, the turn-on 𝐸on,T, turn-off 𝐸off,T, and recov-

ery 𝐸rec energies, have been tuned based on the data of 7 inverters that belong to the same 

family series, using the same technology of semiconductor components.  

{
 
 

 
 
𝑟on,T = 990.07 𝐼cn

−1.003

𝑟on,D = 675.61 𝐼cn
−1.004

𝐸on,T = 9.1964 10−6𝐼𝑠
2 + 0.0156𝐼𝑠 + 0.6221

𝐸off,T = 2.4259 10−8 𝐼s
3 − 5.7183 10−6𝐼s

2 + 0.0357 𝐼s + 1.87

𝐸rec = 2.8029 10−6 𝐼s
2 + 0.0139 𝐼s + 0.9973

 (51) 

In [97], further developments to the aforementioned scaling method are proposed by add-

ing the chip area of the semiconductor devices and normalizing all the parameters of the in-

verter based on this latter, instead of the current rating. However, it is worth noting that for 

commercially available power modules, the chip areas are seldom provided in the datasheets. 

4.2  Comparison of linear losses-to-power scaling law and other scaling laws 

To assess the accuracy of linear losses-to-power scaling of inverters, three 650 V IGBT-

based-automotive inverters from the Infineon Hybrid Pack family are selected. These inverters 

are similar to those studied in [177] for comparison reasons. These inverters have a range of 

nominal collector currents of 400 A, 600 A, and 800 A, which can correspond to a continuous 

electric power between 50 kW and 107 kW [196]. This makes them suitable for exploring the 

scalability of losses. The main parameters are presented in Table 11. The reference inverter 

selected for the analysis is the FS600R07A2E3 power module with a rated current of 600 A, 

which suits the reference machine presented in 3.2.1. This reference inverter is used to examine 

the effects of both upscaling the current rating of the inverter by a factor of 0.67 

(FS800R07A2E3) and downscaling it by a factor of 1.33 (FS400R07A1E3). For this aim, the ref-

erence machine is scaled with the same power scaling factors. This enables acquiring the volt-

ages, and current setpoints needed for computing the losses of the inverters, which are detailed 

in the next section. Additional information can be found in the modules' datasheet [197]. 

Table 11: Main parameters, extracted from the datasheets of the inverters 

Power module 
𝐼cn 

[A] 

𝑣CE 

[V] 

𝑟on,IGBT 

[mΩ] 

𝑟on,Diode 

[mΩ] 

𝑣ce0,IGBT 

[V] 

𝑣ce0,Diode 

[V] 

FS400R07A1E3 400 

650 

2.18 1.85 

0.69 0.79 
FS600R07A2E3 (ref) 600 1.44 1.05 

FS800R07A2E3 800 1.08 0.79 
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 In the following, the comparison process is structured in two steps. Initially, a benchmark 

step of the three inverters is conducted, employing the theoretical models and using data ex-

tracted from the datasheets for computing the losses. The outcomes of the benchmarking will 

be compared with the linear losses-to-power scaling results. Subsequently, the second step 

involves assessing and comparing the other different scaling choices, aiming to identify the 

most precise scaling choices. In this comparison, all the scaling choices are compared on the 

same basis, against the benchmarking study assuming a constant junction temperature of 

125°C. It is worth mentioning that the thermal aspect is out of the scope of this work. 

4.2.1 Linear scaling accuracy assessment via benchmarking study 

4.2.1.1 Losses benchmark  

This section presents the theoretical model used to benchmark the losses of the inverters. 

Assuming a sinusoidal pulse width modulation, i.e. the output current waveforms are sinus-

oidal, the average conduction losses over a switching period 𝑃cond in one switch is expressed 

in (52) as was reported in [98]. 

𝑃cond,xy = (
1

2𝜋
+  
𝑠𝑥  cos𝜑

8
)𝑣ceo,x 𝐼ŝ + + (

1

8
+
𝑠𝑥  cos𝜑

3𝜋
) 𝑟on,x 𝐼�̂�

2
 (52)  

with x is a subscript ∈ {IG T, diode} for the concerned switch, y is a second subscript ∈

{on, off, rec} refereeing to the turn-on and turn-off states of the IGBT and the turn-off state of 

the diode known as reverse recovery (rec), 𝑠 refers to the switching function, 𝜑 is the phase 

angle between voltage and current, 𝑣ceo is  the on−state threshold voltage, 𝐼�̂� is the amplitude 

of AC phase current, and 𝑟on,x is the on−state resistance.  

The average turn-on and turn-off switching losses 𝑃sw of the transistor and the diode re-

verse recovery (rec) loss are calculated as shown in (53) [98]. 

𝑃sw,x =
𝑓sw
𝜋
(𝐸x,y(𝐼ŝ)) (

𝑉DC
𝑉ref

)
𝑘v

 (53)  

where x is a subscript describing the concerned switch, y is a second subscript ∈

{on, off, rec} refereeing to the state of each switch in question, 𝑓sw is the switching frequency, 

𝐸 energy dissipated during the turn on/off/recovery of the switch, 𝑉DC is the applied DC bus 

voltage, 𝑉ref is the reference DC voltage, and 𝑘v is a switching loss factor. The energy 𝐸x,y can 

be modeled by a second-order polynomial equation, which depends on the current 𝐼ŝ (54). The 

energy parameters in (54) are identified based on the datasheets and presented in Table 12.  

𝐸x,y = 𝑎INV𝐼ŝ
2
+ 𝑏INV𝐼ŝ + 𝑐INV (54)  
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Table 12: Parameter identification of the energies of the studied inverters at 125°C in [J]. 

FS400R07A1E3 

𝐸on,IGBT 3.97 10−6 𝐼ŝ
2
+ 12.18 10−2 𝐼ŝ + 0.29 

𝐸off,IGBT 2.16  10−5 𝐼ŝ
2
+ 32.29 10−2 𝐼ŝ + 1.27 

𝐸rec,Diode −2.82 10−5 𝐼ŝ
2
+ 30.13 10−2 𝐼ŝ + 0.94 

FS600R07A1E3 

𝐸on,IGBT −9.55 10−6 𝐼ŝ
2
+ 31.39 10−2 𝐼ŝ + 0.55 

𝐸off,IGBT −7.55 10−6 𝐼ŝ
2
+ 43.39 10−2 𝐼ŝ + 1.81 

𝐸rec,Diode −1.62 10−5 𝐼ŝ
2
+ 26.53 10−2 𝐼ŝ + 0.66 

FS800R07A2E3 

𝐸on,IGBT 1.07 10−5 𝐼ŝ
2
+ 27.68 10−2 𝐼ŝ + 0.83 

𝐸off,IGBT 3.07 10−6 𝐼ŝ
2
+ 44.26 10−2 𝐼ŝ + 1.36 

𝐸rec,Diode −1.72 10−5 𝐼ŝ
2
+ 32.08 10−2 𝐼ŝ + 0.99 

Note that the losses generated by the driver, snubber circuits, and capacitive and inductive 

parasitics are assumed to be negligible. Therefore, they are not included in the scaling process. 

4.2.1.2 Comparison results 

Fig. 48 presents the efficiency maps of the scaled inverters, established using the theoreti-

cal models and linear scaling, for both upscaled and downscaled cases. By consulting, Fig. 48. 

a-d, it is clear that the linear scaling proves to be effective in predicting the maximal efficiency 

of the scaled inverters. This contrasts with the observations made in Section 3.3 for the scaling 

of electrical machines. These results hold for both upscaling and downscaling cases. As far as 

the downscaling case is concerned, the difference in terms of efficiency Δ𝜂INV between linear 

scaling and the benchmark, illustrated in Fig. 48. e, falls below 1% in absolute terms across the 

majority of the map. It should be noted that a negative value of Δ𝜂INV means that linear scaling 

underestimates the efficiency, and vice versa. However, a small discrepancy of up to 2% in 

absolute terms is observed in low-speed regions below 1000 rpm. Regarding the upscaling 

case, Fig. 48. f indicates that Δ𝜂INV is less than 0.5% in absolute value in the majority of the 

map. Considering the observations and outcomes derived from this comparison, it can be con-

cluded that linear scaling yields satisfactory results in terms of efficiency map scaling. Note 

that similar results have been obtained in a published conference paper [26], where additional 

inverters from the same family series are employed. 
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Fig. 48: Linear scaling vs. benchmarking study of the efficiency. The negative value of the difference in 
terms of efficiency 𝛥𝜂𝐼𝑁𝑉 means that linear scaling underestimates the results. 

4.2.2 Alternative inverter scaling choices accuracy assessment via benchmarking study  

This section examines the difference in terms of efficiency between the benchmark and the 

hybrid choice 𝜌VSI&Θ~1, as well as the data-driven choice. This allows the assessment of 

whether alternative scaling choices of the inverter yield better results as compared to the linear 

scaling method of the inverter.  

 Fig. 49 discusses the results obtained with the choice 𝜌VSI&Θ~1. For the downscaling case, 

it can be seen from Fig. 49. a that the area of maximal efficiency is narrower as compared to 

the benchmarking results shown in Fig. 48. a. The difference in terms of efficiency Δ𝜂INV, illus-

trated in Fig. 49. c, is mainly negative across the majority of the map regions. This means that 

the choice 𝜌VSI&Θ~1 underestimates the efficiency relative to the benchmark. Broadly, an av-

erage difference of 1% in absolute value is attained across the efficiency map, except for regions 

characterized with speed values below 1000 rpm, where the maximal difference can reach up 

to 5%. Regarding the upscaling case, the values of Δ𝜂INV are positive, meaning that the choice 

𝜌VSI&Θ~1 overestimates the efficiency as compared to the benchmark. The observed values of 

Δ𝜂INV fall with a range from 0.25% to 0.75%, which represents a notable reduction compared 

to the downscaling case.  
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Fig. 49: Comparison of the efficiency map scaling between the choice that consists in preserving the 
power density and the temperature rise and the benchmark. Negative values of 𝛥𝜂𝐼𝑁𝑉 means that the 
choice 𝜌𝑉𝑆𝐼&𝛩~1 underestimates the efficiency as compared to the benchmark and vice versa. 

Fig. 50 presents the findings obtained with the data-driven scaling choice. Broadly, the 

Δ𝜂INV is relatively negligible for the upscaling and downscaling cases. Better results have been 

achieved for the downscaling case as compared to the linear scaling and the hybrid choices. 

This is evidenced by the non-significant values of Δ𝜂INV of less than 0.5%, obtained at low 

speed and high torque regions, as shown in Fig. 50.a. In the same regions, the linear scaling 

and hybrid choices exhibit Δ𝜂INV of -2% and -3%, respectively.  

To summarize, the comparison outcomes of the studied scaling method of the inverter 

with the benchmark lead to the conclusion that linear scaling results in satisfactory results for 

the upscaling and downscaling cases with an average discrepancy of less than 0.5% for both 

cases. This is achieved considering power scaling factors of 0.67 and 1.33. When comparing 

the outcomes of the hybrid choice 𝜌VSI&Θ~1 against the linear scaling, it can be concluded that 

linear scaling yields results that are relatively closer to the benchmark, particularly in the 

downscaling case. Relative to the data-driven method, the linear scaling method of inverters 

results in comparable results.  Consequently, the linear power-to-losses scaling for IGBT-based 

inverters is deemed sufficient for employment in the early design phases of EDS. Table 13 

provides an overview of the advantages and flaws of each scaling choice. 



Chapter II: Comparative analysis of the effect of scaling methods on efficiency scaling of electric drive 
systems 

 

85 
 

 

Fig. 50: Comparison of the efficiency map scaling between the data-driven choice and the benchmark. 
Positive values of 𝛥𝜂𝐼𝑁𝑉 means that the data-driven choice overestimates the efficiency as compared to 
the benchmark, and vice versa. 

Table 13: Comparison of the scaling choice for voltage source inverters 

Scaling choices Advantages Flaws 

Linear losses-to-
power 

• Effortless: easy and fast calcula-
tion 

• Simple input requirements: only 
the overall or loss efficiency map 
is needed to perform the scaling 
process 

• Satisfactory results for upscaling 
and downscaling cases 

• No geometric/volume information 

• Unknown parameters scaling  

Preservation of 
the temperature 
rise and power 
density  

• Same as linear scaling with addi-
tional information related to the 
volume scaling 

• Poor accuracy at low-speed and 
high-torque regions, particularly in 
downscaling cases 

• Unknown parameters scaling   

Data-driven  • Accurate results 

• Need for a pre-processing phase to 
define the fitted model for each pa-
rameter 

• Accuracy-dependency on the num-
ber of inverters used to tune the pa-
rameters of the fitted model 
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4.3 Conditions of linear losses-to-power scaling of IGBT-based inverters 

This section aims to derive the conditions that result in a linear scaling of the inverter. As 

previously demonstrated for the PMSM in Section 3.4, this is achieved through the EMR-based 

scaling laws, which are presented in Fig. 51.  

 

Fig. 51: EMR-based scaling laws of inverters 

4.3.1 EMR-based scaling laws 

4.3.1.1 Reference inverter 

An average model, taking into account the switching 𝑃sw
0  and conduction 𝑃cond

0  losses, over 

a switching period, is adopted for the reference inverter because of its computational efficiency 

[198]. Consequently, the inverter is controlled by an average switching functions 𝑠VSI
0  that links 

the current and voltage of the DC source to those of the load (PMSM in this work), as illus-

trated in Fig. 51. The model of the reference inverter (55), (57) is represented in EMR by an 

orange rectangle pictogram with a red input control signal 𝑠VSI
0 . The inputs of the reference 

model are the voltage of the battery 𝑣DC
0 , the three-phase currents of the load 𝑖abc

0 , and the 

switching functions 𝑠VSI
0 . The outputs of the model are the current 𝑖DC

0 , and the three-phase 

voltages 𝑣abc
0 . Note that the equation numbers are recalled in EMR, which are above each pic-

togram in Fig. 51.  

{
𝑣abc
0 = 𝑠VSI

0  𝑣bat
0

𝑖DC
0 = 𝜂VSI

0𝛾  𝑠VSI
0T  𝑖abc

0
  , with 𝛾 = sign(𝑖DC)  (55)  

𝑠VSI
0 = [𝑠a, 𝑠b, 𝑠c]

𝑇 (56) 

𝜂VSI
0 =

𝑃out
VSI,0

𝑃out
VSI,0 + 𝑃loss

VSI,0
=

𝑃out
VSI,0

𝑃out
VSI,0 + (𝑃cond

0 + 𝑃sw
0 )

 (57) 

4.3.1.2 Structuration of the DC side power adaptation element 

The DC voltage of the source 𝑣DC
′  scales using a voltage scaling factor, denoted as 𝐾v,DC

VSI . 

By analyzing (55), it can be seen that the definition of the DC current 𝑖DC
0  is impacted by the 

scaling of the losses. Therefore, the scaling of the DC current is formulated as a function of a 

DC source

DC
power

adaptation

(58)

Reference
inverter

AC
power

adaptation

(55) (59)

Scaled inverter

AC load
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current scaling factor 𝐾i,DC
VSI , and an equivalent current Δ𝑖DC that accounts of the non-linear scal-

ing of the losses.  

{
𝑣DC
0 =

1

𝐾v,DC
VSI

𝑣DC
′

𝑖DC
′ = 𝐾i,DC

VSI  𝑖DC
′ + Δ𝑖DC

 (58) 

4.3.1.3   Structuration of the AC side power adaptation element 

As the losses do not affect the AC side, following the adopted model in (55), it is therefore 

assumed that the current and the voltages of the AC part of the inverter scale linearly using a 

voltage 𝐾v,AC
VSI  and current scaling factors 𝐾i,AC

VSI . 

{

𝑣abc
′ = 𝐾v,AC

VSI 𝑣abc
0

𝑖abc
0 =

1

𝐾i,AC
VSI

𝑖abc
′  (59)  

The definition of the DC and AC scaling factors of the voltage and current will be defined 

in Chapter IV when addressing the interconnection between the voltage source inverter and 

the PMSM.  

4.3.2 Conditions of linear losses-to-power scaling of inverters 

By examining the equations incorporated within the DC power adaptation elements of the 

inverter (58), it is possible to establish conditions for achieving linear losses-to-power scaling 

of the inverter. 

The first condition is to preserve the DC bus voltage rating. This is possible by adjusting 

𝐾v,DC
VSI  as shown in (60). This condition allows keeping the same voltage rating between the 

reference and scaled inverters. Furthermore, this is essential to preserve the base speed of the 

machine, which is one of the requirements of linear scaling of electric drive systems. 

𝐾v,DC
VSI = 1 (60) 

The second condition is to nullify the equivalent current Δ𝑖DC that represent the non-linear 

scaling of the losses (61). From the analysis performed in Section 4.2.1, it is already proved that 

the impact of this term is marginal. The following analysis is intended to elucidate the condi-

tions leading to perfect linear scaling of the losses.  

Δ𝑖DC = 0 (61) 

To find the condition that results in (60), the scaling of the conduction and switching losses 

can be formulated as a function of equivalent loss terms ∆𝑃cond, (62), and ∆𝑃sw (63), and a 

power scaling factor 𝐾P
VSI(64). These latter can be added if needed, following what was done 

for the PMSM.  
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𝑃cond
′ = 𝐾P

VSI𝑃cond
0 + ∆𝑃cond (62) 

𝑃sw
′ = 𝐾P

VSI𝑃sw
0 + ∆𝑃sw (63) 

with the power scaling factor of the inverter 𝐾P
VSI is expressed as follows 

𝐾P
VSI = 𝐾v,DC

VSI 𝐾𝑖,DC
VSI 𝑥

𝑥 = 𝐾i,DC
VSI  if (6 )

 (64) 

Therefore, the conditions that lead to a linear scaling of the losses according to the power 

are indicated in (65).  

{
∆𝑃cond = 0
∆𝑃sw = 0

 (65) 

To ensure the last condition (65), it is essential to comprehend how the parameters in-

volved in the power loss model of the inverter (52)-(54), presented in Section 4.2.1.1, vary ac-

cording to changes in the power rating. The switching functions 𝑠VSI and the power factor 

cos𝜑 do not change during the scaling process, if the voltages of the reference and scaled in-

verters are linearly scaled. It remains to know how the on-sate resistance and the threshold 

voltage scale. To address this, two scaling factors 𝐾ron, and 𝐾Vce0 for the on-state resistance and 

the threshold voltage, respectively, are defined as given in (66), and (67).  

𝐾ron =
𝑟on
′

𝑟on
0  (66) 

𝐾Vce0 =
𝑉ce0
′

𝑉ce0
0  (67) 

To end up with a linear power-to-losses scaling of the conduction losses (65),  (66), and 

(67), should meet the following conditions mentioned in (68) and (69). These conditions will 

be subsequently checked and discussed based on the datasheet of different power-rated in-

verters in the next section.  

𝐾ron =
1

𝐾i,DC
VSI  (68) 

𝐾Vce0 = 1 (69) 

Regarding switching losses, the parameters 𝑓sw, 𝑉DC, 𝑉ref, and 𝑘v are assumed unchanged 

during the scaling process. A scaling factor 𝐾E for the dissipated energies, during the turn-on, 

and turn-off states, of the switches is expressed in (70). To achieve a linear switching losses-to-

power scaling (65), (70) should be equal to 1, which results in the conditions reported in (71) 

for the scaling of the parameters 𝑎VSI, 𝑏VSI, and 𝑐VSI, defined in (54). 

𝐾E =
𝐸′

𝐸0
 (70) 
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{
 
 

 
 𝑎VSI

′ =
1

𝐾i,𝐴C
VSI

𝑎VSI
0

𝑏VSI
′ = 𝑏VSI

0

𝑐VSI
′ = 𝐾i,AC

VSI𝑐VSI
0

 (71) 

To introduce a geometric layer into the linear scaling method, the examination of equation 

(48), which describes an efficiency scaling law based on the choice of preserving the tempera-

ture rise, serves as a starting point. To this end, it is essential to recall that linear scaling as-

sumes that the efficiency of the inverter is preserved, i.e. 𝜂VSI
′ = 𝜂VSI

0 within the torque-speed 

plane of the electric drive. By incorporating this assumption into (48), a scaling law for the 

volume can be derived as a function of the power scaling as described in (72). This leads to the 

conclusion that linear scaling is a particular case of the scaling choice that preserves the tem-

perature rise. 

𝑉VSI
′ = (

𝑃VSI,out
′

𝑃VSI,out
0 )

3/2

𝑉VSI
0  (72) 

4.3.3 Validation of the derived conditions based on datasheet data 

The validation of the earlier derived conditions is conducted based on the inverter pre-

sented in Table 11. The inverter FS600R07A2E3 with a current rating of 600 A is selected as a 

reference, resulting in upscaling and downscaling cases of the current rating of 1.33, and 0.67 

respectively. The voltage rating of the inverter under investigation is the same. From Table 11, 

it can be observed that the scaling conditions for the on-state resistance and the threshold volt-

ages defined in (68), and (69) are upheld. This can be attributed to the use of identical power 

switches in parallel by inverter manufacturers to achieve a given current rating [77]. Conse-

quently, a linear power-to-losses scaling of the conduction losses can be achieved. However, 

the identified parameters of the turn-on energies shown in Table 12 indicate that the conditions 

outlined in equation (71) are not met, leading to the conclusion that a linear switching loss-to-

power scaling cannot be achieved. This is true for the upscaling and downscaling cases. This 

can be explained by the fact that the experimental characterization of the dissipated energy of 

different power-rated inverters is conducted with different test conditions, specifically the gate 

resistance [199], as defined in the datasheets [197]. Even though the conditions for the switch-

ing losses are not met, the impact of the efficiency is marginal. This is demonstrated in Section 

4.2.1.2 of this chapter, where a comparison between linear scaling and the benchmark of dif-

ferent inverters is conducted. The result of this comparison demonstrates an average discrep-

ancy of efficiency of less than 0.5% for upscaling and downscaling cases. This outcome holds 

significance for the assessment of energy consumption later in Chapter IV.  

5 Conclusion  

In this chapter, a comprehensive analysis and a thorough comparison are conducted of 

the scaling laws of the electric drive systems, encompassing IGBT-based inverters and PMSM. 

This comparison assessed the efficiency map scaling considering different scaling choices not 

only for PMSM but also for inverters. This contributes to the current literature on the scaling 
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of, PMSM and inverters by providing a clear understanding of the effect of each scaling 

method for each component. Significant emphasis is paid to the examination of the linear scal-

ing method for both components of the electric drive, as the existing literature currently lacks 

a comprehensive understanding of its fundamental principles and resultant outcomes in terms 

of loss scaling. Regarding PMSM, linear scaling has been compared to geometric scaling laws 

based on three scaling choices that consist of preserving the magnetic field density, the tem-

perature rise in the windings, and a hybrid choice that combines the aforementioned choices. 

Regarding IGBT-based converters, linear scaling is compared against an efficiency benchmark-

ing of three commercialized inverters of the same series family. Moreover, the analysis encom-

passes other scaling choices available in literature, such as data-driven power loss scaling, and 

scaling laws based on preserving power density and temperature rise between the scaled and 

the reference inverters. Additionally, a new organization of the scalable models of both IGBT-

based and PMSM has been proposed using the EMR formalism by keeping the reference model 

of the components fixed but complemented by power adaptation elements. A new formulation 

of the modeling equations of power adaptation is herein proposed in this work to include the 

non-linearity aspect of the scaling process. This contribution enhances the utilization of power 

adaptation within the EMR formalism. This new structuration of the power adaptation ele-

ments highlights conditions that result in a linear scaling case of the PMSM and the inverters.   

The findings of the comparative analysis in this chapter are summarized as follows: 

• The difference in terms of efficiency scaling between linear geometric scaling meth-

ods of PMSM depends on the operating regions within the torque-speed plane. 

This finding is of high significance to understanding the reliability of the linear 

scaling method for energy consumption in Chapter VI when investigating driving 

cycles with varying operating point distributions. 

• The efficiency map scaling comparison between linear losses-to-power scaling and 

geometric scaling laws based on different scaling choices of PMSM reveals that the 

efficiency discrepancy is greater in high-torque and low-speed regions, where cop-

per losses prevail. This efficiency disparity is more pronounced in downscaling 

cases, particularly when comparing linear scaling and geometric scaling that pre-

serves the magnetic field density. In the last aforementioned region, the difference 

in terms of efficiency is less significant when comparing linear scaling with geo-

metric scaling based on the preservation of the temperature rise. The same applies 

to the comparison of linear scaling with the hybrid choices. This is explained by a 

large difference in terms of the copper loss scaling.  The frequency of usage of these 

regions will be assessed in Chapter IV to evaluate whether this difference will im-

pact the energy consumption results. 

• The efficiency difference between linear and geometric scaling laws decreases at 

high-speed regions of the machines, where the iron and mechanical losses domi-

nate. This is true for upscaling and downscaling cases and the different scaling 

choices.  

• The geometric scaling choice that preserves the temperature rise poses challenges 

to be implemented due to saturation concerns. It has been found that a fourth 
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scaling factor, for either the air gap or the length of the magnets, is needed to use 

this scaling choice. This point lacks clarity in earlier literature and is highlighted in 

this work. 

•  The efficiency map scaling comparison between losses-to-power scaling and effi-

ciency benchmarking of commercialized inverters demonstrate comparable re-

sults. This is attributed to the linear scaling of conduction losses and the non-sig-

nificant impact of nonlinearities in the switching losses throughout the scaling pro-

cess. The last statement is true for upscaling and downscaling cases.   

• A methodology is presented to incorporate a geometrical information layer into 

the linear losses-to-power scaling method of PMSM. The linear scaling method is 

demonstrated as a particular case of the geometric scaling laws. There exists at least 

one combination of axial and radial scaling factors that yield a particular case of 

linear scaling of losses. Nonetheless, the last statement holds for solely upscaling 

cases. It has been demonstrated for such scaling cases that no geometric combina-

tions resulted in linear scaling cases. 

• A volume scaling of the inverter is derived for the linear scaling method.  



 

92 
 

 

Chapter III 

Scaling of planetary gearboxes  

1 Introduction 

lthough the literature review reveals that many studies have made considerable ef-

forts to study the scalability of electric machines and power electronic converters, 

scarce contributions have been made to the scalability of gearboxes. One of the few contribu-

tions to scaling laws for gearboxes has been proposed by Pott in [200]. Simple scaling laws 

have been found by altering the torque and speed based on a common general scaling factor. 

Budinger et al. in [141] have derived scaling relationships of the main parameters of different 

types of gearboxes as a function of torque and speed scaling factors. A more extensive deriva-

tion of scaling laws has been proposed by Saerens et al. [31]. Scaling laws of different types of 

gearboxes are proposed based on the main design parameters, e.g. length, diameter, number 

of stages, and gearbox ratio. The derived scaling laws in the aforementioned reference make it 

possible to predict maximal output torque, mass, and inertia and have shown a good correla-

tion with the catalog of different manufacturers. Furthermore, Weinberger et al. in [201] have 

investigated a scaling methodology to downsize a wind turbine planetary gearbox that main-

tains dynamic similarity between the reference and scaled gearboxes.  

Previous studies have exclusively focused on geometric scaling to achieve a new desired 

torque demand or to have insights into the mass and inertia of the scaled gearbox. However, 

scaling laws for gearboxes taking into account the losses are still lacking. Efficiency and power 

loss are fundamental metrics for all mechanical transmissions. Nowadays, high efficiencies of 

96%-98% are attained in the rated operating point [202]. At partial load regions, the efficiency 

drops significantly [153]. Therefore, there is a need to benchmark the efficiency and power loss 

across the possible operating points of the gearbox. This is of high importance to quantify the 

energy consumption of automotive applications, in which the operating points are widely dis-

persed across the torque-speed plane. Nevertheless, efficiency benchmarking of gearboxes 

through experimental testing or numerical methods is still time and effort-consuming. To date, 

no scaling laws for predicting power losses and efficiency have been proposed in literature. 

The conclusion drawn in [201] substantiates the last statement, asserting that “it is not easily 

possible to transfer the efficiency results from the scaled gearbox to the original gearbox”. In light of 

this, this chapter aims to address this gap by proposing an initial framework for scaling laws 

A 
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of the power loss of gearboxes, with specific emphasis on dip-lubricated8 planetary gearboxes. 

This choice is motivated by the growing interest in planetary gearboxes for automotive appli-

cations, as reported in Chapter I, due to their compact design and co-axial arrangement. Given 

the diverse varieties of topologies, this investigation particularly focuses on conventional plan-

etary gearboxes with a single degree of freedom, often referred to as planetary reducers. This 

topology, which is illustrated in Fig. 52, is considered highly suitable for electric vehicles with 

a mono-drive system. While there are alternative topologies, commonly employed as power-

split devices in the context of hybrid electric vehicles or recently in multi-drive systems, it is 

noteworthy that these alternatives are not the primary focus of this study. Ultimately, the goal 

of this chapter is to provide an initial framework of scaling laws that can be extended later to 

different topologies. Additionally, a special focus is given to high-speed planetary reducers in 

this work. This is because of the specifications of the automotive applications, where high-

speed powertrain concepts are becoming more and more attractive due to the potential for 

improved power density, as previously mentioned in 4.2.2 of Chapter I [84]. 

 

Fig. 52: Schematic of planetary reducers 

As discussed in Chapter II for the electric drive systems, scaling laws can be derived 

through the manipulation of models based on geometric similarity and scaling choices (con-

servation of physical properties). Alternatively, a data-driven approach can be undertaken, 

involving deriving scaling laws from datasets obtained from catalogs or measurements. In the 

case of planetary reducers, the modeling of the losses is challenging. This is because of their 

particular kinematics, which result in more complex fluid flows than the ones observed in 

parallel-shaft gearboxes, as illustrated in Fig. 53. Due to centrifugal effects, the oil sump tends 

to disappear and most of the oil is splashed at the housing periphery, resulting in an oil ring 

[203]. Of utmost importance, the literature review shows a lack of reliable information on the 

power losses at high-speed values of planetary gearboxes. This makes the use of the existing 

models in literature questionable as they were formulated and validated at low and medium 

 
8 A dip-lubricated gearbox uses an oil sump, i.e. a reservoir of oil. As the gears rotate, the lower parts of the gears dip into the oil sump, causing 

oil to splash onto the parts to be lubricated. 

Housing

Ring gear

Planet gears

Sun gear

Planet carrier 
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speeds, less than 5000 rpm [203]. On the other hand, the automotive industry is witnessing a 

remarkable trend toward high speed. Consequently, this presents greater challenges when de-

riving scaling laws for gearboxes. 

 

Fig. 53: Oil flow inside a dip-lubricated: (a) parallel-shaft gearboxes, (b) planetary reducers 

Given the limited data on the losses of planetary gearboxes at high-speed operating points, 

there is a need for an experimental investigation. This aids in acquiring knowledge about high-

speed power loss and serves as a starting point to derive scaling laws. Hence, a data-driven 

approach is herein adopted. It is worth emphasizing that it is neither the goal of this work to 

improve the existing models nor to validate them at high speed. Ultimately, the main purpose 

of this chapter consists in deriving fast scaling laws for conventional planetary reducers. This 

has not been presented in literature so far. The key contributions of this chapter are summa-

rized as follows: 

• Experimental characterization of the power loss components, i.e. load-independent 

and load-dependent losses, of dip-lubricated planetary gearboxes at high-speed values 

up to 14,000 rpm of the sun shaft. The available experimental data to quantify both loss 

components for planetary gearboxes are scarce. The current state of the art is limited 

to 8000 rpm (sun shaft) in terms of experimental investigation of load-independent 

losses [204] and 5000 rpm (sun shaft) for load-dependent losses [205]. The results were 

reported for oil-jet lubricated planetary gearboxes. 

• Data-driven modeling of load-independent and -dependent losses based on high-level 

specifications of the e-axle, namely the maximal input speed, output torque, and gear 

ratio. 

• Fast and accurate generation of efficiency maps of scaled gearboxes using data from a 

reference gearbox combined with scaling laws.  

• Assessment of the reliability of linear losses-to-power scaling method for gearboxes, 

similar to the undertaken approach in Chapter II for electric drive systems. It is worth 

Speed

Oil sump

Housing

Oil ring

Oil sump

(a)

(b)Housing
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mentioning that the application of the linear scaling method is confined to the electric 

drive systems and is seldom used to scale the power loss of gearboxes.  

• Reorganization of the scalable model of the planetary gearbox following the concept of 

the EMR-based scaling laws. 

This chapter is organized as follows. Section 2 presents the approach adopted to derive 

power loss scaling laws. Section 3 describes the power loss modeling, deduced from experi-

mental campaigns. The scaling laws are derived and validated in Section 4. Section 5 presents 

the EMR-based scaling laws of the planetary gearbox.   

2 Adopted approach  

To obtain a scalable gearbox model, scaling laws for the following properties need to be 

found: maximal torque, maximal speed, gear ratio, inertia, mass, and losses. In the subsequent 

sections, an overview of the scaling laws available in the literature is provided, and the 

adopted approach to derive power loss scaling laws is described.  

2.1 Overview of the available scaling laws for gearboxes in the literature  

Pott in [200] derived simple scaling laws for the torque 𝑇 and speed Ω according to a gen-

eral scaling factor 𝑠 as shown in (73) for reducers with spur gears. According to the derived 

scaling laws, the power scale proportionally with the scaling factor s. The scaling relationships 

have been derived, assuming that the maximum centrifugal force 𝐹z exerted on the oil is con-

sistent during the scaling process (74). Therefore, this leads to a speed relationship inversely 

proportional to the square of s (73). The decrease in speed as power increases can be explained 

based on the limiting speed to build up a fluid film. Note that for (74) to be true, the radius 𝑟 

has to be scaled with s and the mass 𝑚 with s3. One limitation of these scaling laws is their 

inability to distinguish between the effect of a change in length or diameter, which can be of 

high importance due to restricted available space in an automotive application. Additionally, 

no validation has been provided to evaluate the accuracy of these laws. 

{
𝑇′ =  𝑠3 𝑇0

Ω′ =  𝑠−2 Ω0

𝑃′ = 𝑠 𝑃0
 (73) 

𝐹z
′ = 𝐹z  

𝑥
⇒𝑚Ω2𝑟 = 𝑚′Ω′2𝑟′ (74) 

Budinger et al. have derived scaling laws for different types of reducers, namely parallel-

shafted reducers with spur and worm gears, cycloidal drive, and planetary reducers, based on 

another choice that consists in preserving the bending9 stress 𝜎B between the reference and 

scaled gearboxes (75) [141]. This choice was motivated by the need to ensure materials con-

sistency within a family series of gearboxes. A scaling factor, denoted as x, has been introduced 

in the scaling process as the ratio between the geometrical dimensions of the reference 𝑦0 and 

scaled 𝑦′ gearboxes (76). Based on this scaling factor relationships for the volume 𝑉gb, mass 

 
9 When two gears are engaged, there is a normal force pressing against the tooth, which leads to a bending action 
that generates a tensile stress at the root surface of the gear.  
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𝑚gb, and inertia 𝐼gb have been found as shown in (77)-(79) respectively. Following the scaling 

choice (75), relationships for torque and speed are derived as given in (80), and (81) respec-

tively. More details on the derivation of the aforementioned scaling laws are available in [141]. 

To assess the accuracy of the scaling laws, a comparison with data from gear manufacturers 

was made for worm gears, with a particular focus on mass and inertia scaling. The average 

deviation between the scaling laws and the catalog data for the two last parameters was found 

to be below 10%. 

𝜎B,max
′ = 𝜎B,max

0  (75) 

𝑥 =
𝑦′

𝑦0
 (76) 

𝑉gb
′ = 𝑥3𝑉gb

0  (77) 

𝑚gb
′ = 𝑥3𝑚gb

0  (78) 

𝐼gb
′ = 𝑥5𝐼gb

′  (79) 

𝑇gb
′ = 𝑥3𝑇gb

0  (80) 

Ωgb,max
′ = 𝑥−1Ωgb,max

0  (81) 

A more extensive derivation was proposed by Saerens et al. that considers separate scaling 

procedures in the axial and radial directions for different topologies of gearboxes [31]. Based 

on stress analysis, the maximum torque 𝑇out,max
′  of parallel shaft and planetary gearboxes, with 

the same gear ratio, can be scaled as given in (82): 

𝑇out,max
′ =

𝑙 𝑑2

𝑎
𝑇out,max
0  (82) 

in which l refers to the core length of the gearbox, d is the outer diameter, and a represents 

the number of stages. The torque scaling law can be seen as a change in the volume of the 

gearbox divided by the number of stages. If the length and diameter are proportionally scaled 

with a scaling factor 𝑥 assuming the same number of stages, the output torque scales with 𝑥3. 

This is aligned with the scaling laws derived in [141], [200] but with more insights into the 

axial and radial scaling procedures. Additionally, the impact of the gear ratio 𝑘gb scaling has 

been incorporated in the scaling laws leading to different relationships based on the topology 

of the gearbox as shown in (83). Besides scaling laws for torque, a scaling law for inertia is 

depicted in (84). 

{
 
 

 
 𝑇out,max

′ ∝ 𝑘gb
2 𝑙 𝑑2

𝑎
𝑇out,max
0 parallel shaft gearbo 

𝑇out,max
′ ∝

𝑘gb − 2

(𝑘gb − 1)
2

𝑙 𝑑2

𝑎
𝑇out,max
0 planetary gearbo 

 (83) 

𝐽′ ∝ 𝑘gb
2 𝑙 𝑑4

𝑎
 𝐽0 (84) 
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The accuracy of the derived scaling laws has been demonstrated based on manufacturers’ 

catalogs. All the derived laws show globally a good agreement with the data extracted from 

the catalogs. To validate the torque scaling law in (83) for planetary gearboxes, Fig. 54.a shows 

a plot illustrating maximal torque values as a function of geometric parameters and the num-

ber of stages of gearboxes from different manufacturers. An orange line can be observed which 

gives the design solution according to the proposed scaling laws. As can be noticed, some 

points are below the line. This is explained by the fact that higher-stage ratios use different 

stress levels and different safety factors. From Fig. 54.b, it can be observed that the orange line, 

which represents the derived law of inertia (84), follows closely the inertia values of the differ-

ent gearboxes, extracted from manufacturers' catalogs. 

(a) 

 

(b)  

 

Fig. 54: Validation of the scaling laws derived for planetary gearboxes: (a) maximum output torque, 

(b) inertia. The scaling laws results are represented by the orange line. The figures were made by [31]. 

Despite the valuable contributions made by the discussed references, power loss scaling has 

not been addressed. The power loss scaling was left independent from the scaling process 

without providing any explanations.  

2.2 Theoretical power loss models 

Power losses 𝑃losses of any geared transmission can be divided into two main groups (85), 

namely: 1) load-dependent power losses 𝑃LD, often called mechanical losses or torque-depend-

ent, and 2) load-independent power losses 𝑃LID, also known as spin losses or speed-dependent 

losses [206], [207]. Load-dependent losses originate from friction in the mating surfaces at the 

gear meshes and bearings due to the sliding and rolling actions of the lubricant film [207]. The 

load-independent losses originate from the interaction between the gearbox components with 

the surrounding medium under no-load conditions (oil, air, or a mixture of oil and air). The 

load-independent power losses are caused by various phenomena such as churning or wind-

age and squeezing [204]. Churning loss is caused by a friction moment exerted by a fluid mix-

ture (oil and air) on the gears when they are dipping and circulating in the oil sump. When a 

jet or injection lubrication is used, this kind of loss is referred to as windage loss as only one 

single fluid phase (air) is involved. The contribution of these loss components becomes 
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significant with high rotational speeds [208]. Squeezing loss is caused by compressing the oil 

between the flanks of the engaged gears.  

𝑃losses = 𝑃LD + 𝑃LID (85) 

 To elucidate the challenges involved in the derivation of power loss scaling, this section 

provides an overview of the theoretical power loss models of mechanical transmissions. An 

abundance of models can be found in literature to compute the load-dependent and -inde-

pendent losses. Most of the models currently used are briefly presented in the sequel. 

2.2.1 Load-dependent losses 

The load-dependent losses are the sum of the gear mesh losses 𝑃gears that occur in the in-

ternal and external meshes of the planetary gears and the sum of the frictional losses generated 

by the bearings 𝑃br
LD. 

𝑃LD =∑𝑃gears +∑𝑃br
LD (86) 

The models to predict the friction at the mating contact of gears differ in terms of formu-

lation. Models that employ a constant coefficient of friction along the contact surface or em-

pirical formulae [122], and real-time transient analysis of elastohydrodynamic lubrication 

[209] can be cited. A well-known model to compute the gear mesh is the model developed by 

Ohlendorf (87) [122]. In this model, the gear mesh loss 𝑃gears is expressed as a function of the 

transmitted power 𝑃in, the average friction coefficient in the gear contact 𝜇, and the gear loss 

factor 𝐻v. 

𝑃gears = 𝑃in 𝜇 𝐻v (87) 

The gear loss factor 𝐻v can be calculated using the following expression (88): 

𝐻v =
𝜋 

𝑍 𝑐𝑜𝑠 𝛽

(𝑘gb + 1)

𝑘gb
  (1 − 𝜀𝛼 + 𝜀1

2 + 𝜀2
2) (88) 

with 𝑘gb the gear ratio of the gear mesh, 𝛽 the helix angle, 𝑍 refers to the tooth number of 

the pinion (driver gear), 𝜀𝛼 is the profile contact ratio (the ratio between the length of the arc 

of contact and circular pitch), 𝜀1, and 𝜀2 are the tip contact ratios. Note that a graphical gear 

nomenclature is provided in Appendix V.1 to illustrate the preceding geometrical parameters.  

The average coefficient 𝜇 is assumed constant along the mesh cycle and can be calculated 

using the model of Höhn [122], as shown in the following equation: 

𝜇 = 0.048 (

𝐹bt
𝑓⁄

𝜌c 𝜈∑𝐶
)

0.2

 𝜂oil
−0.05𝑅a

−0.25 𝑋L (89) 
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where 𝐹bt is the transverse load, 𝑓 is the face width, 𝜈∑𝐶 is the sum of tangential velocities 

at the pitch circle diameter, 𝜌c is the normal radius of relative curvature at the pitch diameter, 

𝜂oil is the dynamic viscosity at sump temperature, 𝑅a is the mean roughness value, and 𝑋L is 

an empirical factor to adjust the coefficient of friction based on the lubricant.  

The load-dependent losses of each bearing can be calculated, following the SKF10 model, 

as a function of rolling 𝑇rr and sliding 𝑇sl frictional torques and speed Ωbr [210]. 

𝑃br
LD = (𝑇rr + 𝑇sl)Ωbr (90) 

2.2.2 Load-independent losses 

The state-of-the-art in modeling load-independent losses shows that most models in liter-

ature are based on empirical studies, and dimensional analysis [123]. Most of these load-inde-

pendent models have been developed from dedicated measurement campaigns to investigate 

specific load-independent power loss components. The experimental results are then corre-

lated with the models. Further works resort to computational fluid dynamic analysis for a 

better understanding of the behavior of the air-oil lubricant mixture [211]. Nevertheless, the 

last method is time and effort-consuming. 

The load-independent losses of dip-lubricated planetary gearboxes are the sum of the 

churning loss 𝑃ch due to the planet gears and the carrier, squeezing losses in the internal and 

external meshes, viscous loss of the bearings, and seal loss.  

𝑃LID =∑𝑃ch +∑𝑃sq +∑𝑃br
LID + 𝑃seal (91) 

Boni et al. in [203] have derived a model to compute the churning loss of the planets and 

the carrier of planetary reducers,  based on the work of Changenet et al. [212] (92). The churn-

ing loss generated by the sun gear was not considered in the model because it was impossible 

to have an oil ring thick enough to reach the sun. The aforementioned model was the first to 

consider the fluid flows of planetary gearboxes (e.g. the oil ring) and was validated for speed 

values below 3000 rpm (sun shaft). 

𝑃ch/x =
1

2
 𝜌 𝐶x 𝑆x 𝑟x

3Ωx
3 (92) 

In the last equation, the subscript x refers either to the planet gears or the planet carrier, 𝜌 

is the lubricant density, 𝐶x is the drag coefficient, 𝑆x is the wet surface, 𝑟x is the pitch radius, 

and Ωx is the angular speed of the considered rotating element in [rad/s]. The formulation of 

the drag coefficients 𝐶c, and 𝐶p of the carrier and the planets are defined based on dimension-

less analysis [203].  

 
10 SKF, a well-known manufacturer of bearings, provides models and tools for the computation of the power loss 
of bearings. 
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{

𝐶c = 𝜓1𝑅𝑒c
𝜓2

𝐶p = 𝜓3 (
𝑓

𝑟p
)

𝜓4

Frp
𝜓5Rep

𝜓6
 (93) 

In (93), the 𝜓 terms are constant coefficients defined from experimental results over a spe-

cific speed range, f refers to the face width, Fr is the Froude number, and Re is the Reynolds 

number. 

For dip-lubricated gearboxes, the squeezing losses can be calculated using the empirical 

model of Mauz [123]:   

𝑃sq = 0.0235 𝜌 𝑏 𝑟p 𝑣t
1.2𝐶m (94) 

where 𝑣t is the circumferential speed, and 𝐶m is the splash oil factor of the considered 

gears. 

According to the ISO standards [213], the no-load power loss of the seals 𝑃seal can be ex-

pressed as a function of  the diameter of the shaft 𝑑sh and the rotating speed of the considered 

shaft 𝑁sh in [rpm]: 

𝑃seal = 7.69 10−6 𝑑sh
2  𝑁sh (95) 

The load-independent power loss of the bearings 𝑃br
LID can be calculated, following the SKF 

model, as a function of the frictional moment of drag losses 𝑇drag and speed. More details on 

the expression of 𝑇drag can be found in [210]. 

𝑃br
LID = 𝑇drag Ωbr (96) 

2.3 Motivation of the data-driven modeling approach 

The theoretical models are based on detailed design parameters of the gearbox, e.g. the 

geometrical parameters of the gears. These parameters are often unavailable in the early de-

velopment phases, which can make the computing task of the losses somewhat complex. 

Moreover, some models present empirical parameters (e.g. (93)) that have been defined at spe-

cific operating conditions (e.g. limited speed range, given temperature, lubricant type, etc). 

Therefore, any change in operating conditions, e.g. high-speed values, will raise questions 

about the accuracy of the model. Consequently, the empirical coefficients need to be updated 

based on the new operating conditions. The formulation of the models, in some cases, could 

also be reconsidered to take into account new phenomena related to the new operating condi-

tions, e.g. the oil ring for planetary reducers. To lend support to the last statements, the accu-

racy of the models has been assessed for a commercially available planetary gearbox, with a 

maximal speed of 10,000 rpm, a maximal torque of 120 Nm, and a gear ratio of 8. To accomplish 

this, the geometric parameters of a planetary reducer have been measured using a digital 
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microscope from the brand Keyence at the Soete laboratory11 at Ghent University. Using the 

measured dimensions of the gears, the churning losses of the planets and the carrier have been 

computed using (92), and (93), considering the empirical coefficients determined in [203]. Fig. 

55.a shows that the results for the churning loss of the planet gears fall within a realistic range, 

irrespective of their accuracy. However, the churning loss of the carrier represents unrealistic 

results as can be observed in Fig. 55.b. This can be attributed to the fact that the empirical 

parameters of the model have been not tuned for the new operating condition of the studied 

gearboxes, e.g. high-speed values, the lubricant type, the range of values for geometric param-

eters, etc.   

 

Fig. 55: Computed churning losses in [%] relative to the rated power at 50°C: (a) planets, (b) carrier. 

The lack of reliable information on the modeling at high-speed values of planetary gear-

boxes and detailed design parameters has motivated the adoption of the data-driven modeling 

approach. A data-driven model is an analytical model that is defined to best fit the surface that 

represents the data, particularly the losses in this work. The main concept of data-driven mod-

eling is to find straightforward relationships between the losses and top-level parameters of 

the gearbox (e.g. torque, speed, and gear ratio) without explicit knowledge of the design pa-

rameters. This is in line with the purpose of the scaling laws, which are intended to be used at 

system-level. In this context, different data-driven models have been proposed in the literature 

to model the overall losses of gearboxes. Examples include quadratic equations [214], [215], or 

exponential equations [216], including torque and speed terms. A data-driven model based on 

speed, torque, and gear ratio parameters will be discussed in Section 4 of this chapter based 

on the outcomes of the experimental campaign.  

The adopted workflow of this work to derive scaling laws is depicted in Fig. 56. First an 

experimental campaign is conducted to benchmark the efficiency and the losses of 5 gearboxes. 

The results of the tests are then split into 2 sets. The first set, named the training set, is used to 

deduce a power loss model based on the data from solely three tested gearboxes. Next, power 

loss scaling laws are derived. An intermediary step consists of validating the derived scaling 

laws using the training set. The second set of data, named the test and validation set, contains 

the results of the fourth and fifth gearboxes. This set is used to validate the derived scaling 

laws.   

 
11 https://www.ugent.be/ea/emsme/en/research/soete  

https://www.ugent.be/ea/emsme/en/research/soete
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Fig. 56: Adopted workflow for the derivation of the scaling laws 

3 Power loss modeling 

This section deals with power loss modeling based on extensive experimental investiga-

tions. For this aim, the experimental setup is first presented and discussed, followed by a com-

prehensive analysis of the outcomes of the experimental campaign.  

3.1 Overview of the experimental campaign specifications  

3.1.1 Tested gearboxes 

Five commercial planetary gearboxes, belonging to the same family series, have been con-

sidered for the experimental campaign with different speed and torque ratings and gear ratios 

[217]. The tested specimens consist of one single sun, a carrier with three planets, and a fixed 

ring gear. The sun shaft is defined as the input of the gearbox, whereas the carrier shaft is the 

output of the gearbox. This configuration enables higher torque at the output of the gearbox. 

The main parameters can be found in Table 14. Note that the torque rating of the gearboxes 

used in this study does not correspond to automotive applications. In effect, having access to 

components designated for automotive applications is challenging due to confidentiality rea-

sons. However, the scarcity of commercially available components does not pose a significant 

obstacle for this work as the selected gearboxes allow for investigating different scaling cases, 

e.g. torque scaling, speed scaling, and gear ratio scaling. The speed rating of the selected gear-

boxes, on the other hand, does align with automotive applications, making them relevant for 

this investigation.  

The training set, i.e. the first set in Fig. 56, comprises the three first gearboxes, whereas the 

last two gearboxes are designated for the test and validation set. This selection is justified by 

the substantial range of torque, speed, and gear ratios exhibited by these three first gearboxes, 
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which are deemed appropriate for deriving the scalable model. A sensitivity analysis of the 

gearbox selection will be later presented in Section 4. 

Table 14: Specifications of the studied planetary gearboxes. The differences relative to the first gearbox 
are highlighted in bold, while the common parameters are in italics. The maximal torque can be attained 
for 30,000 rotations of the output shaft.  

 
1st  

gearbox 
2nd  

gearbox 
3rd  

gearbox 
4th  

gearbox 
5th  

gearbox 

Nominal torque at the carrier [Nm] 39 75 39 37 155 

Maximal torque at the carrier [Nm]  62 120 62 59 248 

Nominal speed at the sun gear [rpm] 5000 4500 4400 5000 4000 

Maximal speed at the sun gear [rpm] 14,000 10,000 14,000 14,000 8500 

Gear ratio [-] 8 8 4 7 8 
Number of teeth of the sun gear [-] 12 12 30 15 12 
Number of teeth of the planet gear [-] 36 36 29 37 36 
Number of teeth of the ring gear [-] 84 84 90 90 84 
Number of planets [-] 3 

Number of stages [-] 1 

Gears type [-] Helical gears 

Type of lubrication [-] Dip-lubricated 

3.1.2 Test metrics and procedure  

The test matrix consists of two test sets, namely unloaded and loaded tests, to experimen-

tally separate load-dependent and load-independent losses. The unloaded tests are performed 

under no load applied to the output shaft to quantify the load-independent losses at given 

speed values. The loaded test is carried out to measure the overall losses at different combina-

tions of rotational speed and torque. Both tests are carried out at different temperature values. 

The tested points for each individual test and gearbox are presented in Appendix V.2. To iso-

late the load-dependent losses, the load-independent losses can be subtracted from the results 

of the loaded test at the same speed, following the assumptions made in the state of the art 

[205]. Given that the load-dependent losses are determined through two separate sets of tests, 

it is noteworthy to mention that this procedure may introduce some inaccuracies. For each 

gearbox, the possible operating points are evaluated, while maintaining the temperature at a 

predefined value. The entire speed range is scanned with a step of 2000 rpm. For the loaded 

test, the torque is changed between minimal and maximal values, for each speed, that is se-

lected to achieve a reasonable number of test points. A minimum of 50 points, measured over 

the entire operating range of each gearbox, is considered. For the sake of synthesis, all the 

results reported in the following sections consider a housing temperature of 50°C for both 

tests. This temperature choice corresponds to the rated temperature. Notwithstanding, it is 

worth mentioning that Appendix V.6 presents additional results obtained under different tem-

perature values, which provide further insights into the temperature effect. All measurements 

are logged based on a defined temperature range of the gearbox housing, which is maintained 

at 50±3°C. The tested temperature of the gearbox is achieved by adjusting the operating points 

to either cool down or heat up the gearbox since no external temperature regulation system is 

accessible. The temperature of the test room is set at 23°C for all the tests, using an air condi-

tioning system, and maintained at a range of ±1°C. Each test, in any configuration, is repeated 
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at least twice to confirm the consistency and the reproducibility of the measurement. The ini-

tial steps of testing for each gearbox consist in performing a run-in cycle. This test involves 

running the gearbox at nominal torque and speed, as the gears and bearings are used for the 

first time. Based on the test procedure established in [218], a test period ranging from 24 to 48 

hours is sufficient to complete a run-in cycle. This test ensures that the gear teeth are smoothed 

and that the gearbox achieves its nominal efficiency. It also allows for determining the rated 

temperature of the housing. Subsequently, the gearbox is stopped and cooled down until it 

reaches the ambient temperature. It is then loaded once again at nominal torque and speed. If 

the same consistent efficiency value is achieved during this subsequent test, it signifies that 

the gearbox has completed its running-in process. To gain more insights into the testing pro-

cedure, Appendix V.2 provides a comprehensive flowchart that presents the different steps 

involved. Lastly, note that for each intended measurement point, a dataset is obtained and 

recorded at intervals of 1 second. Subsequently, the consecutive recordings are subjected to 

averaging to mitigate the influence of test measurement fluctuations, arising from control im-

perfections. In Appendix V.3, an assessment of the consistency of the measurement for some 

operating points is provided, illustrating the extent to which the theoretically constant torque 

and speed conditions are maintained. 

3.1.3 Test bench and instrumentation 

For the loaded test, the configuration, shown in Fig. 57, is used to determine the overall 

losses and efficiency. The input shaft (sun) of the gearbox is driven by a Siemens high-speed 

induction motor (model reference: 1PH8183), which can reach 15,000 rpm. The output shaft 

(carrier) is loaded by another induction motor from WEG (model reference: EMI160-L). Two 

torque sensors, the characteristics of which are given in Table 15, are used to measure the input 

and output torque of the gearbox. The input speed is measured using an incremental encoder 

from Siemens (model reference: IN256S/R Q11) with a resolution of 256 pulses/rev. Since the 

input and output speeds are linked with the gear ratio, only the input speed is measured. Due 

to the high-speed tests, a support bearing is added between the input torque sensor and the 

input shaft to provide better mechanical stability. Anticipating the additional losses generated 

by the last mentioned bearing, these losses have been computed using the SKF toolbox and 

subsequently subtracted from the measurement outcomes. Several temperature sensors are 

used to monitor the housing temperature of the gearbox at different locations, the torque sen-

sors, and the ambient temperature. A thermal camera is added to monitor the heat distribution 

around the housing. Regarding the unloaded test, the load motor is dismounted from the out-

put shaft as depicted in Fig. 58. The data of torque and speed is synchronously logged from all 

the measurement devices using an HBK e-Drive power analyzer. The temperature data is ac-

quired using the Fluke Hydra Series II data logger. 

Table 15:  Overview of the torque sensors 

Torque sensor Location 
Range 
[Nm] 

Accuracy class 
[%] 

Absolute fault 
[Nm] 

Output signal 

Lorenz DR2112 Input (sun) 20 0.1 f.s. ±0.02 
Voltage: 
±   V DC 

HBK T40B Output (carrier) 200 0.1 f.s. ±0.2 
Frequency: 

15kHz 
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Fig. 57: Loaded configuration of the test bench 

 

Fig. 58: Unloaded configuration of the test bench 

3.1.4 Measurement accuracy 

The efficiency of the gearbox 𝜂gb can be calculated by comparing the output and input 

power (97). Since the input and output speed are linked by the gear ratio, the equation can be 

further simplified as the ratio of output and input torques combined with the gear ratio. How-

ever, during experimental testing, the measured efficiency is influenced by various factors, 

including the measurement uncertainty caused by the instrumentation, as well as the control 

imperfections.  
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The measurement uncertainty due to the instrumentation depends on the fault of the 

measured torques. Note that the fault of the speed measurement does not affect the efficiency, 

as shown in (97). The fault on the torque consists of the torque signal itself (see Table 15) and 

the conversion of the signals. For the voltage analog signal of the input torque sensor, the 

measurement uncertainty is calculated, knowing the reading error and the range error of the 

power analyzer. These latter are presented in Appendix V.4. The measurement uncertainty, 

for the captured torque using the frequency port, is introduced by the timer inaccuracies. An 

example of the accuracy calculation is given in Appendix V.4. The total relative fault RFtot on 

the efficiency is thus calculated by summing up the relative faults on the torque measurements 

as given by (98). The absolute fault AFtot is given by (99). As an illustrative case, the absolute 

fault of the efficiency of the first gearbox is depicted in Fig. 59. An absolute fault below ± 1% 

is reached for most of the map. Only the low-speed-torque region has a higher 𝐴𝐹tot, which 

can be as high as ± 5%. The accuracy of the temperature sensors that are connected to the 

housing of the gearboxes is ±0.05°C from -80°C to 200°C. Therefore, the temperature sensors 

of the housing do not affect the measurement accuracy. As the loaded and unloaded tests are 

conducted at different instances, the speed uncertainty and the effect of temperature on the 

torque sensors are assessed in Appendix V.4. 

𝜂gb =
𝑃out
𝑃in

=
𝑇out
𝑇in𝑘gb

with 𝑘gb is the gear ratio (97) 

RFtot = √RF(𝑇in)
2 + RF(𝑇out)

2 = √(
AF(𝑇in)

|𝑇in|
)

2

+ (
AF(𝑇out)

|𝑇out|
)

2

 (98) 

AFtot = RFtot 𝜂gb (99) 

 

Fig. 59: Absolute fault of efficiency due to instrumentation, benchmarked within the input speed-torque 
plane of the first gearbox. 

Due to control imperfection, the controllers cannot keep a perfectly constant speed and 

torque during the test. It is therefore challenging to achieve high accuracy in the efficiency 

measurements of gearboxes. As an illustrative case, the impact of the control imperfection of 
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torque and speed is assessed in Fig. 60 for the first gearbox. To this end, random points are 

selected for the analysis. The results show that the region characterized by low speed and low 

torque is mainly affected, with a maximum deviation from the average efficiency of 1%. To-

gether with the measurement uncertainty due to the instrumentation, the overall efficiency 

uncertainty can reach up to 6% in low torque and speed regions. Note that a complete assess-

ment of the remaining gearboxes is provided in Appendix V.4. 

 

Fig. 60: Control imperfection impact on the efficiency of the first gearbox: the figure on the left represents 
an example of the measured points in the input (sun) speed and torque plane, while the figure on the 
right represents the deviation from the averaged efficiency. 

3.2 Results of the experimental campaign 

3.2.1 Efficiency and overall losses 

Fig. 61 shows the loaded test results, for the efficiency and the overall losses for each gear-

box as a function of the input torque 𝑇in and speed 𝑁in. As a reminder, the sun gear is consid-

ered as input and the subsequent experimental results are reported for an operating tempera-

ture of the gearbox of 50°C. It is worth mentioning that the effect of the gearbox temperature 

is assessed in Appendix V.6, considering two additional temperature values corresponding to 

cold and hot operating scenarios. Concerning the test under consideration, Fig. 61 reveals that 

the efficiency maps of the tested gearboxes share a similar contour shape. The results indicate 

that the efficiency is not equal in the entire working area for all five cases. The highest effi-

ciency is measured at high torque values and drops at partial load. A conspicuous observation 

is that the efficiency of the gearbox is highly impacted by the speed, with efficiency decreasing 

as the speed increases. The last statement is substantiated by the results of the overall power 

losses (second column of Fig. 61), where the dependency on speed is noticeable. Interestingly, 

the 3rd gearbox has greater losses than the other four gearboxes, as shown in Fig. 61.f, even 

though the gear ratio is lower. This will be explained in the following sections.  

Due to the number of gearboxes tested, the analysis of the load-dependent and independ-

ent losses in the following sections will be solely presented for the three first gearboxes. This 

is because these gearboxes are used to derive the power loss model, while the last two are 

chosen as case studies to validate the scalable model.  
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Fig. 61: Efficiency 𝜂 and overall losses 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 of the tested gearboxes at 50°C as a function of the input 
(sun) speed and torque. Note that each row shows the results of a given gearbox. The black dots refer 
to the measured points. 



Chapter III: Scaling of planetary gearboxes 
 

109 
 

3.2.2 Load-independent losses 

The experimental results of the unloaded test for the three gearboxes are shown in Fig. 62. 

The power losses demonstrate a non-linear variation according to the input speed, as shown 

in (92). This is consistent with the results of earlier unloaded experiments reported in [205] and 

applies even to higher speed values. Thereby, the load-independent losses can be expressed 

as: 

𝑃LID = 𝑏𝑁in
𝑐  (100) 

in which b, and c are parameters to be identified. 

 

Fig. 62: Load-independent losses 𝑃𝐿𝐼𝐷 at 50°C as a function of the input speed: (a) represents the losses 
in [W], (b) depicts the contribution of the losses relative to the rated power of each gearbox in [%]. 

The most remarkable result to emerge from the data is the high contribution of the load-

independent losses 𝑃LID, which is illustrated in Fig. 62.b in percentage relative to the rated 

power of each gearbox. The figure indicates that the load-independent losses represent 28% of 

the rated power of the 3rd gearbox at 14,000 rpm, which is significant. For the two first gear-

boxes the contribution of  𝑃LID is below 10%. The reasons for this can be related to the rotational 

speed of the planet carrier (output shaft) and the planets. In the case of the 3rd gearbox, the 

output shaft spins faster as compared to the two first gearboxes, due to a lower gear ratio (see 
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Table 14). This leads to an increase in the carrier churning losses, which has a large contribu-

tion to the load-independent losses even for low-speed rated gearboxes [211]. Furthermore, 

the planet gears spin approximately at 14,000 rpm (relative to the sun, see the teeth number in 

Table 14), leading to more churning loss. The churning power loss model presented in (92) 

lends support to the last statements as the power loss of the rotating gears is proportional to 

speed, regardless of the specific speed exponent factor. Furthermore, the high speed of the 

planet gears for the 3rd gearbox results in greater oil-squeezing losses. The model shown in 

(94) for the squeezing losses is consistent with the previous statement. The difference in losses 

between the first and second gearboxes is due to differences in geometry. This can be seen in 

the aforementioned models as they contain geometrical parameters such as the face width and 

pitch radius of the gears.  

3.2.3 Load-dependent losses 

To isolate the load-dependent losses 𝑃LD, the load-independent losses are subtracted from 

the overall losses, following the procedure presented in [205]. Fig. 63 depicts the measured 𝑃LD 

at the same operating conditions as in Fig. 61 and Fig. 62. 

The results reveal that 𝑃LD varies almost linearly with torque and speed. In other words, 

the findings demonstrate that the load-dependent losses for the tested planetary gearboxes are 

power-dependent rather than torque-dependent. The lefthand side column of Fig. 63 lends 

support to the last statement, as the contours of the loss map are not perfectly horizontal. As 

such, torque-dependent losses can be solely represented by horizontal contours. This is in 

good agreement with the model of the gear mesh power loss presented in (87), as the losses in 

question depend on the input power. Based on these statements, the load-dependent losses 

𝑃LD can be expressed as a function of input torque, speed, and a parameter called a that needs 

to be identified: 

𝑃LD = 𝑎𝑇in𝑁in (101) 

The remarkable result to emerge from the data presented in the second column of Fig. 63, 

is the low contribution of the load-dependent losses as compared to the load-independent 

losses (Fig. 62.b). For instance, 𝑃LD represents 2% of the rated power as compared to 28% of 

𝑃LID in the case of the third gearbox at 14,000 rpm. This emphasizes the high contribution of 

load-independent losses and shows the necessity for accurate modeling to better predict this 

loss component. 
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Fig. 63: Load-dependent losses 𝑃𝐿𝐷 at 50°C as a function of the input speed and torque: the first column 
figures represent the losses in [W], and the second column figures depict the contribution of the losses 
relative to the rated power in [%] of each gearbox. 

3.3 Losses modeling for each individual gearbox 

Based on the results of the experimental campaign, an overall loss model based on power 

and speed dependency is proposed. It follows from (100), and (101)) that the overall loss can 

be expressed as given by (102). 

𝑃losses = 𝑃LD + 𝑃LID =  𝑎𝑇in𝑁in + 𝑏𝑁in
𝑐  (102) 

Next, the parameter identification is applied to the model, with the help of the experi-

mental data for each gearbox. The parameters of the model are defined by solving the minimi-

zation problem stated in (103). 
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Find 𝑋 = [𝑎, 𝑏, 𝑐]𝑇 which minimizes the fitness function  

𝑓(𝑋) =∑∑(𝑃losses,ij
exp

(𝑁in(𝑖), 𝑇in(𝑗)) − 𝑃losses,ij
model (𝑁in(𝑖), 𝑇in(𝑗)))

2
𝑛

𝑗=1

𝑚

𝑖=1

 
(103) 

in which m is the length of the speed matrix, n is the length of the torque matrix, 𝑃losses,ij
exp

 

is the total power losses experimentally measured at the operating points (𝑁in(𝑖), 𝑇in(𝑗)), and 

𝑃losses,ij
model  is the power loss calculated by the model depicted in (102) at the same operating 

points. The minimization problem is solved, considering the entire speed and torque ranges 

for each gearbox, using the curve fitting toolbox of Matlab [219]. For each gearbox, the number 

of measured data taken into account for the minimization problem falls within the range of 50 

to 70 points. Table 16 shows the parameters identified for the three gearboxes. The single most 

striking observation to emerge from Table 16, is that the c coefficient that represents the expo-

nent term of the load-independent losses (𝑁in
𝑐 ) varies between 1.43 and 1.91. These findings 

do not confirm prior research on the load-independent losses, which reveal a cubic speed re-

lation (see (92)) [203], [220]. However, this is in line with the results published in [221] for spur 

gears.  

Table 16: Model parameters identification for the three tested gearboxes. The specifications of each 
gearbox are given in parentheses: (𝑁in

max [rpm]/ 𝑇out
max [Nm]/ 𝑘gb [-]) 

 a [-] b [Nm] c [-] 

1st gearbox: (14000/62/8)  .          .69       1.43 

2nd gearbox: (14000/120/8)  . 6       6.        1.43 

3rd gearbox: (14000/62/4) 1.996       . 9     5 1.91 

The first column of Fig. 64 shows the relative difference in the overall losses Δ𝑃losses in 

percentage between the proposed model and the measurement. The results indicate a good 

agreement with the experimental results of the three gearboxes for most regions of the map. 

This is evidenced by an average value of Δ𝑃losses of 5.5%, considering the entire loss map. Fig. 

64.a and Fig. 64.e show a higher value Δ𝑃losses, reaching up 20%, observed in restriceted area 

characterized by low-speed and high-torque for the first and the third gearboxes, respectively. 

This is because the losses in the aforementioned regions are insignificant compared to the 

transmitted power (Fig. 61) and the smallest difference between the model findings and the 

experimental tests will have an impact. The last statement is supported by the second column 

of Fig. 64 which presents the difference in terms of efficiency Δ𝜂. The figures suggest a good 

correlation between the computed and measured efficiency, for the three gearboxes. None of 

the differences in Δ𝑃losses are impactful, as Δ𝜂gb is predominantly less than 1% for most of the 

map area. The largest difference is found in a small area along the borders of the map for the 

3rd gearbox, where Δ𝜂gb is up to 3.8 %. From the comparison, it can be concluded that the 

minimization procedure was able to find a good match with the measurements for the three 

gearboxes. 
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Fig. 64: Assessment of the difference in percentage between the proposed model and the experimental 
data in terms of overall losses 𝛥𝑃𝑙𝑜𝑠𝑠𝑒𝑠  and efficiency 𝛥𝜂

𝑔𝑏
. Note that each row figure shows the results 

of a given gearbox. 

4 Power loss scaling laws of high-speed planetary reducers 

This section deals with the derivation and validation of the scaling laws deduced based 

on the results of the experimental campaign. It concludes with an assessment of the applica-

bility of the linear losses-to-power scaling for high-speed gearboxes, and a comparison against 

the proposed scaling power loss scaling laws. 

4.1 Overall model 

Following the parameter identification of the proposed model in Section 3 of this chapter, 

a general model for the three first gearboxes is herein derived. The goal is to have one global 

model valid for the three gearboxes, in which high-level specifications, namely the maximal 

output torque, the maximal input speed, and gear ratio, can be easily incorporated. To this 
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end, analytical expressions for the parameters a, b, and c are derived based on the gearbox 

parameters, as shown in (104). Regarding the load-independent losses, the expressions, for b 

and c, are analytically deduced based on the maximal input speed, and the gear ratio. This 

choice is made because the load-independent power loss term in (102) is linked to speed and 

gear ratio. As per Table 16, the b coefficient depends on both speed and gear ratio. Therefore, 

the b coefficient is expressed as a function of these last two parameters. However, it is im-

portant to note that the c coefficients solely depend on the gear ratio and are not influenced by 

the maximal speed. Regarding the load-dependent losses, the parameter a is averaged since its 

values are approximately the same for all three gearboxes (see Table 16). 

𝑎 = 𝑎avr = =

𝑏 = 𝑓(𝑘gb, 𝑁max) = 𝑏1 + 𝑏2𝑘gb + 𝑏3 𝑁max

𝑐 = 𝑓(𝑘gb) = 𝑐1 + 𝑐2𝑘gb

 (104) 

where 𝑏1, 𝑏2, 𝑏3, 𝑐1 and 𝑐2 are new coefficients that are fitted based on the data set out in 

Table 16. In other words, the coefficients shown in Table 16 are used to fit the new coefficients 

of the new proposed model. Thereafter, the overall losses model given by (102) can be 

redrafted as in (105).  

𝑃losses = 𝑃LD + 𝑃LID

𝑤 = 𝑎avr𝑇in𝑁in + (𝑏1 + 𝑏2𝑘gb + 𝑏3𝑁max)𝑁in
𝑐1+𝑐2𝑘gb (105) 

Table 17: Parameters identification for the overall model 

𝑎avr [-] 𝑏1 [Nm] 𝑏2 [Nm] 𝑏3 [Nm/rpm] 𝑐1[-] 𝑐2[-] 

2.1443      9.234      6.382    5 -8.32      2.39 -0.12 

The accuracy of the results of the model proposed above is assessed in Fig. 65. No 

significant differences are observed while comparing the overall model results with the 

experimental data. The derived overall model will serve as a starting point for establishing the 

power loss scaling laws.  

4.2 Derivation of power loss scaling laws 

4.2.1 Reorganization of the overall model 

The power loss scaling laws are herein derived by redrafting the overall model (105) as a 

function of three scaling factors: an output torque scaling 𝐾T
GB, an input speed scaling factor 

𝐾N, and a gear ratio scaling 𝐾kgb. The scaling factors are expressed as the ratio between the 

parameters of the scaled and the reference gearboxes, as depicted in (106). Note that the su-

perscript 0 refers to the reference gearbox and the apostrophe ′ is used for the scaled gearbox. 
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 𝐾T

GB =
𝑇out,max
′

𝑇out,max
0

𝐾N =
𝑁in,max
′

𝑁in,max
0

𝐾kgb =
𝑘gb
′

𝑘gb
0

 (106) 

The power losses of the scaled gearbox 𝑃losses
′  can be deduced by replacing the scaling 

factors (106) in the overall model (105). This yields the following equation: 

𝑃losses
′ = 𝑎avr (

𝐾T
GB

𝐾kgb
𝑇in
0) (𝐾N𝑁in

0 ) + (𝑏1 + 𝑏2𝐾kgb𝑘gb
0 + 𝑏3𝐾N𝑁max

0 )𝐾N𝑁in
𝑐1+𝑐2𝐾kgb𝑘gb (107) 

 

Fig. 65: Assessment of the difference in percentage between the overall model and the experimental data 
in terms of overall losses 𝛥𝑃𝑙𝑜𝑠𝑠𝑒𝑠  and efficiency 𝛥𝜂

𝑔𝑏
. Note that each row figure shows the results of a 

given gearbox. 
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In case both maximal output torque and maximal input speed are conserved, and the gear 

ratio is changed, the input torque of the gearbox needs to be scaled. To consider this case, the 

input torque is scaled by the gear ratio scaling factor 𝐾kgb in (107). This is best illustrated in 

the example of the 1st and 3rd gearboxes (see Table 14). Next, the power losses 𝑃losses
′  of the 

scaled gearbox are expressed as a function of the power losses of the reference gearbox and 

the scaling factors, as follows: 

𝑃losses
′ =

𝐾T
GB𝐾N
𝐾kgb

𝑃LD
0 + (𝐾kgb𝐾N𝑃LID

0 + ∆𝑃LID) (108) 

in which ∆𝑃LID is an extra equivalent load-independent term, added to end up with the 

same expression presented in (107), following has been done for the electric drive system in 

Chapter II. This equivalent loss term can be written as: 

∆𝑃LID = 𝐾N𝐾kgb𝑁0
𝑐1+𝑐2𝑘gb

0

[𝑏1(
𝑁0
𝑐2𝑘gb

0 (𝐾kgb−1)

𝐾kgb
− 1) + 𝑏2𝑘gb

0 (𝑁0
𝑐2𝑘gb

0 (𝐾kgb−1)
− 1)

+ 𝑏3𝑁max
0 (

𝐾N
𝐾kgb

𝑁0
𝑐2𝑘gb

0 (𝐾kgb−1)
− 1)] 

(109) 

4.2.2 Methodology for power losses/efficiency maps computation using scaling laws 

Using the power loss model (108) presented in the previous section, it is possible to estab-

lish losses or efficiency maps of a new gearbox using solely the data of a reference gearbox. 

The proposed methodology in this work proceeds in the same way as [169], in which a scaling 

procedure of the efficiency map of synchronous electric machines was proposed. To this end, 

three steps are required, as illustrated in Fig. 66. Step I involves obtaining the possible operat-

ing points of the scaled gearbox and the considered scaling factor values, and redefining them 

in the frame of the reference gearbox, based on the predefined scaling factors. Step II consists 

in computing the losses of the reference gearbox using (102). Lastly, Step III allows scaling the 

losses of the reference gearbox using the scaling laws defined in (108). These steps are repeated 

for all the possible operating points to establish the losses/efficiency map.    
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Fig. 66: Methodology to establish the power losses/efficiency maps of the scaled gearbox based on the 
data of a reference gearbox 

4.3 Scaling laws validation 

The validation framework consists of three steps as depicted in Fig. 67. First, the accuracy 

of the derived scaling laws is assessed using the gearboxes included in the training set (1st to 

3rd gearbox). Next, in the second step, validation is carried out using the gearboxes belonging 

to the training and test validation. As a reminder, the methodology demonstrated in Fig. 66 is 

applied to compute the losses and the efficiency maps for the scaled gearboxes. The 1st gearbox 

serves as a reference for this evaluation. The scaling factors used for the first two validation 

steps are summarized in Table 18. Lastly, the final validation step involves a sensitivity anal-

ysis of the selection of gearboxes included in the training set.  

 

Table 18: Overview of the applied scaling factors  

 
Torque 

scaling factor 𝐾T
GB [-] 

Speed 
scaling factor 𝐾N [-] 

Gear ratio 
scaling factor 𝐾kgb [-] 

Scaling case ①: 
1st to 2nd gearbox 

1.93 0.71 1 

Scaling case ②: 
1st to 3rd gearbox 

1 1 0.5 

Scaling case ③: 
1st to 4th gearbox 

0.95 1 0.875 

Scaling case ④: 
1st to 5th gearbox 

4 0.61 1 

 

Operating Points 
 P’of the 

scaled gearbox

Scaling factors:

• Torque 

• Speed 

• Gear ratio 

Losses rescaling

Redefine the OP in the 
frame of the reference 

gearbox

Compute the losses of the 
reference gearbox

Reference gearbox

Step I Step II Step III

Scaled gearbox

Scaled gearbox

Eq. (108)

Eq. (102)
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Fig. 67: Validation workflow for the derived power loss scaling laws 

4.3.1 Validation based on the training set 

The scaling results for the two first case studies ① and ② are herein presented. Fig. 68 

shows a comparison between the results of the scaled overall power loss and efficiency map 

(using the scaling laws combined with the experimental efficiency map of the reference gear-

box) and the experimental results of the other gearboxes. Fig. 68.a and Fig. 68.c indicate a good 

correlation between losses predicted using the scaling laws with the measured power losses. 

The average relative error is about 8%. A slight discrepancy at low speed and high torque 

region is observed in Fig. 68.c. This error could be explained by the fact that the experimental 

results have emerged from different tests. Thereby, some testing conditions may differ such as 

the temperature of the gearbox (50±3°C). Notwithstanding this difference in terms of power 

losses, the results in terms of efficiency prediction are not impacted. In the majority of the map 

areas, the efficiency difference 𝛥𝜂 is below 1% for the two case studies, except for a slight dis-

cordance of 3% in Fig. 68.d along the map borders. In light of the outcomes of this initial vali-

dation step, it is convenient to conclude that the scaling laws predict the efficiency with satis-

factory accuracy for this first validation step.  

Data of 
3 gearboxes

Deduce data 
of the scaled 

gearboxes

Experimental 
campaign of 5 gearboxes

Data of 
2 gearboxes

Validation

Power loss 
modeling

Ref

Derive power 
loss scaling laws

T
ra

in
in

g
 

se
t

T
e

st
 &

 v
a

li
d

a
ti

o
n

se
t

Step III: Sensitivity analysis on the 
gearbox selection to be included in 
the sets under study

Step II: validation using test and validation set

Step I: validation using training set 



Chapter III: Scaling of planetary gearboxes 
 

119 
 

 

Fig. 68: Assessment of the relative difference in percentage between the scaling laws results and the 
experimental data in terms of overall losses 𝛥𝑃𝑙𝑜𝑠𝑠𝑒𝑠  and efficiency 𝛥𝜂. Note that each row of figures 
shows the results of a given scaling case. (a)-(c) relative difference in terms of the power loss; (b)-(d) 
simple difference in terms of efficiency. 

4.3.2 Validation based on the test and validation set 

The proposed scaling methodology is applied to deduce the efficiency and power loss of 

the last two gearboxes included in the test and validation set. It is important to note that the 

data from these two additional gearboxes are not used to tune the scaling laws. Fig. 69 depicts 

the difference between the outcomes of the scaling laws and the experimental results. A good 

prediction of the losses and efficiency is achieved for both gearboxes. As far as case ③ is con-

cerned, Fig. 69.a  shows that the scalable model has a good loss prediction of the losses in most 

of the regions of the map, in which speed does not exceed 10,000 rpm. This is demonstrated 

by the relative difference in power loss in those areas being less than 6%, leading to a good 

efficiency prediction with a Δ𝜂 of less than 1%. In regions characterised by high speed and low 

torque, the relative difference reaches 12%, resulting in a difference in an efficiency difference 

of up to 6% in some restricted areas. The average error 𝛥𝜂 of in the entire map is 1.35%. This 

difference can be attributed to the fact that the experimental results were obtained from vari-

ous tests, e.g. the temperature of the gearbox (50±3°C), and the measurement uncertainty 

which can reach 2% in high-speed regions (Fig. 59). Regarding case ④, Fig. 69.c indicates a 

good loss prediction with Δ𝑃losses under 3% in the majority regions in the map. The most strik-

ing result to emerge from the data is that the efficiency difference is below 0.3%. This is 

achieved despite the large scaling factors that have been applied for torque and speed (Table 

18).  
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Fig. 69: Validation results of the scaling laws using the two additional gearboxes: (a)-(c) relative differ-
ence in terms of the power loss; (b)-(d) simple difference in terms of efficiency. 

4.3.3 Sensitivity analysis of the gearbox selection  

To carry out the sensitivity analysis, a total of 31 possible combinations can be established 

based on the five studied gearboxes for building the training and validation sets. To ensure 

feasible combinations, criteria have been defined. The first criterion consists in selecting 3 gear-

boxes for the training set and 2 others for the test and validation. The second criterion dictates 

that the gearbox selected for the training set must involve at least two gear ratio values. This 

makes it possible to incorporate the gear ratio scaling process in the proposed methodology.  

Based on the defined criteria, 7 possible combinations can be derived. However, if a sensitivity 

analysis of the selection of reference gearbox selection is included, the number of cases to be 

examined augments to 23. Due to the significant number of potential case studies, only 2 illus-

trative cases will be presented in the following sections. For the sake of generalizability, this 

section concludes with a recommendation and guidelines for selecting the gearboxes for the 

training set. 

4.3.3.1 Effect of the reference gearbox selection 

To demonstrate the impact of the gearbox selection, the same set as previously used for 

the analysis above is considered. As an illustrative case, the 3rd gearbox serves herein as a ref-

erence gearbox, rather than the first gearbox. The same scaling process is repeated to derive 

the efficiency maps of the 4th and the 5th gearboxes, incorporating new scaling factors as shown 

in Table 19. Fig. 70 shows the outcomes of the scaling process for the case studies ⑤ and ⑥. 

Similar observations can be made, as with the first gearbox as a reference, demonstrating the 



Chapter III: Scaling of planetary gearboxes 
 

121 
 

reliability of the method. Satisfactory results below 1% in terms of efficiency difference are 

obtained in most of the regions of the map. Similarly, in high-speed and low-torque regions, 

wherein the load-independent losses prevail, a large discrepancy that reaches about 5% is 

found. This can be attributed to the large gear ratio used for the scaling process and the high 

non-linearity of the aforementioned losses. 

Table 19: Overview of the applied scaling factors involved in the sensitivity analysis  

 

Scaling case 

Torque 
scaling factor  

𝐾T
GB [-] 

Speed 
scaling factor 

𝐾N [-] 

Gear ratio 
scaling factor  
𝐾kgb [-] 

Set 1 
 

⑤: 3rd to 4th gearbox 0.95 1 1.75 

⑥: 3rd to 5th gearbox 4 0.61 2 

Set 2 
 

⑦: 5th to 2nd gearbox 0.48 1.18 1 

⑧: 5th to 3rd gearbox 0.25 1.65 0.5 

 

Fig. 70: Assessment of the reference gearbox change effect   

4.3.3.2 Effect of the change in the training set selection 

To examine the impact of the gearbox selection in the training set, a second set is consid-

ered as illustrated in Fig. 71. This represents two changes as compared to the first set. In the 

following analysis, the 5th gearbox is considered as a reference gearbox. The corresponding 

scaling factors for the test and validation set can be consulted in Table 19.  

The outcomes of the scaling process are presented in Fig. 72. The scaling results for case 

⑦ exhibit satisfactory results as shown in Fig. 72.a, with deviation from the experimental re-

sults below 1% in most of the regions of the torque-speed plane. This was achieved despite the 

large torque scaling that has been considered. However, the scaling process with the consid-

ered training set fails short to predict the efficiency of the scaling case ⑧. This is mainly at-

tributed to the large gear ratio scaling. Indeed, the training set has been established with gear-

boxes with gear ratio values of 7 and 8, whereas the gear ratio of the 3rd gearbox is equal to 4. 
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This necessitates a large extrapolation, for which the scalable model is not trained to handle 

such cases, leading to incoherent results. 

 

Fig. 71: Illustration of the new sets to be tested 

 

Fig. 72: Assessment of the training set change effect as compared to experimental results 

For further analysis of this issue, Fig. 73 shows the c parameter in (104), as a function of 

the gear ratio of the studied gearboxes. The figure substantiates the statements made earlier, 

demonstrating that the accuracy of the model (104) is highly dependent on the gearbox selec-

tion for the training set. The first training set yields satisfactory results because the parameter 

of the model has been identified using gearboxes with a large variation in the gear ratio values. 

Consequently, the model achieves decent results without requiring extrapolation. However, 

in the case of the second training set, the parameters of the model have been tuned based on 

gear ratio values that are close to each other, specifically 7 and 8. In scaling cases where the 

gear ratio differs significantly from that range, the model cannot guarantee good results, due 

to the non-linearity of the load-independent losses. This is exemplified by case ⑧, where the 

3rd gearbox reveals the highest load-dependent losses due to the high speed of the carrier. 

Accordingly, as a general rule, it is advised to select gearboxes with wide variations in the gear 

ratio, when building the training set, to guarantee satisfactory results.  
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Fig. 73: Analysis of the c coefficients based on the training set selection. The black dashed line rep-
resents the evolution of the c coefficient based on the identified values for each gearbox. 

4.4 Comparison of the proposed scaling laws against linear losses-to-power 

scaling  

Similarly to what is done for the electric drive in Chapter II, the linear losses-to-power 

scaling is hereafter assessed for the planetary reducers. Note that the linear scaling method 

does not require any parameter identification or training process as compared to the proposed 

data-driven power loss scaling laws discussed earlier. The inputs of the linear scaling method 

consist of the overall loss or efficiency map of the reference component and the desired scaling 

factors. Scaling cases ① and ④, presented in Table 18, are first assessed. As a reminder, these 

case studies correspond to torque and speed scaling and the 1st gearbox serves as the reference. 

Contrary to the electric machine, the linear losses-to-power scaling law of the overall losses is 

herein reformulated to account for the maximal speed scaling of the gearbox, as expressed in 

(110). By consulting Fig. 74, the outcomes of the linear losses-to-power scaling for the two scal-

ing cases can be examined. Fig. 74.a shows a good match with the experimental data of the 2nd 

gearbox, with Δ𝜂 below to 1% in most regions of the map. However, this is not the case for the 

4th gearbox as evidenced by Fig. 74.b. Only in high torque regions with torque value exceeding 

15 Nm, the results are satisfactory, with a discrepancy of efficiency of less than 1%. On the 

other hand, in other regions of the map, the results are poor and can reach an error of up to 

5% in low-torque regions. This can be attributed to the large torque (x4) and speed (x0.61) 

scaling factors applied in the scaling process, which have stretched the linear scaling method 

to its limits in terms of accuracy. 

𝑃losses
′ = 𝐾T

GB𝐾N𝑃losses
0  (110) 

Regarding the gear ratio scaling cases, the formulation of the scaling law considering 

solely the overall losses is challenging. This challenge arises primarily because of the 

Failure to
predict the 
right value

Close to the right value

Non-linear
evolution
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significant non-linearity observed in the evolution of losses throughout this process. To tackle 

this issue, the gear ratio scaling factor 𝐾kgb is incorporated in the power loss scaling law fol-

lowing (111). This choice is driven by the experimental results, presented in Section 3,  demon-

strating that the overall loss increases when decreasing the gear ratio. Therefore, this leads to 

an inversely proportional relationship between the last two parameters. The outcomes of the 

scaling process following (111) are presented in Fig. 75, for the scaling cases ② and ③. From 

the last figure, it is apparent that the proposed scaling laws align with the experimental results 

for the aforementioned cases, as the efficiency difference is below 1% within a restricted area 

in terms of speed values below 4000 rpm. Nevertheless, the last statement does not hold with 

regions exceeding 4000 rpm, as a significant efficiency discrepancy of up to 30% can be reached 

in low torque high-speed regions. This discrepancy can be explained by the non-linearity of 

losses at high speed. As a result, it is convenient to say that linear scaling is not suitable for 

high-speed gearboxes. However, this scaling choice may find utility in low-rated speed gear-

boxes as decent results can be achieved in the concerned operating range.  

𝑃losses
′ =

𝐾T
GB𝐾N
𝐾kgb

𝑃losses
0  (111) 

Based on the analysis presented above, the linear losses-to-power scaling is deemed inef-

fective for scaling the losses of high-speed gearboxes. This proves the utility of the data-driven 

power loss scaling laws derived in Section 4.2, which demonstrates high flexibility in accom-

modating various scaling cases and provides satisfactory accuracy. 

 

Fig. 74: Assessment of linear losses-to-power scaling outcomes for speed and torque scaling cases as 
compared to experimental results: (a) case study ①; (b) case study ④. 
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Fig. 75: Assessment of linear losses-to-power scaling outcomes for gear ratio scaling cases as compared 
to experimental results: (a) scaling case ②; (b) scaling case ③. 

5 EMR-based scaling laws of planetary gearboxes 

Following the approach elaborated in Chapter II for electric drive systems, this section 

presents EMR-based scaling laws for planetary gearboxes. To accomplish this, the model of 

planetary gearboxes (112), and (113), along with the scaling laws proposed in Section 4.2.1, are 

reorganized to solely scale the input and the output of the reference model. This is achieved 

by incorporating mechanical power adaptation elements, as illustrated in Fig. 76. As a re-

minder, the apostrophe ‘ stands for scaled parameters, while those with the superscript 0 de-

note the reference parameters. 

𝑇sh,out
GB0 = 𝑘gb

0 𝑇sh,in
GB0 − 𝑇losses = 𝑘gb

0 𝑇sh,in
GB0 −

𝑃LD
0 + 𝑃LID

0

Ωgb
0  (112) 

Ωsh,in
GB0 = 𝑘gb

0  Ωsh,out
GB0  (113) 

 

Fig. 76: EMR-bases scaling laws of planetary gearboxes 

The input mechanical power adaptation is derived following (114). In this case, the input 

torque  of the reference gearbox 𝑇sh,in
GB0  is scaled similarly to what was described in Fig. 66, while 

the input speed of the scaled gearbox Ωsh,in
GB′  is scaled by the speed scaling factor 𝐾N. The reason 

behind the speed scaling will be elaborated, when dealing with the derivation of the output 

power adaptation element. 

Scaled planetary gearbox

Load Load

Power
adaptation

(114)

Power
adaptation

(115)

Reference
planetary
gearbox

(112) (113)
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{
𝑇sh,in
GB0 =

𝐾kgb

𝐾T
GB
𝑇sh,in
GB′

Ωsh,in
GB′ = 𝐾NΩsh,in

GB0
 (114) 

The output mechanical power adaptation element assumes that the output torque of the 

reference gearbox 𝑇sh,out
GB0  scale linearly with the torque scaling factor 𝐾T

GB(115). However, an 

equivalent torque Δ𝑇GB is subtracted to include the non-linear behavior of losses during the 

scaling process and achieve the correct value of the scaled losses. This equivalent loss term can 

be expressed as given in (116) based on (108), and (109). Moreover, the output speed of the 

scaled gearbox Ωsh,out
GB′  is scaled using the ratio between 𝐾kgb, and 𝐾N. 𝐾kgb is introduced in 

(115) to account for a gear ratio scaling, whereas 𝐾N represent the maximal speed scaling of 

the reference gearbox. To achieve the same relationship as in (113), the input speed of the 

scaled gearbox needs to be scaled as shown in (114), as both speeds are inherently connected. 

{

𝑇sh,out
GB′ = 𝐾T

GB𝑇sh,out
GB0 − Δ𝑇GB

Ωsh,out
𝐺𝐵0 =

𝐾kgb

𝐾N
 Ωsh,out
GB′

 (115) 

Δ𝑇GB = (𝐾kgb
2 − 𝐾T)

𝑃LID
0

ΩGB
0 +

𝐾kgb

𝐾N

𝛥𝑃LID
0

𝛺GB
0  (116) 

To validate the new model organization, a comparison between a conventional EMR and 

an EMR-based scaling laws is conducted as shown in Fig. 77. To clarify, a conventional EMR 

does not incorporate power adaptation elements in the model organization. In the following 

analysis, the case study ① is herein examined. The data of the scaled gearbox, i.e. the 2nd gear-

box, is implemented in the model organized using the conventional EMR (Fig. 77.a). On the 

other hand, the data of the reference gearbox, i.e. the 1st gearbox, is implemented in the model 

organized through EMR-based scaling laws (Fig. 77.b). The scaling factors embedded in the 

power adaptation elements will enable the scaling from the 1st to the 2nd gearbox. For this com-

parison, trapezoid-shaped profiles for input torque and output speed, including acceleration 

and deceleration phases, have been imposed as illustrated in Fig. 77.c. The comparison results 

for the output of the scalable model of the gearbox, namely  𝑇sh,out
GB′ , Ωsh,in

GB′  are depicted in Fig. 

78. As can be consulted from the latter figure, the difference between both simulations is neg-

ligible, almost 0%, thus demonstrating the validity of the EMR-based scaling laws.  
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Fig. 77: Comparison between (a) conventional EMR, and (b) EMR-based scaling laws for planetary gear-
boxes. The red arrows in (a), and (b) are the input reference parameters illustrated in (c). 

 

Fig. 78: Comparison results between conventional EMR and EMR-based scaling laws 

6 Conclusion 

The conducted work in this chapter provides an initial framework for bridging the gap in 

literature on the scaling laws of power losses of gearboxes, namely for dip-lubricated planetary 

speed reducers. This shows that the second challenge, as defined in Section 6.2 of Chapter I, is 

achieved. A second contribution of the work is the extensive experimental investigation of the 

power losses of planetary reducers at high-speed values. The emphasis on high speed is driven 

by the increasing interest in high-speed drivetrains in the automotive industry. Both load-de-

pendent and load-independent losses have been experimentally characterized at speed values 

up to 14,000 rpm using 5 gearboxes. This experimental campaign is notable for its 

E
M

R
-b

a
se

d
 s

ca
li

n
g

 l
aw

s

Load Load

Load Load

Scaled planetary gearbox

Scaled planetary gearbox

C
o

n
v

en
ti

o
n

a
l

E
M

R (c)(a) 

(b) 

[N
m

]
[r

p
m

]



6. Conclusion   
   

 

128 
 

incorporation of high-speed values as compared to the results reported on planetary gearbox 

testing in the current literature. However, the maximal torque rating differs from the require-

ments typically encountered in automotive gearboxes due to the low-rated power rating of the 

tested specimens. The conducted test results allow for defining a data-driven model, contain-

ing physics-based terms, i.e. speed, torque, and gear ratio parameters. Scaling laws are then 

derived based on maximal input speed, output torque, and gear ratio requirement using a 

training set, containing the data of 3 gearboxes. A second dataset, containing data from two 

other gearboxes has been used as a validation case for the scaling process. A methodology 

based on the scaling laws is subsequently proposed to create a power loss map or efficiency 

map of a scaled gearbox using solely the data of a reference gearbox. The results of this inves-

tigation show that scaling the torque and speed of a reference gearbox while preserving the 

same gear ratio leads to outstanding results. An average error of less than 0.35% for the entire 

operating points is obtained. However, the scaling exercise becomes more challenging when 

the gear ratio is incorporated because of the nonlinearity of losses at high-speed values. Alt-

hough an efficiency discrepancy in high-speed regions, exceeding 10,000 rpm, up to 6% is ob-

served in restricted areas of the map, the outcomes of the scalable model remain satisfactory. 

This is evidenced by an efficiency difference of less than 1% for non-high-speed areas. A sen-

sitivity analysis is conducted, aiming to determine the impact of the reference gearbox selec-

tion in the scaling process, alongside the gearboxes incorporated in the training set. The anal-

ysis shows that the reference gearbox selection is not impactful for the scaling process, as good 

results have been achieved with another gearbox as a reference. However, the gearbox selec-

tion for the training process has been proven of high importance. The examination reveals that 

when extrapolating to regions, where the scalable model lacks training data, unsatisfactory 

results for some scaling cases are achieved. Speed and torque-speed scaling demonstrated sat-

isfactory results, regardless of the training set. On the other hand, the gear ratio scaling process 

is shown to be sensitive to the training set selection, due to high non-linearity of load-inde-

pendent losses. Incorporating a wider range of gear ratios in the scaling process will certainly 

improve, and broaden the current work. Further examination in the chapter assesses the ap-

plication of the linear losses-to-power scaling method for planetary gearboxes. The analysis 

demonstrates that while the linear scaling method can guarantee good results within low-

speed regions, it is not suitable for high-speed regions. The chapter concluded with a new 

organization of the scalable model following the EMR-based scaling laws, for ease of incorpo-

ration of the scaling laws later at system-level. To validate the reliability of the EMR-based 

scaling laws, a comparison is conducted versus the standard EMR, leading to negligible dif-

ferences in the outcomes obtained. 
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Chapter IV 

Comparative analysis of the effect of 

scaling methods of electric axle on 

energy consumption of electric vehicles 

1 Introduction 

 his chapter aims to conduct a comparative analysis of the effect of the scaling method 

of electric axle (e-axle) components, i.e. the set of inverter, electric machine, and gear-

box, on energy consumption. As stated in Chapter II, the linear scaling method is widely uti-

lized in the current state-of-the-art in system-level investigations due to its simplicity and ease 

of use. Consequently, an extensive emphasis is placed in this chapter to compare the outcomes 

of this method against more advanced scaling laws that delve deeper into the component de-

sign. A key contribution of this chapter is to assess the reliability of the linear scaling methods 

in terms of energy consumption of Electric Vehicles (EV) and define the conditions under 

which this reliability holds. For this aim, three battery-electric vehicles, namely two passenger 

cars of different classes, and a medium-duty commercial truck, with varying power ratings 

are considered as case studies to evaluate energy consumption. The battery electric vehicles 

are chosen for this research as the traction function of the vehicle is ensured by at least one 

electric machine, making it an ideal subject for studying the effect of scaling methods on en-

ergy consumption.  

Due to the considerable number of scaling methods for each component and the automo-

tive application under investigation, there arises a necessity for a unified and comprehensive 

simulation framework that facilitates the incorporation of the scalability aspect at system-level. 

Another additional noteworthy point is that this framework should allow for an increase in 

the understanding of the interaction between the scaled components. The current literature 

lacks clarity regarding this particular matter. This originates from the fact that the theory of 

scaling laws is established at component-level and used at sytem-level as a set of equations 

combined with the reference model of the components. Consequently, a comprehensive ex-

amination of the impact of component scalability at system-level becomes challenging due to 

the lack of clear structuration of the models. To tackle this issue, the chapter introduces an 

T 
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innovative method to structure a scalable model and control of a reference e-axle used in sys-

tem-level simulations, following the Energetic Macroscopic Representation (EMR). For this 

purpose, the interaction between the EMR-based scaling laws presented for the PMSM and 

inverter in Chapter II, and for gearboxes in Chapter III is investigated. This examination ena-

bles the derivation of a new organization of EMR-based scaling laws of the entire e-axle using 

two equivalent power adaptation elements at the input and the output of the reference model 

of the e-axle, as conceptualized in Section 6.5.3 of Chapter I. Additionally, a scalable control 

scheme for the e-axle is proposed based on the EMR-based scaling laws. This contributes to 

facilitating and expediting the energy consumption assessment by easily incorporating a scal-

able model and control of the e-axle in simulation environments of EV. Furthermore, this con-

tribution serves to broaden the scope of application of the EMR formalism, which is mainly 

used for the deduction of the control design. The key contributions of this work can be sum-

marized as follows: 

• Unified simulation framework using EMR-based scaling laws to analyze the interac-

tions between scalable models of e-axle components and the performance of a broad 

range of EV with different topologies. 

• A detailed examination of the energy consumption of electric vehicles, as influenced 

by the scaling methods for various driving cycles (urban, rural, highway). 

• Thorough scrutiny of the difference between linear scaling and alternative scaling laws 

of the e-axle for various power scaling rates (upscaling and downscaling cases) for 

more informed decision-making. 

• Assessment of the reliability of the linear scaling method for different topology config-

urations. 

This chapter is structured as follows. Section 2 presents the scaling specification of this 

investigation. The EMR-based scaling laws of the e-axle are presented in Section 3. A sensitiv-

ity analysis of the effect of the scaling method is discussed in-depth in Section 4.   

2 Scaling specifications 

2.1 Presentation of the studied EV 

To conduct the comparative analysis of the scaling laws, three vehicles, belonging to dif-

ferent classes, are considered. The driving requirements of the vehicles are conceptualized, 

similar to available commercialized models in the market, namely the Renault Twingo (mini-

compact car) [222], Nissan Leaf (compact car) [223], and BYD ETM6 medium-duty truck [224]. 

The main parameters of the vehicles are presented in Table 20. All three vehicles share the 

same powertrain layout, namely a centralized mono-drive powertrain, which is illustrated in 

Fig. 79. However, the power rating specification of the e-axle differs from one vehicle to an-

other.  
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Table 20: Main parameters of the studied EV 

 
Mini-compact car 

(A-segment) 

Compact car  

(C-segment) 
Medium-duty truck 

Electric drive 

DC bus voltage [V] 375 375 375 

Electrical machine power [kW] 45.7 80 157 

Electrical machine maximum 
torque [Nm] 

160 280 550 

Drivetrain 

Overall gear ratio [-] 8.32 8.19 14.46 

Chassis 

Curb vehicle weight [kg] 1168 1505 3500 

Top speed [km/h] 135 144 100 

Acceleration time : 0-100 
km/h[s]  

12.6 9.9 12.8 

 

Fig. 79: Powertrain layout 

2.2 Case studies 

Four scaling cases are herein considered, encompassing 2 upscaling cases and 2 downscal-

ing cases. This choice is motivated by the aim to provide a broad insight into the scaling effect, 

considering different power scaling factors. The adopted workflow for this investigation is 

depicted in Fig. 80. The starting point is the e-axle of the compact car, selected as a reference 

to investigate in a more balanced way the scaling effect. In other words, the reference is se-

lected in the middle of the power rating spectrum of the case studies to constrain the extent to 

which scaling is required. A typical maximal power scaling factor of 2 is recommended by 

[169]. This recommendation is based on technical and technological considerations regarding 

permissible geometric modifications of the reference component. Note that, the electric ma-

chine design of this reference e-axle is the same as the 2012 Nissan Leaf traction machine (80 

kW), presented in Chapter II. As for the inverter, the FS600R07A2E3 inverter from Infineon, 

Driveline

Vehicle

Different vehicle classes

Battery Electric axle
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machine

Inverter

Gearbox

Power rating 
scale

Electric drive
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cf. Section 4.2 of Chapter II, is associated with the reference electric machine, as the power 

rating is suitable for this latter.  

The upscaling cases consist of scaling the e-axle of the compact car to derive an upscaled 

version of the e-axle, that can be used within the same vehicle to enhance the acceleration 

performance. The latter scaling case is referred to as case ①. Additionally, a second upscaling, 

denoted as scaling case ③, is considered, which involves the scaling of the reference e-axle to 

correspond to the driving requirements of the medium-duty truck. The scaling case ① is con-

sidered to highlight that the scalability approach can be applied not only to study different 

types of vehicles but it can also be applied within the same vehicle. This choice stems from the 

practices of vehicle manufacturers, which offer the same model of an electric vehicle featuring 

different power ratings. Consequently, this practice facilitates the introduction of models with 

varying degrees of performance, e.g. sportier versions, or more affordable versions with re-

duced performance. As for the downscaling cases, the reference e-axle is downscaled to inves-

tigate a reduced-performance version of the compact car, described as case ②, and a mini-

compact car, introduced as case ④. Table 21 summarizes the applied scaling factors for the 

four case studies.   

 

Fig. 80: Scaling specifications 

Assess the energy consumption
based on the choice of scaling method

Reference e-axle

Starting point

Compact car

Scaling methods

Upscaling

Case ③
Medium-duty truck

Improved acceleration 
performance

Case①
Compact car

Downscaling

Reduced acceleration
performance

Case ④
Mini-Compact car

Case ②
Compact car
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Table 21: An overview of the scaling power factors 

 

Case ①: 

Compact car 

(improved- perfor-
mances) 

Case ②: 

Compact car 

(reduced-perfor-
mances) 

Case ③: 

Medium-duty 
truck 

Case ④: 

Mini-compact car 

 

Power scaling factor [-] 1.33 0.67 1.96 0.58 

2.3 Driving cycles 

To provide comprehensive analyses of the impact of each scaling method, diverse driving 

cycles with different driving patterns (urban, rural, and highway) and driving behavior (low, 

medium, and aggressive accelerations) have been considered (Table 22). This enables the ex-

amination to encompass a broad set of operating points dispersed across the torque-speed 

plane of the e-axle. Regarding the mini-compact and compact cars, 6 standardized driving 

cycles, widely used worldwide to benchmark energy consumption and emissions are selected 

[225]. Furthermore, 4 on-road driving cycles, recorded using the Nissan Leaf of the CUMIN 

program (cf. Section 6.3 of Chapter I), similar to the compact car, have been considered. These 

latter present urban and highway driving patterns to account for real-case scenarios.  

Table 22: Overview of the selected driving cycles  

Vehicle Driving cycle 

Average 
driving 
speed 

[km h] 

Top speed 
[km/h] 

Average positive 
acceleration 

[m/s ] 

Average nega-
tive acceleration 

[m/s ] 

Compact 

and mini-
compact 

NYCC 16.63 44.45 0.47 -0.48 

ARTEMIS urban (Art. 
URB) 

22.29 57.32 0.53 -0.57 

WLTC 3 53.48 131.3 0.42 -0.44 

ARTEMIS rural (Art. 
RUR) 

58.34 111.09 0.36 -0.37 

ARTEMIS Highway 
(Art. HWY) 

97.60 131.43 0.27 -0.35 

Lille downtown (Lille 
DT)  

19.22 46.00 0.57 -0.56 

University of Lille -
Campus Villeneuve 
d’Ascq (ULille) 

21.19 44.90 0.42 -0.48 

 Lille-Tourcoing  57.38 101.66 0.22 -0.21 

 Lille-Ghent 77.54 101.41 0.29 -0.32 

Medium-
duty 

truck 

 

VECTO urban 

 delivery 
33.98 87.50 0.65 -0.65 

VECTO regional 

 delivery 
69.30 85.78 0.47 -0.50 

VECTO long haul 79.08 87.50 0.17 -0.18 

Regarding the medium-duty truck, 3 driving cycles extracted from the European truck 

certification tool VECTO have been selected for the energy consumption analyses (Table 22) 

[226]. These driving cycles represent different missions of the truck, namely long haul, 
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regional, and urban delivery missions.  Note that the speed profiles of the driving cycles, under 

consideration, are depicted in Appendix VI.1. 

3 EMR-based scaling laws of electric vehicles 

This section aims to derive a unified and flexible simulation framework to assess the per-

formance of the different EV presented earlier, by employing a unique system-level model of 

the e-axle. For this aim, the modeling equations of the scaled e-axle are restructured following 

the EMR-based scaling laws, targeting two power adaptation elements at the input and the 

output of the reference model. This is achieved by capitalizing on the EMR-based scaling laws 

that are presented in Chapter II for electric drive systems and further elaborated in Chapter III 

for gearboxes. Several intermediary steps are involved, as indicated in Fig. 81. 

 

Fig. 81: Adopted workflow for the deduction of the EMR-based scaling laws 

 Step 1, as depicted in Fig. 82. b, consists in studying the interaction of the scalable model 

of the inverter and the PMSM. The focus of this step lies in simplifying the interconnected 

power adaptation elements. Based on the interaction examination between both components, 

a new structuration of the scalable Electric Drive System (EDS) model using an equivalent 

power adaptation element on the electrical side and another one on the mechanical side is 

derived. Then, a comparison is conducted between a simulation environment utilizing the 

proposed organization of the scalable EDS and a conventional model organization (Fig. 82. a). 

For clarity when referring to a conventional or a standard model organization, it means that 

no power adaptation elements are involved in contrast to the organization of the model fol-

lowing the EMR-based scaling laws concept. This involves that the scaled parameters in the 

conventional model organization need to be calculated beforehand in a pre-processing phase, 

rather than being computed online within the simulation program.   

Step 2, as illustrated in Fig. 82. c, involves studying the interaction between the scalable 

model of the EDS and the gearbox to end up with a scalable model of the entire e-axle. Similar 

to Step 1, the aim is to simplify the interconnected power adaptation elements. This step in-

cludes a validation-based simulation against a conventional model organization. 

 Step 3, as described in Fig. 82. d, consists in deriving a scalable static model of the entire 

e-axle based on a reference efficiency map to perform energetic simulations of the studied ve-

hicles. In this work, the static model is established for the e-axle in alignment with the upward 

tendency in current literature and industry [172], [227]. This is because the e-axle is recognized 

as a unified system due to its highly integrated components, often referred to as 3in1. The 

Step 1: Deduction and simulation-based validation of the EMR-based scaling laws of the electric drive

Step 2: Deduction and simulation-based validation of the EMR-based scaling laws of the electric axle

Step 3: Deduction of a scalable static model using EMR-based scaling laws of the electric axle
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presented approach in this work differs from earlier research work, which exclusively employs 

a static model for the EDS [16].  

 
Fig. 82: Conceptualization of the EMR-based scaling laws of the electric axle 

3.1 Conventional EMR for electric vehicle simulation     

3.1.1 Powertrain modeling  

Fig. 83 presents the EMR of the topology of the studied EV, reflecting the model organiza-

tion shown in Fig. 82.a. It is worth mentioning that a description of the EMR pictograms is 

given in Appendix III. This EMR is deduced from a conventional organization of the power-

train components models, which are detailed in the following section. In the remainder of the 

chapter, the EMR, depicted in Fig. 83, is referred to as conventional EMR. To ensure con-

sistency in notation with the previous chapters, the apostrophe “'” is employed to denote var-

iables in the final scale. 

 The battery voltage 𝑣bat
′  is expressed as a function of the current 𝑖ED

′ , the Open Circuit 

Voltage (OCV), and the internal battery resistance 𝑟bat
′ , which depends on the State of Charge 

(𝑆𝑜𝐶bat) of the battery.  

𝑣bat
′ = 𝑣OCV

′ (𝑆𝑜𝐶bat) − 𝑟bat
′ (𝑆𝑜𝐶bat)𝑖ED

′  (117) 

The model of the inverter is presented in Section 4.3.1.1 in Chapter II, as outlined by equa-

tions (55). The model of the PMSM is introduced in Section 3.4.1.1 of the same chapter, 
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described by equations (17)-(22). Note that the scaled parameters are calculated in a pre-pro-

cessing phase using the scaling laws elaborated in Section 3 in Chapter II. As for the gearbox, 

its corresponding model is presented in Chapter III, described by equations (112)-(113).  

The wheels convert the torque 𝑇GB
′  to a force 𝐹wh

′   and speed ΩGB
′  to a velocity 𝑣veh

′  using 

the wheel radius 𝑟wh (118), assuming a kinematic bicycle model with no curves and no road-

tire contact. 

{
 
 

 
 𝐹wh

′ =
𝑇GB
′

𝑟wh

ΩGB
′ =

𝑣veh
′

𝑟wh

 (118) 

The total required traction force 𝐹tract
′  is the result of the sum of 𝐹wh

′  and the force of the 

mechanical brake 𝐹brk
′  (119). The velocity of the vehicle 𝑣veh

′  is determined by applying the 

second law of Newton, using the traction force 𝐹tract
′  and the resistive force to the motion 𝐹res

′ , 

and the mass of the vehicle 𝑀veh
eq

 (120). 

𝐹tract
′ = 𝐹wh

′ + 𝐹brk
′  (119) 

𝑀veh
eq 𝑑𝑣veh

′

𝑑𝑡
= 𝐹tract

′ − 𝐹res
′  (120) 

where 𝑀veh
eq

 is expressed as a function of the static mass of the vehicle 𝑀veh(i.e. the mass of 

the chassis, glider, powertrain, etc.), and the equivalent masses of the rotating elements, which 

depend on the inertia of the electric machine 𝐼EM
′ , the gearbox 𝐼GB

′ , and the wheels 𝐼wh
′  (121).  

𝑀veh
eq

= 𝑀veh +
𝐼EM
′

𝑟wh
2 𝑘GB

2 +
𝐼GB
′

𝑟wh
2 +

𝐼wh
′

𝑟wh
2  (121) 

The resistive force imposed by the environment 𝐹res
′  is given as a function of the rolling 

resistance 𝐹roll
′ , aerodynamic resistance 𝐹aero

′  and the slope resistance 𝐹slope
′  (122). 

𝐹res
′ = 𝐹roll

′ +𝐹aero
′ + 𝐹slope

′  (122) 
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Fig. 83: Conventional EMR and control of mono-drive based- battery electric vehicles 

3.1.2 Powertrain control  

One of the strengths of the EMR formalism is to systematically deduce the local control 

structure (light blue part of Fig. 83) by following the inversion principle of the models [33]. In 

this case, the local control of the vehicle aims to track a reference speed profile of a given driv-

ing cycle 𝑣veh
′∗ . This can be achieved by acting on the control variables, namely the switching 

functions of the inverter 𝑠VSI
′  , and the braking force 𝐹brk

∗′ .  ote that superscripts “ ”, and 

“meas” denote control and measured variables, respectively, whereas the underscored param 

eters represent vectors. The EMR elements that do not store energy are directly inverted from 

their modeling equations (light blue parallelograms), e.g. (126), (127), (130), and (131). A 

closed-loop control (light blue crossed parallelograms) using PI controllers is used to track the 

speed setpoints (123) and the dq-axes currents of the electric machine (129). A rule-based strat-

egy (dark blue parallelogram) is herein used to define the braking criterion 𝑘brk (124) to dis-

tribute the braking effort between regenerative and mechanical braking (125). Regenerative 

braking forces are limited to 60% of the total braking force due to the distribution of force 

between the front and rear axles during braking for stability reasons of the vehicle. Further-

more, constraints related to the maximal torque of the electrical machine, battery state of 

charge (𝑆𝑜𝐶bat > 99%), and maximal charging current impact the determination of 𝑘brk. Note 

that the same braking strategy will be used for the different studied vehicles for comparison 

purposes. Additional details and alternative braking strategies are available in [228], [229]. The 

current setpoints 𝑖s,dq
′∗  are defined using MTPA and Field Weakening (FW) strategies (128) 

(dark blue parallelogram). These latter are implemented in the form of a look-up table, that is 

computed beforehand in a pre-processing phase based on the scaled design of the PMSM. Re-

garding the control of the voltage source inverter, a sinusoidal pulse width modulation strat-

egy is employed considering averaged switching functions over a period. A control strategy 

of the inverter is used, mandating that the zero-sequence voltage between the reference 

Bat. Env.

Braking
strategy

Electric drive system Gearbox

Brk.

MTPA & FW

ChassisDriveline

(117) (55) (17) (18) (19)-(22) (112)-(113) (118) (119) (120) (122)

(131) (130) (129) (128) (127) (126)
(125)

(123)

(124)

meas. meas.
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potential of the inverter and the fictitious neutral point of the machine is set to zero [230]. More 

details on the modeling and control of the inverter and their associated EMR can be found in 

Appendix VI.3. 

𝐹tract
′∗ = 𝐶speed

′ (𝑡)(𝑣veh
∗′ − 𝑣veh

′meas) + 𝐹res
′  (123) 

{

𝑘brk = 1 full mechanical braking

𝑘brk = 0 no braking

0 ≤ 𝑘brk ≤ 0.6  hybrid braking (regenerative mechanical)
 (124) 

{
𝐹brk
′∗ = 𝑘brk𝐹tract

′∗

𝐹wh
′∗ = (1 − 𝑘brk)𝐹tract

′∗  (125) 

𝑇sh,out
∗GB′ = 𝐹wh

′∗ 𝑟wh (126) 

𝑇sh
∗EM′

=
𝑇sh,out
∗GB′

𝑘gb
′  (127) 

(𝑖s,d
∗EM′

, 𝑖s,q
∗EM′

) = 𝑓(MTPA & FW) (128) 

𝑣s,dq
∗EM′

= 𝐶current
′ (𝑡) (𝑖s,dq

∗EM′
− 𝑖s,dq

measEM′
) + 𝑒s,dq

′meas (129) 

𝑣s,abc
∗EM′

= [𝑃(𝜃)]−1𝑣s,dq
∗EM′

 (130) 

𝑠VSI
′  =

𝑣s,abc
∗EM′

𝑣bat
′meas  (131) 

3.2 Step 1: Deduction and validation of EMR-based scaling laws of electric 

drive systems 

3.2.1 Scalable model 

This section aims to derive a scalable model of the EDS, as illustrated in Fig. 82.a. This is 

achieved by reorganizing the equations following the concept of the EMR-based scaling laws. 

In Fig. 84, the EMR-based scaling laws for both the inverter and PMSM, as described in Chap-

ter II, are recalled alongside the equation embedded in the adjoining power adaptation ele-

ments.  

As a first step, the focus is placed on studying the interaction between the AC power ad-

aptation of the inverter and the electrical power adaptation of the electric machine. To connect 

both elements, the conditions shown in (132) should be met. This requirement is reasonable as 

the output voltage of the scaled inverter 𝑣abc
VSI′ will be applied to the machine and the current 

requested by the scaled machine 𝑖abc
EM′

 will be applied to the scaled inverter. This interaction 

between both components is evident in the conventional EMR, depicted in Fig. 83.  

{
𝑣s,abc
EM′

= 𝑣abc
VSI′

𝑖abc
VSI′ = 𝑖s,abc

EM′  (132) 
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Fig. 84: EMR-based scaling laws of both inverter and PMSM 

By replacing the expression of the scaled voltages and currents with their scaling laws 

within the framework of the reference inverter and machine, (132) can be rewritten as in (133).  

{
 
 

 
 𝑣s,abc

EM0
=

𝐾v,AC
VSI

𝐾v
PMSM

𝑣abc
VSI0 − 𝛥𝑅0𝑖s,abc

EM0

𝑖dq
VSI0 =

𝐾i
PMSM

𝐾i,AC
VSI

𝑖s,abc
EM0

 (133) 

The latter equation can be simplified by assuming an equivalent voltage scaling factor for 

both the machine and inverter (𝐾v,AC
VSI = 𝐾v

PMSM). This is acceptable as the voltage rating of the 

machine should correspond with the one of the inverter. Furthermore, it can be assumed that 

the current scaling of the inverter aligns with the current scaling factor of the machine 

(𝐾i
PMSM = 𝐾i,AC

VSI). This is because the current rating of the inverter should be at least equal to 

the maximum peak current of the machine, as a sizing criterion [231]. Therefore, equation (133) 

can be redrafted as given in (134).  

{
𝑣s,abc
EM0

= 𝑣abc
VSI0 − 𝛥𝑅𝑖s,abc

EM0

𝑖abc
VSI0 = 𝑖s,abc

EM0  (134) 

Based on (134), the two power adaptation elements can be simplified with only one inter-

mediary power adaption element, as shown in Fig. 85. By effecting this manipulation, the most 

remarkable observation to emerge from the latter figure is that the definition of the reference 

voltages of the inverter 𝑣abc
VSI0and the PMSM 𝑣s,abc

EM0
  changes when transitioning from the frame 

(coordinate system) of the reference inverter to that of the reference machine. In other words, 

the interaction of both power adaptation elements will result in the manifestation of equivalent 

Electrical
power

adaptation

Mechanical
power

adaptation

(28)

DC
power

adaptation

AC
power

adaptation

(24)(59)(58)

Scaled PMSMScaled Inverter

Reference
inverter

Windings
Conv.

EM
Park

transform
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parameters (voltages), but with different values. This can be explained by the fact that the 

scaling process of the inverter and the machine have been conducted using different scaling 

laws, which leads to altering the variables in distinct coordinate systems.  

 

 

Fig. 85: Interaction between the EMR-based scaling laws of the inverter with the EMR-based scaling 
laws of the PMSM 

From this point, the remaining challenge lies in simplifying the intermediary power adap-

tation to end up with only two power adaptations at the input and output of the reference 

model of the electric drive. By consulting (134), it is clear that the intermediary power adapta-

tion element can be simplified if the linear scaling method is applied. This is due to the absence 

of the equivalent resistance 𝛥𝑅 according to the linear scaling method, thereby resulting in the 

same voltages of the inverter and the machine. Nevertheless, when different scaling methods 

for the inverter and the electric machine are employed, e.g. linear scaling for the inverter and 

geometric scaling of the machine, the simplification of the intermediary power adaptation el-

ement becomes less straightforward.  

To address this challenge, the idea is to permute the intermediary power adaptation ele-

ment to the DC side of the reference inverter and subsequently merge it with the DC power 

adaptation element. This can be accomplished by employing the permutation and merging 

rules of the EMR formalism [33]. The idea behind the permutation rule is to reposition ele-

ments while preserving the global behavior of the system as depicted in Fig. 86. The rule dic-

tates that the effects, i.e. 𝑣s,abc
EM0

 and 𝑖ED
′  in this case, needs to be established from the same causes, 

i.e. 𝑣bat
′ , 𝑖s,abc

EM0
 and 𝑠VSI

0 , as depicted in the upper part of Fig. 86. This is achieved by manipulat-

ing the modeling equation of the reference inverter, Park Transform, and the intermediary 

power adaptation element.  

Equivalent
power

adaptation

Mechanical
power

adaptation

(28)

DC
power

adaptation

(134)(58)

Reference inverter Reference PMSM

Different scaling frame
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Fig. 86: Permutation of the intermediary electrical power adaptation element 

Recalling the model of the reference inverter (135), the voltages 𝑣s,abc
EM0

 in (134) can be refor-

mulated as described in (136), employing the reference switching functions and a new ficti-

tious voltage denoted as �̃�bat
0 . The latter voltage does not correspond to a physical voltage, 

however, it results from the permutation manipulation. In the sequel, the superscript ”~” is 

used to denote fictitious variables resulting from the permutation manipulation. Conse-

quently, the input of the reference inverter becomes �̃�bat
0  instead of 𝑣bat

0 , as illustrated in Fig. 

86. The modeling equations of the permuted power adaptation are given in (137). 

{
𝑣abc
VSI0 = 𝑠VSI

0 𝑣bat
0

𝑖ED
0 = 𝜂VSI

0𝛾 𝑠VSI
0𝑇 𝑖abc

VSI0  with [𝛾 = 𝑠𝑖𝑔𝑛(𝑃VSI
0
)]

 (135) 

𝑣s,abc
EM0

= 𝑠VSI
0 𝑣bat

0 − 𝛥𝑅0
𝑖ED
0

𝜂VSI
0𝛾 𝑠VSI

0

𝑥 = 𝑠VSI
0 (𝑣bat

0 − 𝛥𝑅0
𝑖ED
0

𝜂VSI
0𝛾 𝑠VSI

02
)

𝑥 = 𝑠VSI
0 �̃�bat

0

 (136) 

{
�̃�bat
0 = 𝑣bat

0 − 𝛥𝑅0
𝑖ED
0

𝜂VSI
0𝛾 𝑠VSI

02

𝑖ED
0 𝑥 common

 (137) 

The second manipulation lies in merging the DC power adaptation element of the inverter 

with the permuted one, as depicted in Fig. 87. Similar to the permutation rule, the main idea 

behind the merging rules is to keep the same input and outputs of the merged elements to 

preserve the same global behavior of the system. The modeling equation of the new merged 

power adaptation element can be therefore expressed as shown in (138). 

Permuted
power 

adaptation

Intermediary
power 

adaptation
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power 

adaptation

DC
power 

adaptation
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Fig. 87: Merging of electrical power adaptation elements 

{
�̃�bat
0 =

1

𝐾v,DC
VSI (𝑣bat

0 − 𝛥𝑅
𝑖ED
0

𝜂VSI
0𝛾 𝑠VSI

02
)

𝑖ED
′ = 𝐾i,DC

VSI(𝑖ED
0 + Δ𝑖ED)

 (138) 

The latter equation can be subjected to further simplification as shown in (139), based on 

the following assumptions. Given that no DC bus voltage scaling is considered in this study, 

the voltage scaling of the inverter at the DC side 𝐾v,DC
VSI   is equal to 1. Additionally, it is assumed 

that the current of the inverter and the machine scale in a similar way, resulting in an equiva-

lent current scaling factor (𝐾i,DC
VSI = 𝐾i

PMSM). Lastly, the equivalent term Δ𝑖ED can be disregarded 

as the assumption of linear losses-to-power scaling has been proven acceptable for the inverter 

as demonstrated in Chapter II.  

{
�̃�bat
0 = 𝑣bat

′ − 𝛥𝑅
𝑖ED
0

𝜂VSI
0𝛾 𝑠VSI

02

𝑖ED
′ = 𝐾i

PMSM𝑖ED
0

 (139) 

Considering the final aim of obtaining a scalable static model of the e-axle to perform 

energetic simulation, it becomes necessary to amend the aforementioned equation. This is 

because the information on the switching function 𝑠VSI
0  is only available, when employing a 

dynamic model of the electric machine. Therefore, the definition of �̃�bat
0  becomes challenging 

using a static model of the electric drive. To tackle this issue, a power balance of the reference 

inverter (Fig. 87) can be used (140). Based on (134), (140) can be rewritten as demonstrated in 

(141).  

𝜂VSI
0𝛾 �̃�in

VSI0 = 𝑃in
EM0

 (140) 

𝜂VSI
0𝛾 (�̃�bat

0 𝑖ED
0 ) = (𝑣s,abc

VSI0 − 𝛥𝑅 𝑖s,abc
EM0

) 𝑖s,abc
EM0

𝑋 = 𝑃in
VSI0 − 𝛥𝑃cu

 (141) 

Permuted
power 

adaptation

DC
power 

adaptation

Applying 
merging 

rule

DC
power 

adaptation
(merged)

(138)
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Consequently, the voltage �̃�bat
0  at the input of the reference inverter (Fig. 87) can be 

expressed as a function of the voltage 𝑣bat
′ , the reference electric current 𝑖ED

0 , the equivalent 

copper loss 𝛥𝑃cu, and the efficiency 𝜂VSI
0  as follows: 

�̃�bat
0 =

𝑃in
VSI0

𝜂VSI
0𝛾 𝑖ED

0
−

𝛥𝑃cu

𝜂VSI
0𝛾 𝑖ED

0

𝑥 = 𝑣bat
0 −

𝛥𝑃cu

𝜂VSI
0𝛾 𝑖ED

0

𝑥 = 𝑣bat
′ −

𝛥𝑃cu

𝜂VSI
0𝛾 𝑖ED

0

 (142) 

This is accomplished knowing that: 

𝑣bat
′ = 𝐾v,DC

VSI 𝑣bat
0   (with 𝐾v,DC

VSI = 1) (143) 

Finally, the EMR-based scaling laws of the entire e-axle can be derived and presented in 

Fig. 88.   

 

Fig. 88: EMR-based scaling laws of the electric drive 

3.2.2 Scalable control scheme 

This section aims to derive a scalable control scheme for the EDS. For this aim, the inver-

sion rules are applied to the EMR-based scaling laws presented in Fig. 88. Fig. 89 depicts the 

EMR-based scaling laws of the EDS and the corresponding control. The mechanical PA ele-

ment (28) is inverted through a direct inversion using the torque scaling factor 𝐾T
PMSM, and the 

measured equivalent loss term Δ𝑇PMSM
meas  as expressed by (144). This allows for a change in the 

definition of the reference torque setpoint from the frame of the scaled machine 𝑇sh
∗EM′

 to that 

of the reference machine 𝑇sh
∗EM0

. Next, the control of the reference machine is realized in a sim-

ilar way to what has been presented earlier in Section 3.1.2 using the conventional EMR, by 

employing the controllers of the reference machine to track the dq currents defined by the 

Mechanical
power

adaptation

(28)

DC
power

adaptation
(merged)

(139)-(142)

Reference electric drive
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MTPA&FW strategies. By comparing Fig. 83, and Fig. 89, it is readily apparent that the new 

model organization of the scaled machine following the EMR-based scalings laws provides 

the possibility of reusing the same control of the reference EDS for other scaled ones. The con-

trol structure of the reference EDS remains the same, including the current controllers of the 

reference machine and their parameters.  

𝑇sh
∗EM0

=
𝑇sh
∗EM′

𝐾T
PMSM

+ Δ𝑇PMSM
meas  (144) 

 

Fig. 89: EMR-based scaling laws of electric drive systems for electric vehicle simulation 

3.2.3 Comparison between EMR-based scaling laws and conventional EMR for electric 

drive systems 

To evaluate the results of applying EMR-based scaling laws, the scalable model and con-

trol of the EDS are connected to the remaining models and control of the drivetrain, as illus-

trated in Fig. 89. As an illustrative case, the scaling case ①, i.e. the upscaling case of the com-

pact car, is considered to make the comparison between the EMR-based scaling laws and the 

conventional EMR. Due to the diverse scaling choices and to facilitate the synthesis of the re-

sults, the geometric scaling laws based on the geometric scaling choice that preserves the mag-

netic field density 𝐵~1 are selected to perform the scaling process of the reference PMSM (80 

kW). A scaled design is defined by applying geometric scaling laws considering a power scal-

ing factor of 1.33 (Table 21), yielding a new power rating of 110 kW. An axial scaling factor 𝐾A 

of 1.5 is considered as an example. The radial scaling factor 𝐾R is calculated based on the power 

scaling requirement and the applied axial scaling factor 𝐾A, following the scaling laws men-

tioned in Chapter II. The rewinding scaling factor 𝐾W is adjusted to preserve the same rated 

voltage of the DC bus. The value of 𝛥𝑅 differs from 0 based on the selected scaling factors. The 

scaling process is implemented in the EMR-based scaling laws by redefining the scaling factors 
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in the power adaptation elements. As for the conventional EMR, the scaled parameters are 

calculated beforehand in a pre-processing phase. This pre-processing phase involves also the 

recalculation of the current controllers' parameters and the recomputation of the MTPA&FW 

strategies for the scaled PMSM. Regarding the voltage source inverter, the data of the reference 

inverter (FS600R07A2E3/80 kW) is implemented in the EMR-based scaling laws and scaled 

using the linear scaling method. The data of the inverter (FS800R07A2E3/110kW) is used in 

the conventional EMR. Linear scaling is assumed for the inverter when implementing the 

EMR-based scaling laws as the difference in the scaling process against the benchmarking 

study is demonstrated marginal (Chapter II).  

Fig. 90 shows the difference between the input and output variables of the EDS obtained 

through conventional EMR and EMR-based scaling laws, namely the battery voltage 𝑣bat, the 

current 𝑖ED, and the torque applied on the shaft 𝑇sh. Note that the speed is not part of this 

comparison, as no speed scaling has been considered in the scaling process of the electric ma-

chines, as shown in (28). The comparison is performed using two driving cycles with different 

driving patterns, specifically the Artemis highway and urban driving cycles.  The comparison 

of the battery voltage in Fig. 90.a and Fig. 90.b shows that the voltage difference Δ𝑉bat is neg-

ligeable with a maximal difference of 0.04 V. Assessing the difference in terms of the current 

Δ𝑖ED, the simulation results, shown in Fig. 90.c and Fig. 90.d, reveal a maximal discrepancy of 

0.2 A. This difference is due to the permutation of the power adaptation elements which causes 

minor numerical errors, primarily resulting from induced delays employed in solving alge-

braic loops. This difference can be deemed negligible in magnitude. From Fig. 90.c and Fig. 

90.d, it can be seen that the difference in torque Δ𝑇sh demonstrates complete parity. Given 

these results, it can be concluded that simulation of the powertrain using a conventional EMR 

and EMR-based scaling laws for electric drive systems yields the same results. The last state-

ment can be extended to another reference machine PMSM design since identical findings 

have been obtained when comparing both simulation frameworks using a different reference 

machine design, as discussed in a published conference paper [232].   
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Fig. 90: Comparison between EMR-based scaling laws and conventional EMR of electric drive systems 

3.3 Step 2: Deduction and validation of EMR-based scaling laws of the elec-

tric drive system and the gearbox 

Similar to what is done for the inverter and the PMSM, this section examines the interac-

tion between the EMR-based scaling laws of the EDS and the EMR-based scaling laws of the 

gearbox, aiming to derive EMR-based scaling laws for the e-axle as illustrated in Fig. 82. 

3.3.1 General case study based on the data-driven scaling laws of the gearbox 

The interaction between both scaled components is achieved by interconnecting the me-

chanical PA element of the EDS and the input mechanical PA of the gearbox, as depicted in 

Fig. 91. In effecting such manipulation, it is readily apparent that the definition of the torque 

𝑇sh
EM0

, and speed Ωsh
EM0

 of the reference machine changes when transitioning from the coordi-

nate system of the reference machine to that of the reference gearbox 𝑇sh
GB0, and Ωsh

GB0. This is 

similar to what is discussed earlier for the inverter and the machine. Analogous to the EDS, 

the same steps are followed, aiming to preserve only two power adaptation elements located 

at both the input and output of the e-axle. 

First, the condition to interconnect the adjacent power adaptation elements is depicted in 

(145). This is expected as the torque 𝑇sh,in
EM′

 and the speed Ωsh
EM′

 parameters of the scaled PMSM 

are identical to the torque 𝑇sh,in
GB′  and the speed Ωsh,in

GB′  of the scaled gearbox at its input port. 

Next, the mechanical power adaptation element of the EDS can be merged with the input me-

chanical power adaptation of the gearbox as shown in Fig. 92. This results in the manifestation 

of an intermediary power adaptation element, which is modeled following (146). This latter 

can be easily simplified considering a particular case that involves four conditions as 
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expressed in (147). The first condition consists in assuming an identical torque scaling factor 

for both the electric machine and the gearbox. This condition is feasible if the gear ratio scaling 

is not part of the scaling process (𝐾kgb = 1), leading to a second condition. The third condition 

requires nullifying the equivalent loss term Δ𝑇PMSM, which necessitates a linear scaling case of 

the EDS. The last condition assumes no maximal speed scaling for the gearbox is assumed 

(𝐾N = 1). 

{
𝑇sh,in
GB′ = 𝑇sh,in

EM′

Ωsh
EM′

= Ωsh,in
GB′

 (145) 

 

Fig. 91: Interaction between EMR-based scaling laws of the electric drive system and gearbox 

 

Fig. 92: EMR-based scaling laws of the e-axle with an intermediary power adaptation element 

{
𝑇sh,in
GB0 =

𝐾kgb

𝐾T
GB
(𝐾T

PMSM𝑇sh
EM0

− 𝛥𝑇PMSM)

Ωsh
EM0

= 𝐾NΩsh,in
GB0

 (146) 
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{
 

 
𝐾T
PMSM = 𝐾T

GB

𝐾kgb = 1

Δ𝑇PMSM = 0
𝐾N = 1

 (147) 

Alternatively, the intermediary power adaptation element can be permuted to the output 

mechanical power adaptation of the gearbox and thereafter merged, providing a general scal-

ing case.  

 

Fig. 93: Permutation and merging of mechanical power adaptation elements 

As a reminder, the model of the reference gearbox is recalled in (148) using the coordinate 

system of the reference gearbox. 

{
𝑇sh,out
GB0 = 𝜂GB

0 𝑘gb
0 𝑇sh,in

GB0

Ωsh,in
GB0 = 𝑘gb

0 Ωsh,out
GB0

 (148) 

Replacing the expression of the torque 𝑇sh,in
GB0  (146) in (148) yields the manifestation of the 

output torque of the gearbox �̃�sh,out
EM0

 in the coordinate system of the reference gearbox :   

𝑇sh,out
GB0 =

𝐾kgb

𝐾T
GB
(𝜂GB

0 𝑘gb
0
𝐾T
PMSM𝑇sh

EM0
− 𝜂GB

0 𝑘gb
0
𝛥𝑇PMSM)

𝑥 =
𝐾kgb𝐾T

PMSM

𝐾T
GB

�̃�sh,out
EM0

− 𝜂GB
0 𝑘gb

0 𝐾kgb

𝐾T
GB
𝛥𝑇PMSM

 (149) 

in which �̃�sh,out
EM0

 is expressed as:  

�̃�sh,out
EM0

= 𝜂GB
0 𝑘gb

0
𝑇sh
EM0

 (150) 

In the same way the speed Ωsh,out
GB0  is expressed as a function of the output speed of the 

gearbox Ω̃sh,out
EM0

 in the coordinate system of the reference machine (151). 

Ωsh
EM0

= 𝑘gb
0
(𝐾NΩsh,out

GB0 )

𝑥 = 𝑘gb
0
Ω̃sh,out
EM0

 (151) 

By merging the permutated intermediary mechanical power adaptation elements with the 

mechanical power adaptation element, a new mechanical power adaptation element at the 

Intermediary
PA
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Output 
mechanical 

PA

Output 
mechanical 

PA
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(148) (152), (154)
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outside of the e-axle is derived. The scaled torque 𝑇sh,out
GB′  is then expressed in (152)  as a function 

of 𝑇GB,out
EM0

, and a new equivalent torque denoted as 𝛥�̃�GB due to the permutation and merging 

manipulations. 

{
𝑇sh,out
GB′ = 𝐾T

GB (
𝐾kgb𝐾T

PMSM

𝐾T
GB

𝑇GB,out
EM0

− 𝜂GB
0 𝑘gb

0 𝐾kgb

𝐾T
GB
𝛥𝑇PMSM) − 𝛥𝑇GB

𝑥 = 𝐾kgb𝐾T
PMSM𝑇GB,out

EM0
− 𝛥�̃�GB

 (152) 

with 𝛥�̃�GB is expressed as follows: 

𝛥�̃�GB = 𝜂GB
0 𝑘gb

0 𝐾kgb𝛥𝑇PMSM + 𝛥𝑇GB (153) 

The output speed of the reference gearbox in the coordinate system of the reference ma-

chine Ω̃sh,out
EM0

 is therefore expressed as a function of the speed Ωsh,out
GB′  in the coordinate system 

of the scaled gearbox as depicted in (154). 

Ω̃sh,out
EM0

= 𝐾kgbΩsh,out
GB′  (154) 

After following all the previously detailed steps and incorporating the procedures em-

ployed for the EDS, EMR-based scaling laws employing only two power adaptation elements 

at the input and the output of the e-axle are deduced and represented in Fig. 94.  

 

Fig. 94: EMR-based scaling laws of the electric axle 
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3.3.2 Particular case study considering constant efficiency and gear ratio scaling of the 

gearbox 

Given that the scaling laws outlined in Chapter III are derived based on low-power rated 

gearboxes, their application is unfortunately not realistic for a power rating typical for auto-

motive applications. The main reason for this is that the torque range of the tested gearboxes 

differs from the requirements typically encountered in automotive gearboxes. Consequently, 

applying such scaling laws to the automotive applications under investigation in this chapter 

requires a large torque scaling factor. To still include the scaling of the gearbox, the data-driven 

scaling is adapted following the assumptions retained in the current state-of-the-art literature 

on system-level design. These adjustments consist of scaling the gear ratio, a key parameter 

for system-level design of electrified powertrains [233], while assuming a constant efficiency. 

This means that efficiency is considered independent of the scaling process of the gearbox. An 

average constant efficiency that ranges from 96% to 97% is frequently employed for automo-

tive gearboxes assuming the same number of stages, without further explanation [16], [78]. 

However, the last statement should not be misinterpreted as an indication that a scalable 

power loss model for gearboxes is needless. This is because the assumption of constant effi-

ciency still needs to be validated particularly for high-speed automotive gearboxes.  

To drive the scalable model of the e-axle following the last aforementioned assumptions, 

the model organization using the data-driven model is preserved with amendments to the 

definition of the output mechanical power adaptation elements. This adaptability emerges as 

the data-driven scaling provides a general case scaling. The main change consists in amending 

the equivalent torque 𝛥�̃�GB that represents the non-linearity of the losses (153) as shown in 

(155). By opting for this scaling choice, the equivalent torque 𝛥𝑇GB is omitted due to the non-

consideration of the loss scaling of the gearbox. This can be considered as a particular case of 

the linear scaling method, but with a constant efficiency.  

𝛥�̃�GB = 𝜂GB
0 𝑘gb

0
𝛥𝑇PMSM (155) 

3.3.3 Deduction of a scalable control scheme of the electric axle  

A new scalable control scheme is derived based on the inversion rule of the EMR. The new 

modeling equation of the output mechanical power adaptation element (152) is inverted by a 

direct inversion, as given in (156). This yields the scalable control scheme shown in the lower 

part of Fig. 94.  

�̃�sh,out
∗EM0

=
𝑇sh,out
∗GB0 + 𝛥�̃�GB

meas 

𝐾kgb𝐾T
PMSM

 (156) 

3.3.4 Comparison between EMR-based scaling laws and conventional EMR for electric 

axle 

In relation to Fig. 81, this section aims to compare the proposed EMR-based scaling laws 

of the e-axle, proposed in  Fig. 94, based on a comparison with a conventional EMR, similar to 
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what has been done in Step 1. The same inputs for the comparison as Step 1 are hereinafter 

considered, along with the incorporation of an example of a gear ratio scaling with a factor 

𝐾kgb of 0.85. This means the new scaled gear ratio is 7 instead of 8.19 (Table 20). Constant 

efficiency of 96% is herein considered for the gearbox, for the reasons elaborated above. As 

expected, both simulations lead to the same results in terms of the scaled parameters as shown 

in Fig. 90. This is because the same modeling equations are the same, but their organization is 

different.   

3.4 Step 3: Deduction and validation of a scalable static model of the electric 

axle 

3.4.1 Deduction of a scalable static model of the electric axle 

In the previous steps, the scalable model and control scheme have been deduced based on 

a dynamic model of the PMSM. Nevertheless, to carry out energetic studies, a quasi-static 

model of the vehicle, which solely considers the principle dynamic of the system represented 

by the chassis, is generally adopted [16]. The quasi-static model is considered more suitable 

for performing fast quantification of the losses and the energy consumption of the vehicle. This 

preference is due to the advantageous computational efficiency as compared to the dynamic 

model, without impacting the energy consumption. To this end, a static model of the e-axle is 

deduced from the EMR-based scaling laws presented in Fig. 94, as depicted in Fig. 95, follow-

ing the methodology proposed in [234] for EDS. In the static model, the electric dynamics are 

ignored, resulting in the instantaneous attainment of the reference torque (157). The reference 

current of the electric drive is modeled using a power balance, knowing the reference of the 

reference battery voltage �̃�bat
0 , the reference torque and speed at the output of the gearbox 

�̃�sh,out
EM0

, and Ω̃sh,out
EM0

, as well as the efficiency of the entire electric drive axle, including the refer-

ence inverter 𝜂VSI
0  , PMSM 𝜂EM

0 , and gearbox 𝜂GB
0 . In this case, the efficiency can be determined 

using the reference efficiency maps of each component. Regarding the power adaptation ele-

ments, they remain the same as previously elaborated earlier, to consider the scaling effect for 

each component.      

�̃�sh,out
EM0

= 𝑇sh,out
∗EM0

 (157) 

𝑖ED
0 =

�̃�sh,out
EM0

Ω̃sh,out
EM0

𝜂VSI
0𝛾  𝜂EM

0𝛾  𝜂GB
0𝛾  �̃�bat

0
 with γ = sign (�̃�sh,out

EM0
) (158) 
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Fig. 95: Deduction of a scalable static model organization of the electric drive: (a) dynamic model, (b): 
static model 

3.4.2 Simulation-based validation of the proposed scalable static model of the electric axle 

To validate the proposed scalable static model, a comparison is performed against a con-

ventional static model implemented in the simulation environment of EV, as shown in Fig. 96. 

Regarding the EMR-based scaling laws, the reference efficiency map of the e-axle is used. The 

input and output variables of the reference e-axle model are adjusted online during the simu-

lation through the power adaptation elements based on the predefined scaling method and 

factors. However, when opting for the conventional static model organization, the efficiency 

map of the scaled e-axle needs to be computed offline in a post-processing phase based on the 

scaling requirements. Thereafter, the scaled efficiency map can be implemented in the simula-

tion environment. The sole difference with the model structuration with power adaptation 

elements is that the efficiency map needs to be recomputed each time the scaling requirements 

are altered. This results in a laborious simulation process, particularly when different scaled 

design candidates need to be evaluated.  
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Fig. 96: Comparison between scalable static model organization for energetic simulation of battery 
electric vehicles 

To conduct the comparison between the outcomes of the EMR-based scaling laws and the 

conventional EMR, the same scaling factors as presented in Section 3.3.4 are used. By consult-

ing Fig. 97, it can be observed that no significant difference is obtained when comparing the 

battery voltage 𝑣bat
′ , the current of the electric drive 𝑖ED

′ , and the output torque of the gearbox 

𝑇sh,out
GB′ . This demonstrates the trustworthiness of the proposed methodology.  
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Fig. 97: Comparison between EMR-based scaling laws and conventional EMR using a static model of 
the electric axle 

4 Effect of the scaling choices on energy consumption 

This section investigates the effect of the scaling choices on the energy consumption of 

electric vehicles. A particular emphasis is paid to assessing the reliability of linear losses-to-

power scaling for energy consumption computation of electric vehicles. This assessment is 

carried out through a comparison against the other scaling choices outlined in Fig. 98.  

Regarding the EDS, the scaling methods of the electric machine encompass the linear 

losses-to-power scaling, and geometric scaling laws based on the three scaling choices elabo-

rated in Chapter II, namely the preservation of the magnetic field density B~1, the temperature 

rise in the windings Θ~1, and the hybrid choice 𝐵&Θ~1. As for the inverter, the scope of the 

applied methods is confined to the linear losses-to-power scaling, and the benchmark study 

using the theoretical methods and the data extracted from the datasheets. This is because the 

scaling laws studied in Chapter II yield comparable results in terms of efficiency scaling. It is 

therefore deemed sufficient to retain only the linear scaling method and the benchmarking 

study for the inverter. The gearbox scaling is conducted using a constant average efficiency 

while altering the gear ratio, for the reasons discussed earlier. 

To make the comparative analysis, the workflow depicted in Fig. 99 is followed. A partic-

ular emphasis is hereinafter paid to the scaling of the PMSM, as the efficiency scaling is demon-

strated in Chapter II to be sensible to the applied scaling laws. Therefore, in the initial analysis 

phase, the impact of the scaling laws of the machine on energy consumption is isolated from 

the remaining components. The second set of analysis involves studying the impact of the 

scaling laws of the e-axle, combining the scaling of EDS with a scaled gear ratio. Although the 

outcomes of the scaling of the inverter can be predicted due to the non-significant difference 
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between the linear scaling and the benchmark study, the impact of the scaling laws of the EDS 

on energy consumption is isolated and analyzed separately in Appendix VI.3. The simulations 

are conducted using the EMR-based scaling laws discussed earlier in the previous section. 

When employing the linear scaling method, the equivalent loss terms embedded in the power 

adaptation elements, such as 𝛥𝑃cu, and 𝛥�̃�GB, are nullified. Conversely, when employing alter-

native scaling methods, these terms are computed based on the earlier developments outlined 

in the preceding section. 

 

Fig. 98: Selected scaling methods for system-level analysis. Note that the methods highlighted in yel-
low refer to common scaling methods applied to different components. 

 

 

Fig. 99:  Workflow for the investigation of the scaling impact of each scaling method 
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4.1 Effect of the scaling choices of PMSM on energy consumption  

To isolate the impact of each scaling choice of the PMSM on energy consumption (Fig. 98), 

the efficiency of both the inverter and gearbox are assumed constant, alongside a fixed gear 

ratio (𝐾kgb=1). These requirements are incorporated in the power adaptation elements (142), 

and (155) of the EMR-based scaling laws (Fig. 96.a). In this section, particular emphasis is 

placed on comparing the outcomes of the linear scaling method against the different choices 

of the geometric scaling laws. First, the results of the comparative analysis are reported for 

each automotive application. The results are thereafter subjected to in-depth analysis, reveal-

ing how the operating points impact the outcomes of each scaling choice and how the geomet-

ric scaling factors of the scaled machine influence energy consumption.  

4.1.1 Overview of the effect of scaling choices on energy consumption 

For the different automotive applications under investigation (Fig. 80), various scaled de-

signs of the reference PMSM machine are generated using the geometric scaling laws, featur-

ing a range of distinct geometric variations. The axial scaling factor 𝐾A has been varied be-

tween 0.7 and 1.5 for larger insights on the scaling impact, and to have a reasonable range that 

complies with the integration constraints of e-axle. The rewinding scaling factor 𝐾W is adjusted 

to preserve the voltage rating of the DC bus.  

Regarding the upscaling case of the compact car using a power scaling factor of 1.33 (case 

①), Fig. 100 presents a sensitivity analysis of the relative difference in terms of energy con-

sumption ∆𝐸bat ((𝐸bat
LS − 𝐸bat

GS ) 𝐸bat
LS⁄ ) between the Linear losses-to-power Scaling (LS) and Ge-

ometric Scaling laws (GS) based on different choices, and for the selected driving cycles. By 

consulting the boxplots in the figure, it can be seen that the sign of ∆𝐸bat can be either positive 

or negative. A positive ∆𝐸bat means that linear losses-to-power of the electric machine overes-

timates the energy consumption as compared to the second method and vice versa. The most 

remarkable observation to emerge from the data is that the urban driving cycles, e.g. NYCC, 

ARTEMIS Urban, Lille downtown, and ULille campus, exhibit the greatest discrepancy be-

tween the linear and geometric scaling laws. For example, ∆𝐸bat achieves its maximum value 

of about 1.8% for the NYCC driving cycle when opting for the scaling choice B~1 (Fig. 100.a). 

This result can be interpreted as the scaling choice B~1 leads to the lowest energy consumption 

of the vehicle for the urban driving cycles. Fig. 100.b, and Fig. 100.c reveal that ∆𝐸bat is com-

paratively lower, about 1%, for the urban driving cycles when choising the scaling choice that 

preserve the temperature rise Θ~1 and the hybrid one 𝐵&Θ~1. As for high speed driving cy-

cles, such as ARTEMIS highway, Tourcoing, Lille-Ghent, ∆𝐸bat is non-significant. ∆𝐸bat gener-

ally falls within a range of -0.5% and 0.5%, regardless of the geometric scaling choice. The same 

obserbation can be made for the remaining driving cycles, namely the rural driving cycle AR-

TEMIS Rural and WLTC.  

Regarding the downscaling case of the compact car using a power scaling factor of 0.67 

(case ②), Fig. 101 demonstrates the same trend for the diverse scaling as observed in the pre-

vious scaling case. The exception is that the sign of ∆𝐸bat is consistently negative, meaning that 

linear scaling underestimates the energy consumption of the vehicle as compared to the 
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geometric scaling laws. Remarkably, Fig. 101.a shows more pronounced ∆𝐸bat when using the 

urban driving cycles, which can reach -10% for the NYCC driving cycle for instance. Further-

more, the scaling choice Θ~1 demonstrates a reduced difference in energy consumption rela-

tive to linear scaling with  ∆𝐸bat being about -4% as compared to the other geometric scaling 

choices. No remarkable differences are observed for highway driving cycles. 

To generalize this difference in terms of energy consumption between linear scaling and 

geometric scaling laws, Fig. 102, and Fig. 103 show a sensitivity analysis for the medium-duty 

truck (case ③) and the mini-compact car (case ④). The same observation as the previously 

examined scaling cases can be made. The maximal difference is obtained while using urban 

driving cycles, particularly while using the choice B~1.  For driving cycles characterized by 

high-speed profiles, ∆Ebat is non-significant.     

 

Fig. 100: Sensitivity analysis of the relative difference in terms of energy consumption ∆𝐸𝑏𝑎𝑡 between 
linear scaling and geometric scaling based on different scaling choices for case ①. Note each row figure 
corresponds to a scaling choice of the geometric scaling laws. Positive values of ∆𝐸𝑏𝑎𝑡 means that linear 
scaling overestimates energy consumption and vice versa. 
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Fig. 101: Sensitivity analysis of the relative difference in terms of energy consumption ∆𝐸𝑏𝑎𝑡  between 
linear scaling and geometric scaling based on different scaling choices for case ②.  

 

Fig. 102: Sensitivity analysis of the relative difference in terms of energy consumption ∆𝐸𝑏𝑎𝑡 between 
linear scaling and geometric scaling based on different scaling choices for case ③. 
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Fig. 103: Sensitivity analysis of the relative difference in terms of energy consumption ∆𝐸𝑏𝑎𝑡 between 
linear scaling and geometric scaling based on different scaling choices for case ④. 

4.1.2 Impact of the operating points on the outcomes of scaling choices 

To elucidate the outcomes discussed earlier, it is essential to recall a key finding drawn in 

Chapter II. This finding underlines that the largest discrepancy in terms of the efficiency of 

scaled machines between linear scaling and geometric scaling manifests predominantly in re-

gions characterized by low-speed and high-torque regions. This discrepancy diminishes in re-

gions with high-speed values, approaching negligible values. To delve deeper into this obser-

vation, the distribution of the Operating Points (OP) in the torque-speed plane of the driving 

cycles is subjected to scrutiny. In the sequel, only upscaling case ① and downscaling case ② 

of the compact car are selected as illustrative cases to perform the analysis. For this aim, 4 

regions, donated as R1, R2, R3, and R4 in Fig. 104.a, are defined based on the maximal torque 

𝑇max value, half of 𝑇max and the base speed 𝑁base. R1 represents the region characterized by 

low-torque and low-speed values, R2 represents the low-torque high-speed region, the high-

torque low-speed region is described by R3 and R4 represents the high-torque high-speed re-

gion.  

Based on the findings of Chapter II, the region R3 (Fig. 104.a) is the most critical one. In 

instances where this region is frequently used, one can straightforwardly conclude that a large 

difference in energy consumption ∆𝐸bat between linear and geometric scaling laws is expected. 

As far as the scaling case ① is concerned, the pie chart in Fig. 104.b shows the usage frequency 

of each region for the urban driving cycles. The results indicate that region R1 encounters fre-

quent use (96% of the usage frequency), while the high-torque low-speed region R3 is hardly 

used (<1% of the usage frequency). This is attributed to the maximal torque 𝑇max sizing re-

quirement to satisfy the acceleration requirements from 0 to 100 km/h. Concerning the scaling 
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case ②, Fig. 104.d reveals a higher frequency of usage for R3, accounting for 6% of the usage 

frequency. Therefore, this explains the reason behind the largest difference of ∆𝐸bat for the 

downscaling cases when using urban driving cycles. Regarding the highway driving cycles,  

Fig. 104.c and Fig. 104.e indicate that R2 experiences frequent use. This observation provides 

an understanding of the relatively minor difference in ∆𝐸bat.   

 

Fig. 104: Distribution of the operating points for the considered driving cycles in traction mode for case 
①, and ② of the compact car. The green line in (a) represents the resistive torque imposed by the 
environment of the vehicle. The pie charts in the second row correspond to the upscaling case, whereas 
the ones in the third row represent the downscaling case. 

For further discussion, a sensitivity analysis of the efficiency, considering 5 OP, as de-

scribed in Fig. 105 is conducted. These operating points are selected to represent the previously 

mentioned regions of the torque-speed plane of the electric machine. The difference in terms 

of efficiency ∆𝜂EM between linear scaling and geometric scaling laws based on the three scaling 

choices is examined in Fig. 106. Positive values of ∆𝜂EM indicate that linear losses-to-power 

overestimates the efficiency as compared to the geometric scaling laws and vice versa. For the 

upscaling case, the results shown in the first row of Fig. 106 reveal that ∆𝜂EM is almost negative 

for all the operating points under investigation, which explains the reasons behind the over-

estimation of energy consumption when using linear scaling as compared to geometric scaling. 

An opposite trend is apparent for the downscaling case, wherein the same observation can be 

made, although in the opposite direction. Moreover, the sensitivity analysis reveals that opting 

for the choice Θ~1 leads to a scaled design with the lowest value of Δ𝜂EM, specifically at OP1 

as compared to other scaling choices of geometric scaling laws. In other words, a scaled design 

defined employing Θ~1 yields results that are comparatively similar to those obtained with 

linear scaling. This is true for the two scaling cases under investigation. This insight clarifies 
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why the difference in terms of energy consumption between linear scaling and the choice Θ~1 

is relatively close, particularly for urban driving cycles. The same applies to the hybrid choice.  

 

Fig. 105: Considered operating points for the sensitivity analysis 

 

Fig. 106: Sensitivity analysis of the efficiency of the scaled electric machine: The first row corresponds 
to the upscaled machine for the compact car (case ①) and the second row for the downscaled machine 
for the compact car (case ②). Note that each column corresponds to the difference in terms of efficiency 
between linear scaling and the geometric scaling laws based on different scaling choices. Positive values 
of ∆𝜂𝐸𝑀 means that linear scaling overestimates the efficiency and vice versa. 

4.1.3 Impact of the geometric scaling factors on energy consumption  

In this section, the impact on energy consumption of the geometric scaling factors, i.e. axial 

𝐾A and radial 𝐾R scaling factors, is examined in comparison to a design defined by linear scal-

ing. To this end, two scaled designs of the electric machine are defined with the geometric 

scaling method, each having distinct geometries to have broad insights into the scaling impact. 

The difference in terms of energy consumption ∆𝐸bat for all driving cycles combined be-

tween the two scaling methods are presented in Fig. 107. By consulting the figures in the first 

row, Fig. 107.a-c, that represent the upscaling case ①, it is apparent that regardless of the 

applied geometric scaling choice the variation in ∆𝐸bat as compared to linear scaling is non-

significant. This holds true except for the choice B~1, wherein using an axial scaling 𝐾A of 0.7 
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leads to a maximal deviation of 1.8% (obtained mainly when using urban driving cycles). The 

reason behind this is that the scaling of the loss components using this combination of scaling 

factors for the choice B~1 is lower as compared to the other choices, particularly for the copper 

loss, as shown in Table 23.  

Conversely, for the downscaling case, applying an axial scaling factor 𝐾A of 1.5 when opt-

ing for the scaling choice B~1 results in the largest discrepancy, reaching about -10%. This is 

attributed to the large scaling factor of copper losses associated with the aforementioned scal-

ing choice and axial scaling factor relative to the other choices, as indicated in Table 24. For the 

remaining choice, similar trends are observed.  

 

Fig. 107: Impact of geometric scaling factors on energy consumption for all driving cycles combined as 
compared to a linearly scaled design. Positive values of ∆𝐸𝑏𝑎𝑡 means that linear scaling overestimates 
energy consumption and vice versa. 

Table 23: Power loss scaling factors for the upscaling cases as a function of the scaling choices. For the 
radial scaling factors, the number preceding the slash is computed using the scaling choices B~1 and 
𝛩~1, while the value following the slash is determined using the hybrid scaling choice. 

Scaling choice 
Geometric 

combination 
𝐾cu
co 𝐾cu

ew 𝐾fer 𝐾PM 

Linear scaling ∅ 1.33 1.33 1.33 1.33 

𝐵~1 

{
𝐾A =  .50
𝐾R =  .9   .95

 

1.50 0.94 1.33 1.19 

Θ~1 1.41 0.89 1.41 1.26 

𝐵&Θ~1 1.43 0.91 1.37 1.24 

𝐵~1 

{
𝐾A =  . 0
𝐾R =  .    . 9

 

0.70 1.38 1.33 2.54 

Θ~1 0.97 1.90 0.97 1.84 

𝐵&Θ~1 0.91 1.67 1.17 1.96 
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Table 24: Power loss scaling factors for the downscaling cases as a function of the scaling choices. For 
the radial scaling factors, the number preceding the slash is computed using the scaling choices B~1 and 
𝛩~1, while the value following the slash is determined using the hybrid scaling choice. 

Scaling choice 
Geometric 

combination 
𝐾cu
co 𝐾cu

ew 𝐾fer 𝐾PM 

Linear scaling ∅ 0.67 0.67 0.67 0.67 

𝐵~1 

{
𝐾A =  .50
𝐾R =  .6  0.72

 

1.50 0.67 0.67 0.30 

Θ~1 1 0.44 1 0.44 

𝐵&Θ~1 1.08 0.52 0.78 1.24 

𝐵~1 

{
𝐾A =  . 0
𝐾R = 0.98 0.98

 

0.70 0.98 0.67 0.63 

Θ~1 0.68 0.95 0.68 0.65 

𝐵&Θ~1 0.69 0.96 0.67 0.65 

The provided analysis in this section underlines that the variation in energy consumption 

using geometric scaling laws as compared to linear scaling is highly impacted by the selected 

combination of geometric scaling factors. This means that for a given geometric combination, 

a large discrepancy between scaling methods is expected. This scenario can be expected when 

the copper loss scaling becomes larger between both methods particularly when considering 

driving cycles with urban patterns. In the latter case, the region R3 in Fig. 104, which demon-

strates sensitivity to the application of linear scaling, is frequently utilized. Furthermore, this 

variation is impacted as well by the scaling direction, i.e. upscaling and downscaling cases, 

and depends on the geometric scaling choices. 

4.1.4 Conclusion on scaling choices of PMSM 

To conclude, the sensitivity analysis of energy consumption and the efficiency of scaled 

machines highlights the impact of the operating points on the applicability of the linear power-

to-losses scaling method. Urban driving cycles, characterized by high torque and low-speed 

values deemed to be the cycles where the difference compared to the geometric scaling law is 

relatively high, particularly for the downscaling cases (about 10%). Therefore, caution is ad-

visable when dealing with such a scenario while applying linear scaling. Notwithstanding, the 

sensitivity analysis reveals that a scaled design of PMSM yields a minimal difference of about 

3% in terms of energy consumption (depending on the geometric scaling factors), including 

the three geometric scaling choices. This proves that the outcomes of linear scaling are not 

completely erroneous and do not significantly distort the computed energy consumption.  

When it comes to selecting the scaling method that yields minimal energy consumption for 

downscaling case scenarios and urban driving cycles, it is recommended to use the geometric 

scaling laws based on the scaling choice Θ~1. This is because this choice results in a more 

efficiently scaled design as compared to the other geometric scaling laws (Fig. 106). For up-

scaling cases and when using urban driving cycles, no prominent energy difference is reached 

since the maximal positive values of ∆𝐸bat is about 1.8%, both achieved by the scaling choice 

B~1. Therefore, the impact of the scaling method for such case scenarios is relatively negligible. 

The last statement holds for the highway driving cycles for both upscaling and downscaling 

cases. To generalize the outcomes of the comparative analysis of the effect of scaling laws of 

PMSM, the same investigation is extended to modular drivetrain topology, exemplified by the 

modular cascaded machine. The details can be found in Appendix VI.4. 
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4.2 Effect of the scaling choices of the electric axle on energy consumption 

Following the workflow illustrated in Fig. 99, the gear ratio scaling of the gearbox is in-

cluded in this section. Due to the high number of case studies that can result from the geomet-

ric scaling laws of PMSM, it is decided to carry out the analysis using solely the choice B~1. 

Note that this decision does not compromise the generalization of the outcomes of this com-

parison when applying the remaining geometric scaling choices for the PMSM. This is because 

the trends of the PMSM scaling are already known based on the extensive analysis presented 

in Section 4.1. Additionally, the scaling cases ①, and ② of the compact car are herein solely 

examined for the sake of synthesis. It should be noted that the conclusion drawn subsequently 

can be extrapolated for the other scaling cases.  

When dealing with the gear ratio, the maximal speed of the vehicle and the electric ma-

chine should be carefully considered. Since the maximal speed of the machine is unchanged 

(10,000 rpm) during the scaling process, the gear ratio scaling will influence the maximal speed 

of the vehicle, as illustrated in Fig. 108. In the subsequent examination, two gear ratio scaling 

cases are considered, with values of 6, and 10, as indicated with the red markers in Fig. 108. 

These values are selected as illustrative cases that encompass the downscaling and upscaling 

of the reference gear ratio. This is achieved through scaling factors 𝐾kgb of 0.73, and 1.22, that 

can be implemented in the mechanical power adaptation of the EMR-based scaling laws (Fig. 

95), to perform the energy consumption assessment. No change in the number of stages of the 

gearbox is herein assumed. Furthermore, these scaling cases of the gear ratio are subject to a 

constraint that ensures at least a maximal speed of 120 km/h, enabling highway driving. Note 

that the impact of the acceleration time is out of the scope of this comparison. 

Fig. 102.a and Fig. 102.b show the energy consumption difference ∆𝐸bat for the upscaling 

case ① using urban and highway driving cycles, respectively. This sensitivity analysis shows 

the difference between using linear scaling applied to the EDS and applying geometric scaling 

laws based on the choice B~1 of the PMSM combined with the efficiency benchmarking of the 

inverter, for different gear ratios. By consulting Fig. 102.a, it is evident that ∆𝐸bat is larger for 

the smallest gear ratio value, considering urban driving cycles. This implies that when em-

ploying a smaller gear ratio and investigating urban driving cycles, linear scaling will overes-

timate the energy consumption in comparison to the second scaling method. The reason be-

hind this is that the regions characterized by low-speed and high-torque values (R3 in Fig. 104) 

encounter a greater frequency of use when employing a smaller gear ratio as compared to 

larger values. Particularly in this region, the difference between the two scaling methods be-

comes more pronounced, as demonstrated earlier. For the highway driving cycles presented 

in this analysis by the Lille-Ghent cycle, the difference in energy consumption is non-signifi-

cant using different gear ratio values. This is because the difference between the scaling meth-

ods is negligible at high-speed regions, as discussed earlier in Section 4.1. 
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Fig. 108: Impact of the gear ratio scaling on the maximal speed of the vehicle. Red markers refer to the 
selected gear ratio under investigation. 

 

Fig. 109: Impact of the gear ratio on the difference in terms of energy consumption between linear scal-
ing and geometric scaling laws based on the preservation of the magnetic field density B~1. 

Regarding the scaling case ②, similar variations are observed of ∆𝐸bat, but in the opposite 

direction. This signifies that applying linear scaling for the EDS with smaller gear ratio values 

will result in a more significant underestimation of the energy consumption of urban driving 

cycles relative to the second scaling method. Concerning highway driving cycles, the differ-

ences are non-significant.  

Note that the conclusion drawn from this sensitivity analysis can be expanded for the 

other choices of the geometric scaling laws as the patterns of the variation using such scaling 

laws are established earlier. For instance, based on the analysis shown in Section 4.1, it can be 

readily concluded that ∆𝐸bat will be smaller when using the choice that preserves the temper-

ature rise Θ~1 for urban driving cycles, even though applying a smaller gear ratio. This is 

because the sensitivity analysis depicted in Fig. 106 demonstrates that the difference in effi-

ciency between linear scaling and the choice Θ~1 is smaller in low-speed and high-torque re-

gions as compared to the other geometric scaling laws of the PMSM.  
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5 Conclusion 

This chapter presents a comparative analysis of the effect of scaling methods at system-

level in terms of energy consumption, addressing the first challenge as outlined in Section 6.2 

of Chapter I. To achieve this aim, the scaling laws of the electric drive (Chapter II), and the 

gearbox (Chapter III), are organized following the EMR-based scaling laws methodology. This 

is accomplished by keeping the reference model of the e-axle fixed but complimented with 

two power adaptation elements on the electrical and mechanical sides. By introducing EMR-

based scaling in simulation environments of battery electric vehicles, a scalable model and 

control of the e-axle is established. This contribution provides a unified simulation framework 

to analyze the performance of a broad range of vehicles, incorporating the possibility of select-

ing different scaling methods and choices. Furthermore, valuable insights have been obtained 

regarding the interaction of scalable models of e-axle components. This contribution serves to 

broaden the scope of application of the EMR formalism, which is mainly used for the deduc-

tion of the control design. The outcomes of the EMR-based scaling laws have been compared 

to those obtained from conventional simulation, revealing the same results. This proves the 

trustworthiness of the EMR-based scaling laws methodology. Therefore, the third, fourth, and 

fifth research challenges, presented in Section 6.2 of Chapter I, have been completed in this 

chapter. 

A comparative analysis of the different scaling methods is conducted in this chapter at 

system-level to understand their impact on energy consumption, addressing the first challenge 

described in Chapter I. To this end, 4 scaling cases with different power scaling rates have been 

considered, ranging from 0.58 to 1.96. This enables the investigation of different vehicle clas-

ses. An e-axle of 80 kW has been considered as a reference to perform the scaling process. A 

significant emphasis is placed on comparing the reliability of the linear scaling method of elec-

tric drive systems in terms of the computation of energy consumption because of its wide pop-

ularity in literature on system-level design. The outcomes of the aforementioned method are 

contrasted with scaled design candidates of electric machines with distinct geometry resulting 

from geometric scaling laws, combined with efficiency benchmarking of inverters. Concerning 

upscaling cases, the sensitivity analysis shows that linear scaling for the electric drive system 

yields comparative results as compared to the second scaling method, with differences span-

ning from 0% to 3.2% in absolute terms. These values are announced for different scaled de-

signs of electric machines and can be regarded as comparatively low for energy consumption 

assessment. Regarding the downscaling cases, it is found that linear scaling consistently un-

derestimates energy consumption. Close results have been obtained when employing the scal-

ing choice that preserves the temperature rise and the hybrid one, with an average difference 

of 3%. However, a discrepancy ranging from 3% to 8% is found when applying linear scaling 

to the electric drive when investigating the urban driving cycle and employing the geometric 

choice B~1 for the electric machine. This difference becomes more pronounced when linear 

scaling is combined with low gear ratio values. Therefore, caution is recommended when deal-

ing with downscaling cases for such specific case scenarios. For highway driving cycles, the 

differences in terms of energy consumption are found negligible for both upscaling and 

downscaling cases.  
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The findings of this study are important to understand the effect of the scaling method of 

the e-axle according to the driving patterns on the computation of energy consumption. Evi-

dence has been provided to show that linear scaling can continue to be used in system-level 

simulations for fast assessment of the energy consumption of electric vehicles during the early 

development phases. 
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Conclusions and perspectives 
 

n the following sections, the conclusions of this dissertation are summarized. The find-

ings of each chapter are recalled. Moreover, possibilities for future research are pre-

sented at the end. 

1 Conclusions  

The presented work aims to develop a scaling method for the electric axle system, i.e. the 

set of voltage source inverter, electric machine, gearbox, and their associated control unit. The 

purpose of this method is to contribute to speeding up the early development phases of elec-

trified vehicles, facilitating the exploration of diverse solutions for different classes of electric 

vehicles at system-level. This method is intended to furnish powertrain designers with guide-

lines on the impact of the adopted solutions on the energetic performance of the vehicle, before 

initiating detailed design phases at component-level. 

Chapter I serves to contextualize the Ph.D. thesis by elucidating the challenges associated 

with the system-level design of electrified vehicles. The chapter provides an overview of the 

system-level design layers in the early development phases of automotive projects, namely, 

the topology, technology, component design and sizing, and control. It is pinpointed that the 

methods employed for the component design and sizing of the electric axle are recognized by 

their accuracy, however they are time and effort-consuming. This makes the incorporation of 

design changes to components at system-level a challenging task. To address this issue, scala-

bility is introduced as a solution that fits the purposes of the early development phases.  

Chapter II deals with the scaling of the electric drive system, specifically for IGBT-based 

inverters and Permanent Magnet Synchronous Machines (PMSM). The state-of-the-art demon-

strates an abundance of scaling laws, each characterized by different formulations and varying 

design details. The objective of the chapter is to conduct a comprehensive comparative analy-

sis to understand the impact of each scaling law on efficiency scaling. This provides insights 

into the selection of the scaling laws when carrying out energy consumption assessment. Lin-

ear losses-to-power scaling, or simply linear scaling, is identified as a widespread scaling 

method employed at system-level studies, owing to its ease and simplicity. Nevertheless, the 

assumption of the aforementioned scaling method can be questionable. This is because the 

overall losses are assumed to be linearly scaled following the power scaling factor, omitting 

any non-linearities in the losses or dependencies on the geometry. 

I 
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 For PMSM, the outcomes of the linear scaling method are compared against more sophis-

ticated scaling laws that encompass considerations for the geometry as well as different scaling 

choices for magnetic, and electric loading. Three geometric scaling choices are examined based 

on the preservation of the magnetic field density, temperature rise in the windings, and a hy-

brid choice that combines the two latter. These choices result in different scaling law deriva-

tions of the parameters of the scaled machine, which are validated based on finite element 

simulations. The comparison with linear scaling reveals that the regions characterized by low 

speed and high torque values exhibit the largest discrepancy in terms of efficiency scaling. 

This efficiency disparity is mainly attributed to the differences in terms of copper loss scaling. 

At high-speed regions of the machines, where the iron and mechanical losses dominate, the 

efficiency difference between linear scaling and the geometric scaling laws diminishes. This 

holds for upscaling and downscaling cases as well as for the different scaling choices. Further-

more, a new organization of the scalable model employing the different scaling laws is pro-

posed in a unified way employing the Energetic Macroscopic Representation (EMR). The new 

organization consists in keeping a fixed model of the reference machine complemented with 

two power adaptation elements on the electrical and mechanical sides. The scalability is 

achieved by manipulating the inputs and the outputs of the power adaptation elements, in 

which the scaling laws are incorporated. This novel organization and representation of the 

scalable model contribute to expanding the utilization of the EMR formalism, primarily cen-

tered around control design, by enabling the possibility of assessing the design choice impact. 

Owing to the EMR-based scaling laws, the conditions behind the linear scaling method are 

derived by examining the power adaptation elements. 

Regarding the scaling of the IGBT-based inverter, the linear scaling method is compared 

against a benchmarking study using well-known reliable power loss models available in liter-

ature combined with data extracted from the catalog of commercialized inverters. The com-

parison demonstrates results that are closely aligned. This is attributed to the linear scaling of 

conduction losses and the non-significant impact of nonlinearities in the switching losses 

throughout the scaling process. The chapter includes also, a comparison with other scaling 

laws available in literature, such as data-driven scaling laws, and a scaling choice that pre-

serves both temperature rise and power density. No significant difference is observed when 

comparing the outcomes of these latter with the efficiency benchmarking. EMR-based scaling 

laws are presented at the end of the chapter, elucidating the conditions to result in linear scal-

ing cases for voltage source inverters.  

Chapter III presents an initial framework for bridging the gap in literature on the scaling 

laws of power losses of mechanical transmission, focusing on planetary reducers. This is ac-

complished through an intensive experimental campaign at a reduced scale as compared to 

the automotive applications specifications, employing five commercialized planetary reduc-

ers. Another significant contribution of the chapter is the emphasis on benchmarking the 

power loss at high-speed values, up to 14,000 rpm. This focus is driven by the fact that the 

current literature lacks a comprehensive understanding of the losses generated under such 

conditions, especially considering the growing interest in high-speed drivetrains within the 

automotive industry. The outcomes of the experimental campaign allow for deriving data-

driven scaling laws based on high-level specifications, e.g. speed, torque, and gear ratio
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parameters. A methodology for scaling an efficiency map is proposed based on these latter. 

The results of scaling the torque and speed of a reference gearbox while preserving the same 

gear ratio lead to results aligned with the experimental findings. An average efficiency error 

of less than 0.35% for the entire operating points is obtained. However, the scaling process 

becomes more challenging when incorporating the gear ratio because of the nonlinearity of 

losses at high-speed values. Furthermore, the analysis demonstrates that the outcomes of the 

scaling process are highly dependent on the training set that has been used to tune the scaling 

laws. The sensitivity analysis reveals that when extrapolating to regions, where the scalable 

model lacks training data, unsatisfactory results are achieved. This is particularly observed 

when applying the gear ratio scaling due to the high non-linearity of load-independent losses. 

An EMR based on the data-driven scaling laws is proposed at the end of the chapter as well. 

Chapter IV addresses the scalability of the electric axle at system-level, capitalizing on the 

work performed in the preceding chapters at component-level. The chapter addresses the in-

teraction between the scaled components of the electric axle. This is achieved by studying the 

interconnection of the power adaptation elements of each scaled component. EMR-based scal-

ing laws of the electric axle are established by merging and permuting the adjacent power 

adaptations, leading to retaining solely two equivalent power adaptation elements on the elec-

trical and mechanical sides of the electric axle. Additionally, the new proposed organization 

of the scaled model of the electric axle enables the deduction of a scalable control scheme fol-

lowing the EMR rules. This provides a unified simulation framework to analyze the perfor-

mance of a broad range of vehicles, incorporating the possibility of selecting different scaling 

methods and choices at system-level.  

Starting from the EMR-based scaling laws, a comparative analysis of the impact of the scaling 

laws on energy consumption is conducted for four different battery electric vehicles using a 

mono-drive topology. The case studies include different power scaling factors, ranging from 

0.58 to 1.96 applied to a reference electric axle of 80 kW, allowing the investigation of various 

types of vehicles, such as mini-compact and compact cars as well as a medium-duty truck. The 

sensitivity analysis reveals comparative results when applying linear scaling for upscaling 

cases, with differences spanning from 0% to 3.2% in absolute terms, as compared to geometric 

scaling laws of electric machines combined with efficiency benchmarking of the inverter. 

When addressing downscaling cases, the energy consumption difference between the afore-

mentioned scaling laws becomes more noticeable, spanning from 3% to 8%. This observation 

is particularly pronounced when studying urban driving cycles, characterized by frequent us-

age of low-speed and high-torque regions. This is attributed to the large efficiency discrepancy 

between linear scaling and the other scaling laws in such regions. However, the difference in 

terms of energy consumption is not significant when employing highway driving cycles. These 

findings offer valuable insights into the reliability of linear scaling concerning the specific driv-

ing cycle applications and how it can impact the energy consumption assessment.  

2 Recommendations for future works  

The perspective of the presented work in this dissertation can be broad, encompassing 

both component and system levels. The recommendations for future works are delineated for 

each chapter within this dissertation. 
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Concerning Chapter II, an experimental campaign of different power-rated electric drive 

systems to validate the scaling laws will be of high significance. This will enable the refinement 

of the scaling laws. This point is already considered and under investigation within the DT4V 

project of the University of Ghent (cf. Section 6.4 of Chapter 1). Furthermore, another research 

question of significant importance is to determine the scaling process limitation, particularly 

for electric machines. Establishing boundaries for the scaling procedures, i.e. determining the 

power and geometric scaling factors beyond which the scaling laws become erroneous, is a 

significant contribution to the literature centered on electric machine scaling. The outcomes of 

the DT4V combined with a numerical campaign may provide initial insights to address the 

latter question. Another point that merits investigation is the inclusion of the thermal aspects 

in the scaling procedure. This will contribute to determining the limits of the scaling process, 

particularly for downscaling cases with a radial factor below 1. As for the power electronic 

converter scaling, it would be interesting to extend the EMR-based scaling laws to modular 

topologies. For instance, low voltage cascaded H-Bridge inverters with integrated battery 

modules are gaining increased attention due to many advantages such as efficiency improve-

ment, fault-tolerant operation, and low voltage harmonic. Another noteworthy modular to-

pology is multi-level inverters, which find applications mainly in high-voltage applications. 

This is motivated by the fact that high-voltage powertrains are gaining attention due to the 

possibility of speeding up the battery charging time, and potential weight saving. Therefore, 

it would be interesting to enhance the scaling laws of power electronic converters to incorpo-

rate voltage scaling. However, the aforementioned topologies introduce new challenges and 

increased complexity from both design and control perspectives.  

Regarding Chapter III, the data-driven scaling law of planetary reducers could be consol-

idated by a second experimental campaign with gearboxes featuring additional gear ratios. 

This will help to improve the results of the scaling process when incorporating the gear ratio 

scaling. Additionally, the presented methodology should be expanded to high-power-rated 

gearboxes that fit the requirements of automotive applications. In this sense, the assumption 

of constant efficiency can be verified. Another interesting point to be investigated is modular 

topologies. This can be exemplified by incorporating the number of stages in the scaling pro-

cess. The last parameter is of high significance in the design of high-speed mechanical trans-

missions, as high gear ratio values are needed.     

Concerning Chapter IV, the investigation can be further expanded by making a sensitivity 

analysis of the impact of the reference machine choice. In Appendix IV, the scaling outcomes 

for another machine design show the same tendency as for the reference machine used in 

Chapters II and IV. However, this point needs further investigation including different ma-

chine designs to define the best reference point to perform the scaling process and cover as 

much as possible different transport applications. On top of that, the sizing problem of the 

electric axle following the scaling method can be further expanded to consider high-speed 

drivetrains. High-speed applications are getting more attention because of the possibility of 

increasing power density. However, questions related to the best sizing solution for high-

speed electric axles are still to be answered to guarantee optimal energetic performance. An 

intriguing topic is to investigate the maximal speed of both the electric machine and gearbox 

at which optimal energetic performance can be accomplished, without any technological 
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change of the components. To achieve this goal, the scaling laws should be enhanced for better 

prediction of the losses at high-speed values, such as incorporating skin and proximity effects 

and in-depth investigation of the mechanical loss scaling.  

Within the Panda European project, the application of the EMR methodology has demon-

strated its utility by reducing the lead time of electrified vehicles by a percentage up to 25%. 

The introduction of EMR-based scaling laws in this work is expected to further enhance the 

potential for lead time reduction and increase the previously mentioned percentage. Quanti-

fying that percentage is one of the perspectives of this work. For this aim, collaboration with 

industrial partners is required. 

What is more, the utilization of scaling could find applications in complex optimization 

problems of automotive systems. The system-level design optimizations, in the current litera-

ture, have primarily focused on exploring different technical solutions regarding the topology, 

technology, sizing, and control, to minimize energy consumption. A recent growing body of 

literature is showing a strong interest in adding other dimensions to the optimization problem 

of electrified vehicles. For instance, in the context of heavy-duty vehicles (e.g. catenary battery 

electric trucks, trains with on-board energy storage systems, etc.), recent research studies are 

investigating solutions to approach the design problem for the entire fleet taking into account 

the traffic density, the infrastructure information, etc. The goal is to define the optimal sizing 

of the powertrain for the entire fleet, and not only one vehicle, for further minimization of 

energy consumption. Therefore, the optimization problem goes beyond the boundaries that 

are defined by the traditionally so-called system and expands to encompass larger dimensions 

(the system of systems). Additionally, another growing body of literature focuses on including 

life cycle analysis to include the environmental impact of the adopted solutions, leading to 

another dimension for the design problem. The latter examples are mentioned to emphasize 

the growing complexity of the system-level design. Given the ease of incorporation offered by 

the scalability, it is believed that scaling methodologies will find boarder applications in ad-

dressing new challenging problems in future investigations. 



 

173 
 

 

Appendix I: Overview of emissions 

standards in the transportation sector 
 

This appendix provides a summary of the regulations that have been implemented in the 

major automotive markets, namely the European Union (USA), the United States of America 

(USA), and China over the last two decades. This summary emphasizes the worldwide com-

mitment to decarbonizing the transportation sector and achieving a more sustainable future. 

An overview of the implemented regulations in chronological order is depicted in Fig. 110. 

What follows in this appendix is a summary of the targeted CO2 objectives for both light and 

heavy-duty vehicles. 

1 CO2 emissions standards in the EU 

The EU has demonstrated leadership in climate policy by putting forth stringent regula-

tions over time for different road transportation applications [235]. This is demonstrated by 

Fig. 111, which illustrates the evolution of the targeted CO2 emissions for passenger cars over 

time. As early as 1998, the European Commission and the European Automobile Manufactur-

ers' Association (ACEA) made a voluntary commitment by signing an agreement to reach a 

target of 140 g CO2/km for new passenger cars by 2008. Nonetheless, this target was not 

achieved as the average emissions from passenger cars was 154 g CO2/km in 2008. The ab-

sence of significant progress prompted the adaptation of a new regulation in 2009, mandating 

fleet-wide targets for newly registered passenger cars of 154 g CO2/km in 2015 and 95 g 

CO2/km in 2019. The light commercial vehicles (vans) were concerned by another regulation, 

that was put forth in 2011, dictating an EU fleet-wide target of 175 g CO2/km in 2012, and 

later lowered to 147 g CO2/km in 2020.  Subsequently in 2019, a new regulation was put forth, 

covering both passenger cars and vans, to strengthen the efforts of curbing emissions. The 2019 

regulation upholds the 2020 targets mandated in the prior regulation, but also establishes new 

CO2 reduction targets for 2025 and 2030. These latter are defined as step-wise targets with five-

year intervals in between with a percentage decrease relative to the 2021 baseline: 

• 15% reduction from 2025 onwards with a further 37.5% reduction required from 

2030 onwards for new passenger cars. 

• 15% reduction from 2025 onwards with a further 31% reduction required from 2030 

onwards for new passenger cars.  
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Fig. 110: Timeline showing the introduction of CO2 standards in the road transportation sector across 
major markets 
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Fig. 111: CO2 emissions required by standards in the European Union for passenger cars 

The same year 2019 was marked by the introduction of the first-ever regulation for heavy-

duty vehicles (HDV) in the EU. This regulation set a CO2 mitigation target of 15% from 2025 

and 30% from 2030 onward as compared to the 2019 baseline. In March 2023, the EU approved 

a new proposal for a revision of the regulation setting CO2 emission performance standards 

for passenger cars and vans to ensure a clear pathway toward zero-emission mobility [236]. In 

the same year, the European Commission released a proposal to amend the CO2 standard for 

HDV to stimulate faster deployment of zero-emissions vehicles in this sector [46]. The new 

regulation and the amendment proposal set more ambitious targets, requiring: 

• 55% and 50% reduction required from passenger cars and vans, respectively, by 

2030, compared to the 2021 baseline. 

• 100% reduction for both in 2035 (0 g CO2/km). 

• If adopted, a 90% reduction for trucks by 2040, while city buses would be required 

to achieve a 100% reduction by 2030. 

2 CO2 emissions standards in the USA 

Emissions standards for Light-Duty Vehicles (LDV) in the USA have experienced changes 

and rollbacks over the past decade. In 2010, the Environmental Protection Agency (EPA), and 

the National Highway Traffic Safety Administration (NHTSA) finalized the first set of Na-

tional Program standards (known as Phase 1) for Model Years (MYs) 2012-2016, requiring to 

achieve a fleet-wide average of 25012 g CO2/mi by 2016 for LDV (about 169 g CO2/km nor-

malized to NEDC) [237]. This was followed up with a second set of standards for MYs 2017-

2025 in 2012 (known as Phase 2), dictating 163 g CO2/mi by 2025 (about 103 g CO2/km nor-

malized to NEDC) [238]. Unlike the EU, the CO2 regulations for new vehicles in the USA set 

 
12 This corresponds to 156 g CO2/km under the USA test cycle, which is approximately equivalent to 169 g CO2/km as measured 
under the New European Driving Cycle (NEDC) for diesel vehicles based on the ICCT conversion tool. 
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annual interim targets for each MYs, instead of step-wise targets with intervals in between. In 

2020, the EPA and NHTSA, under the Trump Administration, announced plans to roll back 

the CO2 targets for MY 2022–2025. This is because the current was judged overly strict, leading 

to less affordable vehicles. This resulted in the Safer Affordable Fuel Efficient (SAFE) Vehicles 

Rule, which relaxed the annual reduction in emissions from 5% to 1.5% for MY 2021-2026 [239]. 

In 2021, the EPA under the Biden Administration suspended the SAFE rule as it was funda-

mentally flawed [240]. To ensure that the American LDV fleet is on track to reduce CO2 emis-

sions, new rules were instated to increase the stringency of the MY 2023-2026, targeting 161 g 

CO2/mi in 2026. The revision required an increase in stringency of emissions reductions by 

5% to 10% per year in MYs 2023 - 2026 (9.8% in 2022–2023, 5.1% in 2023–2024, 6.6% in 2024–

2025, 10.3% in 2025–2026). In 2023, EPA revealed a new more ambitious standard proposal to 

further reduce CO2 emissions from LDV from MYs 2027-2032  [48]. This later aims to achieve 

a wide average target of 82 g CO2/mi of CO2 in MY 2032. The impact of the issued CO2 stand-

ards over time is depicted in Fig. 112. 

HDV were the subject of different standards jointly developed by the EPA and NHTSA. 

The standards apply to all on-road vehicles with a gross vehicle weight of more than 3856 kg 

with different reduction targets and were adopted in two phases. Phase 1 regulation, enacted 

in 2011, required CO2 and fuel consumption reductions ranging from 6–23% (depending on 

the vehicle type) over MYs 2014-2018, as compared to the 2010 baseline [241]. Phase 2 regula-

tion, introduced in 2016, applies to MYs 2018-2027 and targets a further reduction from 15-

27% depending on the vehicle type, relative to the MY 2017 [242]. In 2023, EPA proposed a 

revision of the existing standards aimed at further reduction of emissions from heavy-duty 

vehicles in the MY 2027, in addition to putting forward a proposal for Phase 3 regulation with 

more stringent targets for MY 2028-2032 [50]. 

 

Fig. 112: Average CO2 emissions required by standards in the United States of America for light-duty 
vehicles. 
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3 CO2 emissions standards in China 

China has rolled out fuel consumption standards for passenger vehicles that have pro-

gressed through five phases, resulting in the regulation of tailpipe CO2 emissions [51]. In 2004, 

China issued its first-ever fuel economy standards for passenger cars, Phase 1 and Phase 2, 

which were enforced for newly certified models in 2005 and 2008, respectively. The standards 

address each model separately (per-model standards), requiring each vehicle model to meet 

specific fuel consumption thresholds. This differs from the EU, and the USA policies, whereby 

auto manufacturers can achieve targets by averaging emissions across their entire model fleet. 

In 2011, Phase 3 standards introduced Corporate Average Fuel Consumption (CAFC) targets, 

which established fleet average targets instead of the per-model standards already in place. A 

fleet target goal of fuel consumption of 6.9 L/km (about 161 g CO2/km, following NEDC test 

procedures) was targeted by 2015. Phase 4 took effect in 2016, setting a new sales fleet average 

fuel consumption target of 5 L/100 km for 2020 (about 117 g CO2/km). China continued to 

tighten its fuel economy standards through Phase 5 in 2021, setting a goal of 4 L/100 km (about 

93 g CO2/km) by 2025 and 3.2 L/100km (75 g CO2/km) by 2030.  

Furthermore, China has taken measures to restrict the fuel consumption of its HDV fleet 

[52]. Back in 2012, China introduced its first-ever fuel consumption standard called Phase 1, 

which was subsequently updated twice through Phase 2 and Phase 3, implemented respec-

tively in 2014 and 2019. The standards set fuel consumption limits as a function of the gross 

vehicle weight. For instance, Phase 2 tightened the fuel consumption limits by an average of 

10.5% to 14.5%, depending on the vehicle segment, as compared to Standard 1. Within Phase 

3, the stringency is increased by 12.5% to 15.9%, relative to Stage 2 limits. In 2022, a Stage 4 

proposal was issued, suggesting to increase the stringency by 15% compared to Stage 3. The 

new standard is scheduled to go into force in 2025. 
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Appendix II: Overview of the technical 

specifications of commercially available 

electrified vehicles 
This appendix presents technical specifications of commercialized electrified vehicles 

gathered13 from review papers in literature [11] or trustworthiness online databases related to 

electric vehicles [243]–[245].  

Table 25: Traction electric machines used in commercialized electrified vehicles, data compiled by [11] 

Model (year) 
Max. 

power 
[kW] 

Max. 
torque 
[Nm] 

Max. 

speed 

[rpm] 

CPSR 

[-] 

Cooling 

[-] 

Power density 
[kW/L] 

Toyota Prius (2010) 60 207 13,500 4.87 Water-jacket 4.8 

Nissan Leaf (2012) 80 280 10,390 3.8 Water-jacket 4.2 

Tesla Model S 60 
(2013) 

225 430 14,800 2.96 
Water-jacket with 

shaft cooling 
- 

Honda Accord (2014) 124 - 14,000 - - 2.9 

BMW i3 (2016) 125 250 11,400 3 Water-jacket 9.1 

Chevy Volt (2016) 125 370 12,000 3.71 Oil cooled - 

Tesla Model 3 (2017) 192 410 18,000 4.02 - - 

Toyota Prius (2017) 53 163 17,000 5.4 Water-jacket 5.7 

Nissan Leaf (2017) 80 280 10,390 3.8 Water-jacket 4.2 

Chevy Bolt (2017) 150 360 8810 2.2 Oil cooled - 

BMW iX3 (2020) 210 400 15,000 3 - - 

Table 26: Traction inverters used in commercialized electrified vehicles, data compiled by [11] 

Model (year) DC-link [V] 
Max. frequency 

[Hz] 

Power density 
[kW/L] 

Specific power 
[kW/kg] 

Nissan Leaf (2012) 345 693 7.1 4.7 

Tesla Model S 70 D (2015) 
375 493 30.1 33.3 

Chevy Volt (2016) 430 800 17.3 21.7 

Cadillac CT6 (2016) 360-430 667 22.6 16 

Toyota Prius (2016) 600 1133 23.7 13.6 

Audi A3 e-Tron (2016) 
396 - 9.4 7.4 

Tesla Model 3 (2017) 375/400 900 - - 

 
13 Disclaimer: It is advised that readers independently verify the information and consult the sources for any updates to the data. 
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Table 27: Technical specifications of battery electric vehicles released between the timeline 2019-2023, data gathered from [243]–[245] 

Brand 
[-] 

Model 
[-] 

Year 
[-] 

Body type 
[-] 

Power 
rating 
[kW] 

Max. 
torque 
[Nm] 

Max. 
speed 
[rpm] 

Gear 
ratio 
 [-] 

Curb 
weight 

[kg] 

Maximum 
speed 

[km/h] 

Acceleration 
0-100 kph 

[s] 

Drive 
type 
[-] 

Battery 
capacity 
[kWh] 

Voltage 
[V] 

Range 
(WLTP) 

[km] 

Air drag 
coefficient 

Cd [-] 

Nissan Leaf 2019 Hatchback 110 320 10500 8.1938 1558 144 7.9 FWD 40 - - 0.28 

Nissan  LeaF sl plus 2019 Hatchback 160 340 - 8.1938 1748 159 7.3 FWD 62 - - 0.28 

Renault Zoé R110 2019 Hatchback 80 225 10886 - 1500 135 11.4 FWD 45.61 356 - - 

Renault Zoé R135 2020 Hatchback 100 245 10886 - 1500 140 9.9 FWD 45.61 356 - - 

Renault Twingo Zen 2020 Hatchback 60 160 11450 - 1178 135 12.6 FWD 22 400 190 - 

BMW i3 2019 Hatchback 125 250 - 9.655 1345 150 7.2 RWD 42.2 352 310 0.29 

Volkswagen 
ID.3 Perfor-
mance max 

2021 Hatchback 150 310 - 11.53 1805 160 7.3 RWD 58 408 416 0.267 

Volkswagen ID.3 Pro S 2021 Hatchback 110 310 - 11.53 1934 160 7.9 RWD 45 408 526 0.267 

Volkswagen e-up! 2020 Hatchback 61 210 12000 - 1229 130 11.9 FWD 36.8 - - 0.308 

Honda e-advance 17 2020 Hatchback 113 315 - - 1542 145 8.3 RWD 33.5 - 222 - 

Peugeot e-208 GT 2019 Hatchback 100 260 - - 1455 150 8.1 FWD 50 - - - 

Fiat 500e 2019 Hatchback 83 200 - 9.59 1355 141 9.5  24 364 - 0.311 

Smart fortwo 2020 Hatchback 60 160 - - 1085 130 11.5 RWD 17.6 - - - 

Opel 
Corsa e-Edi-
tion 

2020 Hatchback 100 260 - - 1530 150 8.1 FWD 50 - 359 - 

Mini 
Coper SE Le-
vel III 

2020 Hatchback 135 270 - - 1365 150 7.3 FWD 32.6 350.4 225.3 0.3 

Seat Mii electric 2020 Hatchback 61 212 12000 - 1235 130 12.3 FWD 36.8 - 260 0.308 

Skoda 
CitiGO iV 
Ambition 
(SE) 

2020 Hatchback 61 212 12000 - 1229 130 12.5 FWD 36.8 - 260 0.308 

Volkswagen e-Golf SE 2020 Hatchback 100 290 12000 9.747 1615 150 9.6 FWD 35.8 323 - 0.27 

Chevrolet Bolt 2022 Hatchback 150 360 - 7.05 1628 145 7.49 FWD 65 350 416.8 0.308 

Dacia 
Spring Elec-
tric 

2021 SUV 33 125 - - 921 125 19.1 FWD 26.8 - 230 - 
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Kia  

EV6 stand-
ard range 
2WD GT-
Line-S 

2022 SUV 168 350 8600 - 1945 183.5 7.3 RWD 77.4 697 528 - 

Hyundai  Kona 64kWh 2019 SUV 150 395 - 7.981 1685 167 7.6 FWD 64 356 - 0.29 

Hyundai  Kona 39kWh 2019 SUV 100 395 - - 1535 155 9.7 FWD 39.2 327 289 0.29 

Mazda MX-30 2021 SUV 107 271 - - 1675 140 9.7  35.5 355 200 - 

Volkswagen ID.4 Pro 2021 SUV 150 310 - - 2049 160 8.5 RWD 77 - 522 0.28 

Audi 
Q4-Sport-
back e-ton 40 
Advance 

2022 SUV 150 310 - 15.6 2045 160 8.5 RWD 55 400 - 0.27 

Renault 
Megane E-
tech EV60 

2022 SUV 160 300 11688 - 1636 160 7.4  60 400 - - 

Renault 
Megane E-
tech EV40 

2022 SUV 96 250 11155 - 1541 150 10  40 400 - - 

Nissan  Ariya 2022 SUV 178 300 - - 1799 160 7.5 FWD 63 - 445 - 

Ford 
Mustang 
Mach E-se-
lect AWD 

2021 SUV 198 430 - - 1969 180 6.9 RWD 75.7 - 440 0.29 

Hyundai  Kona 2021 SUV 150 365 - - 1685 167 7.9 FWD 67.5 - 484 - 

Lexus UX 300e 2020 SUV 150 300 - - 1785 160 7.5 FWD 54.3 - 305 - 

Peugeot e-2008 2021 SUV 100 260 - - 1548 150 8.5 FWD 50 - 330  

Volkswagen ID.5 Pro 2022 SUV 128 235 - - 2107 160 10.4 RWD 82 - 516 0.26 

Volkswagen 
ID.5 Pro Per-
formance 

2022 SUV 150 310 - - 2107 160 8.4 RWD 82 - 516 0.26 

Toyota bZ4X 2022 SUV 150 265 -  1920 160 7.5 - 76 - 510 0.26 

Kia  
Soul 
39.2kwh 

2020 Crossover 100 395 8000 8.206 1593 156 9.6 FWD 39.2 327 277 0.35 

Kia  Soul 64kwh 2020 Crossover 150 395 8000 8.206 1682 156 7.6 FWD 64 356 452 0.35 

Kia  e-Niro 4 2020 Crossover 150 395 8000 8.206 1812 167 7.8 FWD 64 356 453.8 0.29 

Hyundai  IONIQ 2019 Crossover 88 295 6000 7.412 1420 165 9.9 FWD 28 360 - - 

Hyundai  
IONIQ 
STANDARD 

2022 Crossover 125 350 - - 1905 185 8.5 RWD 77.4 800 - - 
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Hyundai  
IONIQ 
LONG 

2022 Crossover 138 350 - - 2010 185 7.3 RWD 58 800 - - 

BMW i4 eDrive40 2022 Sedan 250 430 17000 8.774 2125 190 5.7 RWD 83.9 398.5 590 0.24 

Tesla 
Model 3 
Standard  
Range plus 

2021 Sedan 211 375 - - 1611 225 5.6 RWD 54 360 - 0.23 

Porsche  
Taycan 
 Sport Tu-
rismo 

2022 Sedan 300 345 - - 2080 230 5.4 RWD 79.2 - 358 0.26 

Hyundai  
IONIQ 6 
Long range 

2022 Sedan 180 350 - - 1930 190 7 RWD 77.4 - 610 0.21 

Citroen  e-C4 X 2021 Sedan 100 260 10000 - 1541 150 9.7 FWD 50 - 360 0.29 

XPENG P5 2021 Sedan 155 310 - - 1715 150 7.5 FWD 66.2 - 445 0.223 

Lucid  Air 2022 Sedan 358 600 - - 2025 200 4.2 RWD 88 - 635 0.21 

Mercedes EQE 350+  2022 Sedan 215 565 13500 - 2280 210 6.4 RWD 96 - 550 0.2 

Polestar 
 2 Long 
Range Single 
Motor 

2023 Sedan 170 330 - - 1994 160 7.4 FWD 78 - 515 0.278 

Mercedes EQV 300 2020 Minivan 150 362 - - 2753 160 12.1 FWD 100 - 363 - 

Volkswagen ID Buzz Pro 2022 Minivan 150 310 - - 2486 145 10.2 RWD 82 - 410 0.285 

Citroen e-Berlingo 2021 Minivan 100 260 - - 1664 135 11.7 FWD 50 400 279 - 

Peugeot 
e-Traveller 
Standard  

2020 Minivan 100 260 - - 1907 130 13.1 FWD 50 - 213 - 

Toyota  Proace Verso 2021 Minivan 100 260 - - 2092 130 13.1 FWD 75 - 314 - 

Peugeot 
e-Rifter 
Long 

2021 Minivan 100 260 - - 1809 135 11.7 FWD 50 - 269 - 

Mercedes EvITO 2020 Minivan 150 366 - - 2455 160 12 FWD 100 - 332 - 

Nissan  ev200 2014 Minivan 80 245 10500 - 1592 123 14 FWD 40 360 - - 
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Appendix III: Energetic Macroscopic 

Representation - EMR 
 

 

As has been demonstrated in Chapter II, Chapter III, and Chapter IV, the presented work 

contributes to the Energetic Macroscopic Representation (EMR) formalism by proposing a 

novel functionality of the power adaptation elements. This contribution allows for rapid as-

sessment of different scaled designs during the early development phases through simula-

tions, thereby speeding up the process. To better comprehend the novelty proposed in this 

work, this appendix presents a brief history of the utilization of the power adaptation elements 

in earlier works, alongside with basics of EMR.  

1 EMR basics 

EMR is a graphical formalism that was developed in 2000 to describe the models of com-

plex energetic systems for control purposes. The EMR formalism adopts a systemic approach, 

relying on the natural physical causality and the action-reaction principle. Inputs and outputs 

of each component model are therefore defined in agreement with physical causality, ensuring 

appropriate interaction between the components. Furthermore, EMR translates the models of 

each component into graphical elements that describe its function in the system, which are 

elaborated in  Table 28.  

 

Table 28: EMR pictograms (adapted from [246]) 

Element Pictogram Description 

Power 

variable 

 
e 

s  

Pair of action and reaction variables of system model; where 𝑠 

denotes output variable; 𝑒 input variable. The product of the lat-

ter is mandatorily power.  

Signal 

variable 

  
Mandatory signal variable in the control scheme, which is often 

control signal or output feedback in a closed-loop control.  

  

Optional signal variable, which is often disturbance measure-

ment in the control scheme, or sometimes information in the sys-

tem model. 
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Measurement   
Measurement of variables for feedback control or disturbance 

compensation. 

Source 
 

Label 
s 

e  

Terminal of the system, which supplies or dissipates energy. The 

name of the source can be written inside the pictogram, e.g., bat-

tery, grid, environment, etc. 

Accumulation 
 s 

e2 s 

e1 

 

Accumulation of energy (physical causality) with a delay, repre-

senting the dynamics of the system, e.g. an inductor, inertia, ca-

pacitor, etc.  

Mono-domain 

conversion 

 s2 

e2 s1 

e1 

e3  

Mono-domain conversion of energy, which can involve or not a 

tuning input (e3), e.g. an inverter converts electrical DC energy to 

electrical AC energy with modulation functions, a wheel con-

verts mechanical energy to mechanical energy (without tuning 

input), etc.  

Multi-domain 

conversion 

 s2 

e2 s1 

e1 

e3  

Multi-domain conversion of energy which can involve or not 

tuning input (e3), e.g. an electrical machine converts electrical en-

ergy to mechanical energy (and vice versa) with reference input. 

Distribution 

or coupling 

 s3 

e3 s1 

e1 

s2 

e2 

 

Mono-domain coupling or distribution, which describes a split 

or merge of different power flows, e.g. parallel connection be-

tween two electric energy storages. 

 s3 

e3 s1 

e1 

s2 

e2 

 

Multi-domain coupling or distribution, which describes a split or 

merge of different power flows, e.g. electric power (current) cou-

ples with magnetic power (flux) to produce mechanical power 

(torque) in an electric machine, whereas the speed of the machine 

alongside the flux linkage is used to compute the back EMF in 

the machine. 

Power adapta-

tion 

 s2 

e2 s1 

e1 

 

To scale power between subsystems, e.g. a battery pack can be 

considered as a scaled equivalence of a battery cell assuming that 

all the cells behave in the same way. A mathematical sign “>” 

(greater than) or “<” (lower than) is embedded inside the square. 

The sign can be defined based on the desired power scaling. In 

this example, P1 = e1.s1 < P2 = e2.s2.
 

Accumulation 

inversion 

 

e1
*

  

smeas
 

e2
meas

 

s*  

Indirect inversion of the accumulation elements to control its out-

put, which is a closed-loop control with reference (s*), output 

feedback (mandatory smeas), and disturbance rejection (optional 

e2
meas), e.g. closed-loop speed control. 
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Conversion 

inversion 

 

e1
meas

 s1
*
 

e3
*
 

 

Direct inversion of energy conversion element; the output is the 

tuning input (e3
*) of the conversion element, e.g. the inversion of 

the model of an inverter. 

 

e1 
*
 s1

*
 

e3 
meas

 

 

Direct inversion of energy conversion element, in which the out-

put is the reference for the next control block (e1
*), e.g. the calcu-

lation of the current setpoints from the reference torque of an 

electric machine. 

Distribution 

or coupling 

inversion 

 

s3
*
  

e1
*
 

e2
*
 

kd  

Direct inversion of coupling element (both mono- and multi-do-

main). A distribution or weighting factor (kd) has to be intro-

duced to manage the power flow, e.g. the distribution of torques 

in multi-drive systems. 

Power adapta-

tion inversion  

 

e1 
*
 s1

*
 

e3 
meas

 

 

Direct inversion of the power adaptation element. In this exam-

ple, e1
* < s1

*.  

Strategy  kd 
strategy 

 

Strategy block to impose reference variables, distribution, 

and/or weighting factors to the local control scheme, e.g. the 

braking criterion to manage the braking of the vehicle. 

To establish the local control of the system, tuning paths must be initially defined accord-

ing to the objective(s) of the study. These tuning paths are the cause-effect sequence from the 

tuning variable(s) to the objective variable(s). Thereafter, the control paths are deduced by 

inverting these tuning paths. The inversion of the EMR pictograms following the defined con-

trol paths leads to a control scheme, named the Inversion Based-Control (IBC). The EMR ele-

ments that do not store energy are directly inverted from their modeling equations (light blue 

parallelograms). An example of such inversion is given in (159). The direct inversion rule im-

plies as well for inverting power adaptation elements. 

𝑠1(𝑡) = 𝑘𝑒1(𝑡)
𝑥
⇔𝑒1

∗(𝑡) =
𝑠1
∗(𝑡)

𝑘
 (159) 

 The accumulation elements are indirectly inverted by using closed-loop controllers (light 

blue crossed parallelograms) using a controller 𝐶(𝑡), e.g. P, and PI controllers, as depicted in 

(160).  

𝑠1(𝑡) = ∫𝑒1(𝑡) − 𝑒2(𝑡) 𝑑𝑡
𝑥
⇒𝑒1

∗(𝑡)= 𝐶(𝑡)[𝑠1
∗(𝑡) − 𝑠1

meas(𝑡)]+ 𝑒1
meas(𝑡) (160) 

The inversion of the energy coupling elements (light blue overlapped parallelograms) can 

be done through either a distribution criterion 𝑘d (161) or a weighting criterion 𝑘w (162) ac-

cording to the coupling model. This latter is defined by another level of control called global 

control or Energy Management Strategy (EMS). 
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𝑠3(𝑡) = 𝑒1(𝑡) + 𝑒2(𝑡)
𝑥
⇔{

𝑒1
∗(𝑡) = 𝑘d(𝑡)𝑠3

∗(𝑡)

𝑒2
∗(𝑡) = [1 − 𝑘d(𝑡)]𝑠3

∗(𝑡)
 (161) 

𝑠2(𝑡) = 𝑠3(𝑡) = 𝑒1(𝑡) 
𝑥
⇔𝑒1

∗(𝑡) = 𝑘𝑤(𝑡)𝑠2
∗(𝑡) + (1 − 𝑘𝑤(𝑡))𝑠3

∗(𝑡) (162) 

2 Power adaptation elements in earlier research works 

2.1 Reduced-scale power hardware-in-the-loop testing  

Hardware-in-the-Loop (HiL) testing involves inserting a physical part of the real system 

into a simulation loop. HiL simulation is generally carried out at full-scale as the aim is to 

subsequently integrate the tested components into the entire system. However, versatile test 

benches used for HiL testing in laboratory environments do not often align with the power 

specification of the real system due to the diversity presented in automotive applications. 

Therefore, a reduced-scale HiL is proposed as an intermediary step to validate the developed 

control laws. For this aim, power adaptation elements have been initially introduced to per-

form such as testing [148], [149], [247]. To exemplify the utilization of power adaptation ele-

ments, an example of reduced-scale HiL testing of a subsystem of an electric vehicle is pre-

sented in the following. 

Fig. 113 shows a subsystem, compromising a battery and an electric drive, to be tested. To 

conduct reduced-scale HiL testing, the full-scale subsystem, intended for testing, is replaced 

by an experimental counterpart of the same nature, but with a reduced power specification. 

The remaining of the system, i.e. the drivetrain in this example, is emulated by another exper-

imental setup, called an emulator. This latter consists of a second electric drive and a DC 

source, which aims to mimic the behavior of the drivetrain at a reduced-scale. 

 

Fig. 113: Principle of reduced-scale hardware-in-the-loop testing. 
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Fig. 114 depicts an overview of the organization of the reduced-scale HiL. The tested sub-

system is controlled in torque mode, wherein the input reference is adapted through a first 

power adaptation element, as illustrated in the lower part of Fig. 114. The power adaptation 

scales the full-scale torque reference 𝑇EM
0 , defined by the powertrain control of the vehicle, by 

a torque scaling factor 𝐾T, as given in (163). This torque scaling factor is defined to respect the 

limitation of the experimental setup [247]. The emulator is controlled in speed mode, in which 

the speed reference is imposed by the model run in real-time of the full-scale drivetrain. To 

adhere to the speed limitation, a speed scaling factor 𝐾Ω is incorporated at a second power 

adaption element, as expressed in (164). A power scaling factor 𝐾P can be derived from the 

aforementioned equations as follows in (165).  

𝐾T =
𝑇EM
′∗

𝑇EM
0∗

 (163) 

𝐾Ω =
ΩEM
′∗

ΩEM
0∗

 (164) 

𝐾P = 𝐾T𝐾Ω (165) 

 

Fig. 114: Organization of reduced-scale hardware-in-the-loop testing. Variables denoted with an apos-
trophe ' refer to scaled parameters, while the superscript 0 represents the corresponding full-scale pa-
rameters. 

The effect of the torque, speed, and power scaling factors, on the torque-speed envelope 

of the full and reduced scale of the electric drive is illustrated in Fig. 115 
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Fig. 115: Impact of the scaling factors on the torque-speed envelope of the electric drive system 

2.2 Power adaptation element to alleviate the representation of complex sys-

tems 

Subsequently, the utilization of power adaptation elements is expanded to alleviate the 

representation of complex systems, particularly in the context of railway systems. Such appli-

cations present different wagons, as illustrated in Fig. 116, leading to weight down the repre-

sentation of the system.  

 

Fig. 116: Example of a railway application 

For instance, a mechanical coupling element, as shown in the upper part of Fig. 117, is 

used to describe the sum of the forces provided by each wagon to propel the system (166). The 

mechanical coupling can be simplified by a power adaptation element, as shown in the lower 

part of Fig. 117, assuming equal forces are provided by each wagon. The governing equation 

of the mechanical power adaptation element is expressed as follows in (167).  

{
𝐹tot = ∑𝐹𝑖

𝑛

𝑖=1
𝑣veh = common

 (166) 

{
𝐹tot = 𝑛𝐹1
𝑣veh = common

 (167) 

 

Full-scale

Reduced-scale
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Fig. 117: Simplification of the mechanical coupling using power adaptation elements 
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Appendix IV: Further discussion on the 

scaling laws of electric drive systems 
 

This appendix provides further insights into the scaling laws presented in Chapter II. This 

appendix is organized as follows. Section 1 derives general scaling laws of Permanent Magnet 

Synchronous Machines (PMSM) based on geometric variations in the axial and radial direc-

tions. A detailed comparison between linear scaling and geometric scaling laws in terms of the 

scaling of each individual loss component is presented in Section 2. A sensitivity analysis is 

presented in Section 3 to complement the efficiency scaling comparison made in Chapter II 

between linear scaling and geometric scaling laws. This sensitivity analysis includes distinct 

scaled geometries defined by geometric scaling as well as different torque scaling factors. To 

generalize the outcome of the comparison Section 4 compares the efficiency map scaling using 

the different scaling laws, considering a second reference machine design. Section 5 deals with 

the sizing rules of the voltage source inverters.   

1 Derivation of geometric scaling laws of permanent synchronous 

machine 

To examine the effect of the geometric scaling on the torque and the losses, basic analytical 

equations are first presented in the following section.  

1.1 Sizing theoretical background 

Typically, the magnetic tangential stress 𝜎Ftan serves as the starting point in electric ma-

chine design. Assuming sinusoidal waveforms, the air-gap flux density 𝐵𝛿, and the electric 

load 𝐴, and the power factor cos  𝜑 determine the average tangential stress as given in (168) 

[102]. Note that in the last equation, A, and 𝐵g are expressed in RMS values. 

𝜎Ftan = 𝐴𝐵g 𝑐𝑜𝑠 𝜑 (168) 

When exerted on the rotor surface facing the air gap, the tangential stress generates the 

electromagnetic torque as expressed in (169), assuming a constant speed [102]. 

𝑇EM = 𝜎Ftan
𝐷r
2
𝑆r =

𝜋

2
𝐴 𝐵g𝐷r

2𝑙r 𝑐𝑜𝑠 𝜑 (169) 

in which 𝐷r denotes the air gap diameter, and 𝑙r is the active length of the machine. 
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The electric load 𝐴 can be defined as a function of the cross-section of the slot area filled 

with copper 𝑆slot, and the stator pole pitch 𝜏s as in (170). 

𝐴 =
𝐽 𝑆slot,cu
𝜏s

 (170) 

The flux linkage can be expressed as a function of the number of turns 𝑁turns, the parallel 

paths denoted 𝑎p, and the integration of the magnetic field density B that crosses a rectangular 

area S, as shown in (171). 

𝜓 =
𝑁turns
𝑎p

∫ 𝐵 𝑑𝑆
𝑥

𝑆

 (171) 

The resistance of the winding can be expressed as a function of the core and end-winding 

resistance as follows:  

𝑅s = 𝑅s,co + 𝑅s,ew (172) 

which can be redrafted considering the resistivity 𝜌s of the stator winding material, the 

number of slots 𝑄s, the number of turns 𝑁turns, the number of parallel paths 𝑎p, the total length 

of the winding in the active 𝑙co and end-winding 𝑙ew parts, and the slot area filled with copper 

𝑆slot,cu, as follows: 

𝑅s = 𝜌s
𝑁turns
𝑎p

𝑄s
3
(

𝑙co
1
2
𝑆slot,cu

+
𝑙ew

1
2
𝑆slot,cu

) (173) 

The copper losses 𝑃cu evolve proportionally to the square of the current density 𝐽, the slot 

area filled with copper 𝐴slot,cu and the length of conductors in the core and active parts, as 

shown in (173). 

𝑃cu ∝ 𝜌s𝐴slot,cu 𝐽
2(𝑙co + 𝑙ew) (174) 

Considering the Steinmetz model, the iron losses 𝑃fer can be expressed as a function of the 

air gap flux density 𝐵g, the volumetric mass density 𝜌fer, the volume of iron 𝑉fer, and the elec-

tric frequency 𝑓 [102]. 

𝑃fer =  𝑘𝑓
𝛼𝐵g

𝛽
𝜌fer𝑉fer ∝ 𝑓

2𝐵g
2𝑉fer (175) 

in which k, 𝛼, and 𝛽 denote the Steinmetz coefficients which are typically identified based 

on experimental tests. As an example, both 𝛼, and 𝛽  are close to 2 for a FeSi material [102].  

Following the model proposed by Polinder and Hoeijmakers [248], the contribution of the 

permanent magnet loss can be expressed as the function of the resistivity of the magnets 𝜌PM, 

the geometry of the magnet (width 𝑤PM, height ℎPM, length 𝐿PM), and the flux density. Note 

that the last model is applicable for machines in 2D cases with segmented magnets and the 

end effects are disregarded. 
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𝑃PM =
1

12

1

𝜌PM
 𝑤PM

3 ℎPM𝐿PM (
𝜕𝐵

𝜕𝑡
)
2

 (176) 

The mechanical losses, namely the friction losses in bearings 𝑃br, and the windage loss 𝑃w 

can be evaluated based on the model proposed by Gieras [249]. The friction losses in bearings 

𝑃br can be evaluated using (177). 

𝑃br = 𝑘fb𝑚r𝑛rm10
−3 (177) 

where 𝑘fb is an empirical coefficient, 𝑚r is the mass of the rotor and 𝑛rm is the rotor me-

chanical speed in rpm, the coefficient 10−3 is used to convert the friction torque from Nmm to 

Nm. The windage losses 𝑃win can be approximated as in (178). 

𝑃win = 2 10
−6𝐷ro

3 𝑙stk𝑛rm
3  (178) 

with 𝐷ro is the outer diameter of the rotor, 𝑙stk is the stack length, and 2 10−6 is an empirical 

coefficient defined based on experimental testing.  

Evacuating heat in electrical machines is typically achieved by using the external surface 

of the stator to transfer the heat. The outer cooling surface of the machine can be expressed as 

a function of the outer diameter 𝐷so and the length stack length of the stator 𝑙stk (179). Assum-

ing that the heating is mainly attributed to the copper loss in the core part, which is the major 

power loss contributor to the total losses for low and medium-speed rated PMSM, it can be 

approximated that the temperature rise in the winding Θ follows (180) [102]. The last equation 

supposes uniform temperature distribution throughout the entire stator.  

𝑆cooling =  𝜋 𝐷so𝑙stk (179) 

Θ =
𝑃cu,co

𝛼th 𝑆cooling
   (180) 

where 𝛼th is the heat dissipation coefficient, which depends on the cooling method. 

1.2 General Scaling laws 

This section aims to elucidate the impact of the geometric scaling procedures, i.e. axial and 

radial scaling on the parameters and the properties of the scaled machines. The scaling of the 

relationships (168)-(178), and (180)  as a function of the axial 𝐾A, radial 𝐾R, and rewinding  𝐾W 

scaling factors is outlined below, regardless of the scaling choice: 

𝜎Ftan
′ ∝ 𝑨′𝑩𝐠

′  (181) 

𝑇EM
′ ∝ 𝐾A𝐾R

2 𝑨′𝑩𝐠
′ (182) 

𝐴′ ∝ 𝐾R 𝑱
′ (183) 

𝜓′ ∝ 𝐾A𝐾R𝐾W 𝑩
′ (184) 
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𝑅s,co
′ ∝

𝐾A𝐾W
2

𝐾R
2  (185) 

𝑅s,ew
′ ∝

𝐾W
2

𝐾R
 (186) 

𝑃cu,co
′   ∝ 𝐾A𝐾R

2 𝑱′𝟐 (187) 

𝑃cu,ew
′  ∝  𝐾R

3 𝑱′𝟐 (188) 

𝑃fer
′ ∝  𝐾A𝐾R

2𝑩′𝟐 (189) 

𝑃PM
′ ∝ 𝐾A𝐾R

4𝑩′ (190) 

𝑃br
′ ∝ 𝐾A𝐾R

2 (191) 

𝑃w
′ ∝ 𝐾A𝐾R

3 (192) 

Θ′ ∝ 𝐾R 𝑱
′𝟐 (193) 

From the last equations, it is evident that the scaling relationships are influenced by the 

change in the electric loading parameters, namely A, and J, and the magnetic loading param-

eter B. The aforementioned parameters, which are highlighted in bold in the preceding equa-

tions, are inherently related to the specific scaling choices made throughout the scaling pro-

cess. Note that the proportional mathematical symbol ∝ is employed to alleviate the expres-

sions and highlight the key parameters that significantly influence the scaling laws. Making 

use of the preceding equations, the scaling laws, shown in Chapter II, can be straightforwardly 

derived by replacing the scaling choice of the current density and the magnetic field density 

2 Comparison of each loss component between linear scaling and 

geometric scaling laws 

In Section 3.3 of Chapter II, it is found that the difference in terms of efficiency difference 

between linear scaling is more pronounced in regions characterized by low-speed and high-

torque speed regions, while it decreases at high-speed regions. This was explained by the con-

tribution of each loss component according to each region in the torque-speed plane. To lend 

support to the statement made in the concerned section, this section examines the difference 

between linear scaling and geometric scaling laws for each individual loss component.  Note 

that the upscaling case presented in Section 3.3.1 of Chapter II, using a torque scaling of 2, is 

herein solely elaborated. The conclusion drawn from the following analysis in this section can 

be extended to the downscaling cases. 

 In this section, the relative difference in terms of power loss Δ𝑃, between linear scaling 

and the geometric scaling laws based on different scaling choices, is quantified, following 

(194).     

Δ𝑃x = 100
|𝑃x
LS − 𝑃x

y
|

𝑃x
y  

(194) 
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with  ∈{cu, fer, P , mech}, y∈{B~ , Θ~ ,B&Θ~ } 

in which x a subscript refers to the loss component in question, namely copper (cu), iron 

(fer), permanent magnet (PM), and mechanical losses (loss), and y is a superscript used to refer 

to the geometric scaling choices employed.  

 

Fig. 118: Loss difference between linear scaling and geometric scaling laws for the upscaling case with 
a torque scaling factor of 2. 

From Fig. 118. a-c, it is apparent that the difference between linear scaling and geometric 

scaling in terms of copper loss Δ𝑃cu is more pronounced in the regions characterized by low-

speed and high-torque values. This loss disparity can be as significant as 50% in the case of the 

scaling choice that preserves the magnetic field density B~1, whereas it is relatively lower for 

the choice that preserves the temperature rise Θ~1. The discrepancy in the scaling of the copper 

loss is attributed to the large difference in the copper loss scaling factor outlined in Table 4 of 

Chapter II. For this reason, the efficiency difference obtained in Section 3.3.1 is significant in 

the aforementioned regions. By consulting the remainder of the subfigures, it is evident that 

the loss difference, in terms of iron loss Δ𝑃fer (Fig. 118. d-f), permanent magnet loss Δ𝑃PM  (Fig. 
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118. g-i), and mechanical loss Δ𝑃mech (Fig. 118. j-l),  is relatively lower in high-speed region in 

comparison to the copper loss. This explains the comparable results in terms of the efficiency 

difference, between linear scaling and geometric scaling laws, in the last previously mentioned 

regions.   

3 Sensitivity analysis of linear scaling versus different scaling 

choices of geometric scaling laws 

To complement the discussion presented in Section 3.3, this section presents a sensitivity 

analysis that aims to quantify the difference in terms of efficiency using linear scaling and the 

geometric scaling laws based on different choices. The sensitivity analysis encompasses dis-

tinct geometries of the scaled machines, as well as different torque scaling factors. The ranges 

for the geometric scaling factors are chosen to ensure a large and still realistic variation in 

geometry. Table 29 provides the range within which the geometric scaling factors are varied. 

To avoid undesirable machine geometries and feasible scaled design the conditions set in 

equation (44) in Chapter II are herein considered. In this sensitivity analysis, 4 torque scaling 

factors 𝐾T are considered: 0.5, 0.75, 1.25, and 2. The selection of these factors ensures a narrow 

torque variation close to that of the reference machine, as well as a large variation. Therefore, 

a comprehensive comparison between linear scaling and geometric scaling laws can be made. 

For the comparison, 5 Operating Points (OP) are selected to conduct the sensitivity analysis, 

as illustrated in Fig. 119. These operating points are chosen to represent distinct regions within 

the torque-speed plane of the scaled machines. 

Table 29: range of scaling factors in the sensitivity analysis 

Torque scaling 

factor 𝐾T[-] 

Radial scaling 

factor 𝐾R [-] 

Axial scaling 

factor 𝐾A [-] 

0.50 [0.7, 1.20] [0.32, 1.20] 

0.75 [0.7, 1.40] [0.33, 1.30] 

1.25 [0.85, 1.50] [0.45, 1.88] 

2 [0.98, 1.50] [0.73, 2.13] 
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Fig. 119: Operating points used for the sensitivity analysis 

In Fig. 120, the sensitivity analysis presents the difference in efficiency using linear scaling 

and geometric scaling laws Δ𝜂EM. The figure is quite revealing in several aspects. First, the 

figure substantiates the earlier statements in Chapter II, by confirming that the region charac-

terized by low speed and torque values, exemplified herein by OP1, exhibits a significant dis-

crepancy between linear and geometric scaling. Notably, the decreasing trend in Δ𝜂EM as the 

speed increases is observed for different scaled designs. This is particularly evident in the case 

of OP5, where Δ𝜂EM is negligible or nullified. Furthermore, it is apparent from Fig. 120 that the 

maximal absolute value of Δ𝜂EM increases when applying a large torque scaling factors, re-

gardless of whether it is in the upscaling or downscaling direction. What is more, the compar-

ison reveals that opting for the choice Θ~1 leads to a scaled design with the lowest value of 

Δ𝜂EM  as compared to other scaling choices of geometric scaling laws. In other words, a scaled 

design defined employing Θ~1 yields results that are close to those obtained with linear scal-

ing. This is true for the different torque scaling factors. For downscaling cases, the choice Θ~1 

results in a scaled design that is more efficient among the other choices, as this choice consist-

ently shows the lowest value of Δ𝜂EM. On the other hand, for upscaling cases, the choice 𝐵~1 

leads to a more efficient design. The reasons behind this is explained in Section 3.1.3.4 in Chap-

ter II, where an analysis of the power loss scaling factors is conducted. 
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Fig. 120: Sensitivity analysis: linear scaling versus geometric scaling laws based on different scaling 
choices. Positive values of 𝛥𝜂𝐸𝑀 means that linear scaling overestimates the efficiency as compared to 
geometric scaling laws and vice versa. 

4 Generalization of the comparison of linear losses-to-power scal-

ing and geometric scaling laws of PMSM 

The outcomes of the comparison presented in Chapter II are based on a reference machine, 

the parameters of which are presented in Table 30. This section aims to extend the comparison 

presented in Chapter II between linear scaling and the geometric scaling laws using a second 

design of PMSM as a reference machine. The parameters of the last machine are summarized 

in the third column of Table 30. Note that the latter machine is designed for industrial appli-

cation.  
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Table 30: Parameters details of the reference machines 

Parameters 
Reference 

 Machine in 
Chapter II 

Reference 
 Machine in this 

appendix 

Rated power [kW] 80 12.6 
Continuous torque [Nm] 280 70 
Base speed [rpm] 2728 1719 
Maxiaml speed [rpm] 10000 3000 
DC bus voltage 375 380 
Outer diameter stator [mm] 200 180 
Inner diameter stator [mm] 131 103.9 
Number of slots/poles/phases [-] 48 /8 /3 24/4/3 

Number of turns per coil/ strands per turn [-] 8 / 15 70 

Winding core resistance [mΩ] 5.67 68 
End-winding resistance [mΩ] 5.4 40 
Peak current density [A/mm2] 14 7 
Rotor type [-] Delta-shaped Surface-mounted 
Outer diameter rotor [mm] 130 103.4 
Air gap [mm] 1 0.5 

Active axial length [mm] 151 120 

 

 

Similar to the analysis made in Chapter II, upscaling and downscaling cases of torque 

scaling factors of 2 and 0.5 respectively, are considered in this comparison. The same axial and 

radial scaling, as indicated in Table 7 and Table 8 of Chapter II, are used to scale the second 

reference machine. By consulting Fig. 121, and Fig. 122, the same observations drawn in 

Section 3.3.1 and Section 3.3.2 of Chapter II can be made for the scaling cases using a second 

machine as a reference. Notably, the significant disparity in efficiency between linear scaling 

and geometric scaling laws is observed in regions characterized by low-speed and high torque 

values. As the speed increases, the efficiency disparity decreases.  
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Fig. 121: Efficiency maps 𝜂𝐸𝑀 in [%] in the torque-speed plane using linear and geometric scaling laws 
for an upscaling case with a torque scaling factor of 2. The second column figures represent the efficiency 
difference 𝛥η in [%] between linear and each choice of geometric scaling laws. Negative values for 𝛥η 
mean that linear scaling underestimates the efficiency as compared to geometric scaling and vice versa. 
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Fig. 122: Efficiency maps 𝜂𝐸𝑀 in [%] in the torque-speed plane using linear and geometric scaling laws 
for an upscaling case with a torque scaling factor of 0.5. The second column figures represent the effi-
ciency difference 𝛥η in [%] between linear and each choice of geometric scaling laws. Positive values for 
𝛥η mean that linear scaling overestimates the efficiency as compared to geometric scaling and vice versa. 

Additionally, to generalize the conditions that result in linear scaling, the examination of 

the equivalent resistance ΔR is conducted in Fig. 123. From this figure, it can be seen that exists 

an intersection between the contour line indicating a value of 0 of ΔR and the torque scaling 

factors contour. This reveals the existence of a combination of axial and radial scaling factors 

that result in a linear losses-to-power scaling case, applicable to the second reference machine. 

It is worth noting that, the last statement holds solely for upscaling cases and does not apply 

to downscaling cases. The feasibility of these geometric scaling factors can be assessed follow-

ing the approach outlined in Chapter II, as previously detailed for the first reference machine. 
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Fig. 123: Equivalent resistance term ∆𝑅 (black contour lines) in per-unit and torque scaling factor 𝐾𝑇 
[-] (purple contour lines) as a function of axial 𝐾𝐴 and radial 𝐾𝑅  scaling factors. 

5 Theoretical background sizing of voltage source inverters 

The sizing of the semiconductor components of the inverters depends on the following 

criteria: voltage rating, current rating, and switching frequency. These letter needs to be de-

fined per the specifications of the electric machines.  

Regarding the voltage range, the switches, i.e., transistors and the diodes, are conceived 

to withstand a specific voltage at their terminals. To cover various applications, manufacturers 

typically offer different voltage ranges in discrete values, including examples at 300V, 600V, 

1200V, and 1800V. The selection of the voltage range of the switches, namely the collector-



5. Theoretical background sizing of voltage source inverters 

201 
 

emitter voltage 𝑣CE, depends on the voltage rating of the DC source 𝑉DC. Broadly speaking, a 

safety margin is recommended when selecting the voltage range to account for overvoltages, 

that can occur during the turning-off states, caused by the stray inductance of circuitry. Defin-

ing the safety factor 𝑆𝐹 for the voltage range does not follow specific rules and is typically 

based on experience, as evidenced by the varying values mentioned in literature, such as 1.5 

as described in [250], and 2 in [231] 

𝑣CE ≥ 𝑆𝐹 𝑣DC (195)  

The switching frequency 𝑓sw can be defined based on the maximal electric frequency 

𝑓elec_max of the electric machine and the sampling requirements to ensure satisfactory signal 

quality. The Nyquist-Shannon sampling theorem states that the sampling frequency must be 

at least twice the signal frequency. In automotive applications, a factor of 10 is often considered 

because of the risk of audible noise from the electric drive system [250]. Typical switching 

frequencies for IGBT-based inverters usually do not exceed 10 kHz for IGBT-based inverters. 

𝑓sw ≥ 10 𝑓elec_max (196)  

Regarding the current rating, the nominal rated current of the collector 𝐼cn should be at 

least equal to the maximum peak current of the electric machine 𝐼ŝ, as indicated in (197). An-

other sizing criterion to consider in determining the maximal current is the ability to withstand 

the short circuit current of the electric machine at high-speed values in fault operations [231]. 

In this case scenario, the VSI is short-circuited to preserve the battery. Furthermore, the maxi-

mal current depends on the junction temperature of the switches, which can vary depending 

on the different heat sinks or cooling technologies [231]. By utilizing a thermal model com-

bined with loss models, proper sizing of the inverter can be achieved to ensure that it does not 

reach its temperature limit under extreme operating conditions and short-term power require-

ments.  

𝐼cn ≥  𝐼ŝ 
(197)  
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Appendix V: Additional details on the ex-

perimental campaign 
 

This appendix provides further insights into the experimental campaign presented in 

Chapter III. This section is organized as follows. A gear nomenclature is presented in Section 

1. Section 2 provides additional information on the steps followed in the experimental proce-

dure, alongside a detailed overview of the measured points of each gearbox. The measurement 

consistency and the impact of control imperfection on efficiency are assessed in Section 3.  Fur-

ther elaboration on the measurement uncertainty is provided in Section 4. In Section 5, the 

measurement reproducibility is presented. Lastly, the impact of the tested temperature of the 

gearbox is assessed in Section 6. 

1 Gear nomenclature 

Fig. 124, Fig. 125, and Fig. 126 provide visual illustrations of the geometric parameters 

mentioned in the presented power loss model in Section 2 of Chapter III.  

 

 

Fig. 124: Nomenclature of a-gear teeth [251] 
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Fig. 125: An involute helicoid [251] 

 

 

 

Fig. 126: Internal gear and pinion tooth action [251] 

 

2 Procedures and tested points for each gearbox 

The measurement procedure is depicted in Fig. 127. The procedure involves two main 

phases for each gearbox: the running-in cycle and the measurement-capturing phase. Note 

that the temperature of the gearbox is adjusted by changing the operating points as illustrated 

in the flowchart. This approach is employed due to the unavailability of an external cooling 

system. The tested operating points for each gearbox and load and unloaded tests are illus-

trated in Fig. 128. 
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Fig. 127: Measurement procedure 
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Fig. 128: An overview of the tested points for each gearbox during loaded (a)-(e) and unloaded tests (f). 
At the top of each subfigure (a)-(e), the total number of measured points of loaded tests is indicated. 
The number of measured torque points is specified for each measured speed. Lastly, the abbreviation 
"GB" in (f) refers to the term "gearbox". 
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3 Measurement consistency- influence of speed and torque varia-

tions on efficiency measurement  

An evaluation is herein conducted to determine the level of consistency in the measure-

ment across some operating points. Due to a large number of tested points, the subsequent 

analysis is performed using representative operating points, encompassing high and low val-

ues of torque and speed. The Siemens drive machine (input side of the gearbox, see Fig. 57) is 

controlled in speed mode. Fig. 129 shows the speed consistency for different measured torque 

points combined, at low (1000 rpm), medium (5000 rpm), and high speed (14,000). As shown 

the speed, for different measured torque values, varies within a range of ±0.2 rpm. 

 

Fig. 129: Speed consistency for different measured torque points combined. 

The WEG load motor (output side of the gearbox, see Fig. 57) is controlled in torque mode. 

Similarly, the consistency of torque is exemplified through illustrative cases of low and high 

torque values at both low and high-speed values as shown in Fig. 130. The output torque pro-

file exhibits a fluctuation of 0.7 Nm at its maximum. 

The impact of the control imperfection torque and speed on efficiency is assessed in Fig. 

131 for the 2nd to the 5th gearbox, using randomly selected points for analysis. Note that the 

results for the first gearbox were presented in Chapter III. Broadly, the deviation from the 

average efficiency is not significant, except for the low speed and low torque region, where the 

deviation can reach up to 1%. 
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Fig. 130: Torque consistency for different measured speed operating points. The first row figures corre-
spond to a speed value of 1000 rpm, the second row to 5000 rpm, and the last row to 14,000 rpm. This 
example uses measurements obtained from the loaded test of the fourth gearbox with a gear ratio of 7. 

4 Measurement uncertainty due to the instrumentation 

The measurement accuracy of the instrumentation was assessed following the methodol-

ogy suggested by the HBK company [252]. This section provides an example to illustrate the 

calculation of the Absolute Fault (AF) in efficiency measurement. In this case, the torque at the 

sun equals 13.15 Nm, and at the carrier, a torque of 100.94 Nm is applied, and the speed of the 

sun equals 3000 rpm. The measured efficiency for these operating points is 95.95%. 

Torque at the input side:  For the torque sensor with a range of 20 Nm, the output range 

is 0 to 10 V. In this example, 13.15 Nm corresponds to 6.57 V. The analog signal is captured via 

the current channel in a voltage mode of the HBK power analyzer. The AF of the resolution 

converter is calculated following (198)-(201).  

DC reading error = 0.02% of reading ±100 𝜇𝑉 = 14.147 10-4 V (198) 

DC range error = 0.005% of reading ±50 𝜇𝑉 = 55 10-3 V (199) 

AF (V) = 0.7071(DC reading error + DC range error) = 22.9775 10-5 V (200) 

AF (Nm) = AF (V) ratio (
Nm

𝑉
) = 15.9075 10-4 Nm (201) 
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Fig. 131: Control imperfection impact on the efficiency of the tested gearboxes: the figures in the 1st  
column represent an example of the measured points, while the figure in the 2nd column represents the 
deviation from the averaged efficiency.  

Torque at the output side: The fault on the resolution converter introduced by the timer 

inaccuracies can be calculated using the following example based on the HBK T40 torque sen-

sor (202). 

AF(%) = 0.58 maximum inaccuracy (conversion for rectangular distribution) (202) 

in which the maximum inaccuracy is equal to 0.0008%. Considering a torque of 100.94 Nm, 

the AF of the reading is 4.68410-4 Nm. 

Based on (98), (201), (202) and the absolute fault of the torque sensor mentioned in Table 

15, it is possible to calculate the total relative fault RFtot (203). 

𝑅𝐹tot = √(
0.02 + 15.9075 10−4

13.15
)

2

+ (
0.2 + 4.68410−4

100.94
)

2

= 0.258% (203) 

which yields a total fault AFtot on the efficiency of 
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AFtot = 0.258
95.95

100
= 0.248% 

This methodology can be applied for the remainder of the operating points to benchmark 

the measurement uncertainty.  

Speed uncertainty: When using the timer channels for measuring speed, the measurement 

uncertainty resulting from timer inaccuracies can be computed by (202). Based on the 

datasheet of the power analyzer, the maximum inaccuracy for a measurement time of 10 ms is 

0.00071%. Considering a speed of 14,000 rpm, the AF of the speed reading is 0.057652 rpm.  

Temperature sensitivity of the torque sensors: The temperature effect per 10 K in the 

nominal temperature range is summarized in Table 31. According to the HBK method, the 

temperature effect on the zero signal 𝑢TK0, be calculated as given in (204). The temperature 

effect on the characteristic value 𝑢TKc is calculated following (205). 

𝑢TK0 = 0.58 𝑇𝐾0 𝑇nom
ΔT

10𝐾
 (204) 

𝑢TKc = 0.58 𝑇𝐾𝑐  𝑇nom
ΔT

10𝐾
 (205) 

where ΔT is the temperature variation as compared to the reference temperature. Accord-

ing to temperature sensor measurements from the conducted tests, the maximal value of ΔT 

was found to be 6°C. 

Table 31: Temperature effect per 10 K in the nominal temperature range 

 Lorenz DR2112 HBK T40B 

Reference temperature 23 23 

Temperature effect on zero signal 𝑇𝐾0 [%] ±0.2 ±0.05 

Temperature effect on the characteristic value 𝑇𝐾𝑐  [%] ±0.1 ±0.05 

Measurement uncertainty due to the temperature effect on 

the zero signal 𝑢TK0 [Nm] 
0.0139 0.0348 

Measurement uncertainty due to the temperature effect on 

the characteristic value 𝑢TKc [Nm] 
0.0069 0.0348 

 

5 Measurement reproducibility 

In this section, an example of measurement reproducibility is provided. Due to the num-

ber of tested specimens, it is decided to show one example for the third gearbox. This choice 

is motivated by the fact that this last gearbox shows a larger load-independent loss as com-

pared to other gearboxes. Fig. 132 shows the difference in terms of efficiency between two 

different loaded tests. A difference of less than 1% is obtained across the tested operating 

points. Fig. 133 shows the load-independent losses obtained through three repeated tests. As 
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can be observed, the measurements are reproducible, which confirms the large contribution of 

the load-independent losses for the concerned gearbox. 

 

 

Fig. 132: Measurement reproducibility based on two loaded tests 

 

Fig. 133: Reproducibility of the load-independent loss measurements based on three tests. 

 

6 Impact of the gearbox temperature on the efficiency and losses 

In this section, an examination of the temperature of the gearbox is conducted for 30°C 

and 70°C in comparison to 50°C, as presented in Chapter III. In this context, Fig. 134 presents 

the difference in terms of efficiency and losses, donated Δ𝜂 and Δ𝑃losses, respectively. In this 

figure, the comparison results are shown for temperatures of 30°C and 50°C, considering 50°C 

as a reference. As can be consulted from the last aforementioned figure, the test results con-

ducted at 50°C yielded better efficiency as compared to 30°C, as the sign of Δ𝜂 is positive in all 

the region of the maps. At high torque regions, Δ𝜂 is almost 1% for the studied gearboxes.  The 

most remarkable result to emerge from the figure is that the efficiency discrepancy between 

the tested temperatures could be as high as 6% to 12% in high-speed regions, where load-
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independent losses prevail. This is due to a significant loss difference Δ𝑃losses as shown in the 

second column figures of Fig. 134. For instance, an increase in temperature from 30° to 50° 

reduced the overall losses by approximately 300 W in high-speed regions in the case of the 3rd 

gearbox. Similarly, the same comparison has been conducted, considering temperatures of 

50°C and 70°C, as depicted in Fig. 135. The opposite conclusion can be drawn when consider-

ing the case using 30°C.   

 

 

Fig. 134: Comparison between efficiency and loss results between temperatures of 30°C and 50°C. The 
results from the test using 50°C are considered as a reference. Positive values of the difference in terms 
of efficiency mean that the test using 50°C resulted in better efficiency results. Each row in the figure 
corresponds to a specific gearbox.  
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Fig. 135: Comparison between efficiency and loss results between temperatures of 30°C and 70°C. The 
results from the test using 50°C are considered as a reference. Negative values of the difference in terms 
of efficiency mean that the test using 50°C resulted in lower efficiency results. Each row in the figure 
corresponds to a specific gearbox. 

To explain the large difference at high-speed regions, the impact of the temperature on 

load-independent losses is examined in Fig. 136. As can be consulted in the last figure, an 

increase in the oil temperature results in a decrease in the load-independent losses. This is in 

alignment with the results reported in [205], providing additional insights on the temperature 

impact at high-speed values. Interestingly, Fig. 136. b, d, and f reveal that the difference be-

tween the test conducted at 30°C and 50°C, is more significant than the difference between the 

test conducted at 30°C and 50°C. For instance, the three selected gearboxes exhibit a power 

loss reduction of about 50% at 50°C as compared to the test performed at 30°C. On the other 

hand, the power loss reduction is less significant when increasing the temperature from 50°C 

to 70°C. This is attributed to the viscosity of the oil, whose evolution with temperature is illus-

trated in Fig. 137. Note the presented values of viscosity are the average of three measurements 
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carried out using a kinematic viscometer (model reference: SVM 3001) at the Department of 

Green Chemistry and Technology of Ghent University. As evident by the latter figure, the 

viscosity drop from 30°C and 50°C is more important than from 50°C to 70°C. Therefore, this 

explains the large loss difference between the test conducted at 30°C and 50°C.  

 

Fig. 136: Temperature impact of load-independent losses. In figures (a), (c), and (e), the 30°C tempera-
ture is represented by the blue curves, the 50°C temperature is described by the green curves, and the 
results for 70°C are illustrated by the orange curves. In figures (b), (d), and (f), the blues curves depict 
the difference between the conducted tests considering 30°C and 50°C. The orange curves represent the 
difference between the conducted tests considering 50°C and 70°C 
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Fig. 137: Measured viscosity of the oil as a function of the tested temperature 
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Appendix VI: Complement to Chapter IV 
 

This appendix presents additional details to complement some of the sections presented 

in Chapter IV.  The appendix is structured as follows. Section 1 presents the speed profiles of 

the investigated driving cycles. The modeling and control details of the voltage source inverter 

and its associated representation using the Energetic Macroscopic Representation (EMR) are 

discussed in Section 2. Section 3 is dedicated to performing a sensitivity analysis on the effect 

of scaling laws of electric drive systems on energy consumption. Section 4 expands the analysis 

regarding the impact of the scaling choices on the energy consumption to modular power-

trains.  
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1 Driving cycles 

Fig. 138 depicts the speed profiles of the driving cycles used for the investigation of the 

passenger cars, whereas Fig. 139 presents the driving cycles employed for the truck.   

 

 

Fig. 138: Vehicle speed [km/h] as a function of time [min] for the selected driving cycles for the compact 
and mini-compact cars. 
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Fig. 139: Speed [km/h] as a function of time [min] of the selected driving cycles for truck. 

Table 32 presents a nomenclature of the studied driving. 

Table 32: Driving cycles Nomenclature 

Acronym Cycle name 

Artemis Assessment and Reliability of Transport Emission Models and Inventory Systems 

NYCC EPA New York City Cycle 

WLTC European Worldwide Harmonised Light Vehicles Test Procedure 

VECTO Vehicle Energy Consumption calculation TOol 

2 Modeling and control of voltage-source inverter 

A structural scheme of the three-voltage source inverter is shown in Fig. 140. Point M is 

defined as a reference voltage potential of the inverter, while N serves as a fictitious neutral 

point of the AC load. A switching function, denoted as 𝑠𝑖𝑗, is associated with each power 

switch (206). This switching function assumes an ideal switching, i.e. it takes on the value 1 

when the switch is in the closed state and 0 when the switch is open. Due to the ideal power 

switches assumption, it follows that the switches of the same leg are in complementary states 

(207). Therefore, only one switching function of a leg needs to be defined.  
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𝑠𝑖𝑗 ∈ {0,1} 
(206) 

in which i refers to the leg number of the inverter ∈ {1,2,3}, and j denotes the number of 
the switch number within a given leg ∈ {1,2}. 

𝑠𝑖1 + 𝑠𝑖2 = 1 ∀ i ∈ {1,2,3} (207) 

 

Fig. 140: Structural scheme of three-phase voltage source inverter 

The analysis of the inverter structure reveals a coupling between the legs of the inverter. 

The equations related to this coupling are described by equations (208)-(212). As the neutral 

point of the load (N in Fig. 140) is often challenging to assess, the modeling and control ap-

proach relies on the use of phase-to-phase voltages.  

{
𝑣DC = common
𝑖DC = 𝑖DC,1 + 𝑖DC,2 + 𝑖DC,3

 (208) 

{
𝑣1M = 𝑠11𝑣DC
𝑖DC,1 = 𝑠11𝑖1

 (209) 

{
𝑣2M = 𝑠21𝑣DC
𝑖DC,2 = 𝑠21𝑖2

 (210) 

{
𝑣3𝑀 = 𝑠31𝑣𝐷𝐶
𝑖𝐷𝐶,3 = 𝑠31𝑖3

 (211) 

{
 
 

 
 𝑢13,23 = [

𝑢13
𝑢23

] = [𝐾vu] [
𝑣1M
𝑣2M
𝑣3M

]

𝑖1,2,3 = [
𝑖1
𝑖2
𝑖3

] = [𝐾ii,2] [
𝑖1
𝑖2
]

 (212) 

Thereupon, [𝐾vu] is a transform matrix from single phases to phase-to-phase voltages, and 

[𝐾ii,2] is a transform matrix from two currents to three currents (213). Note that the load is 

assumed to be balanced.    

{
 
 

 
 [𝐾vu] = [

1 0 −1
0 1 −1

]

[𝐾ii,2] = [
1 0
0 1
−1 −1

]
 (213) 

1
2

3

M

N

DC bus Voltage source inverter AC load
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The modeling equations of the inverter can be represented by the Energetic Macroscopic 

Representation (EMR), as shown in Fig. 141.  

 

Fig. 141: EMR of a voltage-source inverter 

From a control perspective, the specifications require the control of the phase-to-phase 

voltages, 𝑢13, and 𝑢23, of the AC load. These latter can be controlled using the three switching 

functions 𝑠𝑖1. The inversion rules of the EMR reveal the need to invert the coupling element at 

the AC side. For this aim, a distribution criterion using the zero-sequence voltage 𝑣MN is intro-

duced to efficiently distribute power across the legs of the inverter. The inversion of the AC 

coupling is carried out using (214). 

{
 
 

 
 𝑣123,N = [

𝑣1N
𝑣2N
𝑣3N

] = [𝐾uv] [
𝑢13
𝑢23

]

𝑣123,M = [

𝑣1M
𝑣2M
𝑣3M

] = 𝑣123,N + 𝑣NM

 (214) 

in which [𝐾uv] is a transform matrix from phase-to-phase to phase voltages, which can be 

expressed as follows: 

[𝐾uv] =
1

3
[
2 −1
−1 2
−1 −1

] (215) 

Thereafter, the switching function 𝑠𝑖1 can be defined as given in (216). 

DC source AC load

Strategy

DC 
coupling

AC
coupling

Inverter
legs
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𝑠𝑖1 =
𝑣123,M
𝑣DC

 (216) 

  The definition of the voltage 𝑣MN depends on the defined Pulse Width Modulation 

(PWM) technique. In Chapter IV, a sinusoidal pulse width modulation technique is employed. 

This choice consists in mandating the voltage 𝑣NM to be zero (217). Consequently, the phase 

voltages of the AC load 𝑣123,N, referenced to point N, are equal to the phase voltages of the 

inverter legs 𝑣123,M referenced to the point M (218).  

𝑣NM = 0 (217) 

𝑣123,N = 𝑣123,M (218) 

Therefore, the EMR shown in Fig. 141, can be amended as depicted in Fig. 142.a, incorpo-

rating the phase voltages 𝑣123,N. This latter can be further simplified, resulting in the represen-

tation described in Fig. 142.b, as has been presented in Chapter IV. 

 

Fig. 142: EMR and control of voltage source inverter: (a) amended representation using phase voltages 
of the load considering a control strategy mandating 𝑣𝑀𝑁  to 0, (b): simplified representation. 

DC source AC load

DC 
coupling

AC
coupling

Inverter
legs

Strategy

DC source AC load

(a)

(b)



3. Effect of the scaling choices of electric drive on energy consumption 

221 
 

3 Effect of the scaling choices of electric drive on energy con-

sumption 

A sensitivity analysis is herein conducted for the EDS. To this end, the assessment effect 

of scaling methods on energy consumption is expanded to encompass the voltage-source in-

verter, as compared to what is carried out in Section 4.1 of Chapter IV for the electric machine. 

The following analysis entails comparing the energy consumption using the linear scaling 

method for the Electric Drive System (EDS) against geometric scaling laws combined with the 

efficiency benchmarking of commercialized inverters as shown in Fig. 143. Because of the high 

number of case studies that can result from the geometric scaling laws of PMSM, the following 

analysis is conducted using exclusively the choice B~1 to provide an illustrative case. This 

decision does not compromise the generalization of the outcomes of this comparison when 

applying the remaining geometric scaling choices for the PMSM. This is because of the estab-

lished understanding of the variation trends of the PMSM scaling presented in Section 4.1 of 

Chapter IV. Furthermore, the scaling cases pertaining to the compact car, i.e. case ①, and case 

②, are hereinafter solely considered. For this sensitivity analysis, the inverters presented in 

Section 4.2 of Chapter II are employed. The FS800R07A2E3 inverter is used for case ① (up-

scaling), whereas the inverter denoted as FS400R07A1E3 is employed for the downscaling case 

② (downscaling). These inverters are selected as they suit the power ratings of the scaled 

machines.  

 

Fig. 143: Scaling methods applied for the sensitivity analysis 

In Fig. 144.a, the difference in energy consumption ∆𝐸bat is presented for the scaling case 

①. This is established using two exemplars of normalized and on-road urban and highway 

driving cycles. The figure shows the same difference trend as observed for the PMSM scaling. 

The sign of ∆𝐸bat is consistently positive, meaning that linear scaling overestimates the energy 

consumption as compared to the second scaling method of the electric drive. In comparison 

with the outcomes of the scaling of only PMSM, it is apparent that the maximal value of ∆𝐸bat 

is greater when applying linear scaling for the electric drive system. For instance, a difference 

of 3.2% is attained as compared to 1.8% (linear scaling is solely applied to the PMSM) for the 

NYCC. The explanation behind this is that linear scaling underestimates the efficiency of the 

inverter by about 0.5% as compared to the efficiency benchmarking, specifically in regions 

characterized by low torque and low-speed values (R1 in  Fig. 105 of Chapter IV), as demon-

strated in Fig. 48.f in Chapter II. This region experiences frequent use, which provides an 

Scaling methods of electric 
drive system

Linear scaling (applied for 
both electric machine and 

inverter)

Geometric scaling for electric 
machine coupled with 

efficiency benchmarking of 
the inverter
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understanding of the slight increase in ∆𝐸bat when applying linear scaling to the EDS. Con-

versly, this trend is not noticeable for the highway driving cycles. This is because linear scaling 

and the efficiency benchmarking yield approximatively the same efficiency in regions charac-

terized by high-speed values (R2 in Fig. 105 of Chapter IV), as shown in Fig. 48.f in Chapter II. 

By consulting Fig. 144.b, an analogous observation can be drawn as the scaling case ①. A 

consistent underestimation of the energy consumption is noticed when applying linear scaling 

to the EDS as compared to the second scaling method. Similar to the upscaling case, the ∆𝐸bat 

is slightly impacted for the urban driving cycles. This is because linear scaling underestimates 

the efficiency of the inverter in the R1 region for downscaling cases as compared to the effi-

ciency benchmarking (Fig. 48.d in Chapter II). This discrepancy, therefore, compensates for 

the difference introduced by the scaling process of the electric machine and hence mitigates 

the overall efficiency discrepancy of the EDS when applying linear scaling. No conspicuous 

difference is observed for the highway driving cycles because of the non-significant difference 

in terms of efficiency between linear scaling and efficiency benchmarking (Fig. 48.d in Chapter 

II). 

 

Fig. 144: Sensitivity analysis of the effect of electric drive scaling of the compact car on the energy con-
sumption computation: (a) scaling case ①, (b) scaling case ②. This sensitivity analysis compares linear 
scaling applied to the electric drive against geometric scaling laws using the choice B~1 of electric ma-
chines combined with efficiency benchmarking of the inverter. 

4 Expanding the scaling methodology to modular drivetrain to-

pologies  

In Chapter VI, it has been demonstrated that the linear scaling method of EDS yields re-

sults comparatively close to those attained using geometric scaling laws of PMSM combined 

with efficiency benchmarking of the inverter in terms of energy consumption. Nevertheless, it 

should be emphasized that these findings are reported for a mono-drive topology. Therefore, 

a central concern is whether the application of the linear scaling method is still reliable when 

it is applied to other topologies of the drivetrain. To address this question, this section inves-

tigates the reliability of linear scaling in terms of energy consumption using a multi-drive to-

pology. The scope of the section is confined to the scaling of the electric machines, as earlier 
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demonstrated to be the origin of the difference in terms of energy consumption. To this end, 

constant efficiency for both the inverter and gearbox is considered to isolate the impact of the 

scaling laws of the machine. 

4.1 Case study: Modular cascaded machines topology   

The Modular Cascaded Machines (MCM) topology using two EDS, as shown in Fig. 145, 

is selected as a case study for the subsequent investigation. This choice is driven by the fact 

that this topology offers a central drive configuration, which involves either front or rear-

driven wheels. This permits isolating the influence of the braking strategy from the effect of 

the scaling method on energy consumption. Consequently, conclusions on the reliability of 

linear scaling for multi-drive topology can be straightforwardly drawn. While distributed to-

pologies (Fig. 14 in Chapter I), are possible alternatives, they comprise a second EDS mounted 

on another axle, enabling more energy recovery during braking phases. Certainly, this option 

is interesting to reduce energy consumption. Nevertheless, this complicates the investigation 

of how the applied scaling method influences energy consumption in multi-drive topologies. 

 

Fig. 145: Modular cascaded machine topology 

4.1.1 Scaling specifications for the modular cascaded topology 

This investigation aims to assess the reliability of the linear scaling method of electric ma-

chines using an alternative drivetrain, exemplified by the MCM topology, and pinpoint the 

conditions under which this reliability holds. For this aim, a sensitivity analysis based on the 

scaling methods of PMSM and the control strategy of the torque distribution of the MCM sys-

tem is included in the analysis, as depicted in Fig. 146. More emphasis is herein paid to the 

impact of the control strategy of the MCM on the outcomes of the linear scaling methods on 

energy consumption. To this end, two torque distribution strategies, namely optimal torque 

distribution for efficiency enhancement of the MCM system, and a master-slave strategy, are 

considered in the following analysis. Further details concerning these strategies are presented 

in Section 4.1.3.   

In the following, the upscaling case ① of the compact car (Section 2 of Chapter IV) is 

selected to extend the analysis using the MCM topology. To achieve the demanded traction 

power scaling of 1.33 (power scaling from a system standpoint), the reference machine is 

downscaled with a power scaling factor of 0.67 (power scaling from a machine standpoint). 
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This results in a balanced power split of 50%, serving as a representative case study. Further-

more, the downscaled machines with the MCM are considered identical, meaning that they 

share the same geometry. These choices are made to simplify the study and present an illus-

trative case, given the large design space of the MCM that includes different parameter varia-

tions and possibilities. This is exemplified by the study conducted in [115], where variations 

in the topology, technology, power split, geometry, and number of cascaded machines are 

explored.  

 

Fig. 146: Specification for the scaling of the modular cascaded topology 

4.1.2 EMR-based scaling laws of the modular cascaded machines topology 

The EMR-based scaling laws of the MCM are illustrated in Fig. 147. In this studied topol-

ogy, the two EDS share the same DC bus voltage, and hence the same voltage 𝑣bat
′  will be 

applied to both of them. The requested current from the battery 𝑖ED
′  results from the addition 

of the individual currents in each EDS. Therefore, the electric coupling (overlapped squares) 

is modeled as in (219). As for the mechanical coupling, the overall torque is the combined 

results of the individual torques provided by each electric machine (226). Due to the series 

connection, the individual machines share the same rotational speed. The modeling of the re-

maining components is the same as the previously discussed topology.   

{
𝑣bat
′ = common

𝑖ED
′ = 𝑖ED,1

′ + 𝑖ED,2
′  (219) 

{
𝑇MCM
′ = 𝑇sh,1

EM′
+ 𝑇sh,2

EM′
𝑥 𝑥

ΩMCM = Ωsh,1
EM′

= Ωsh,2
EM′ (220) 

Control
o Optimal torque distribution

o Master-Slave

Analysis of the 
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Concerning the control part, the torque references of each machine, 𝑇sh,1
∗EM′

, and 𝑇sh,2
∗EM′

, are 

obtained through torque distribution criteria, denoted as 𝑘d, as specified in (227). This latter is 

defined by a torque distribution strategy defined by the global control (lower part of Fig. 147). 

{
𝑇sh,1
∗EM′

= 𝑘d𝑇MCM
∗′

𝑇sh,2
∗EM′

= (1 − 𝑘d)𝑇MCM
∗′

with 0 ≤ 𝑘d ≤ 1  (221) 

 

Fig. 147: EMR-based scaling laws of the modular cascaded machine topology 

4.1.3 Torque distribution strategy of modular cascaded machine topology 

As indicated earlier, two torque strategies of the MCM are considered. The first strategy 

targets a maximization of the overall efficiency of the MCM system 𝜂MCM for a given speed-

torque operating point through the distribution criteria 𝑘d. Following the proposed method in 

[115], the optimization problem can be reformulated as in (225). The calculation details are 

provided in the next section. To include the scalability aspect, the efficiency of the individual 

machines 𝜂EM,1
′ , and 𝜂EM,2

′  is redrafted as a function of the reference machine 𝜂EM
0  and the 

equivalent loss term Δ𝑃losses that encompasses the non-linearity of the loss scaling (cf. Chapter 

II). Note that the term, Δ𝑃losses is zero, if the linear scaling method is applied.  

max(𝜂𝑀𝐶𝑀(𝑘d))  =
𝑇MCM
∗′ 𝜂EM,1

′γ
𝜂EM2
′γ

𝑘d𝑇MCM
′ 𝜂EM,2

′γ
+ (1 − 𝑘d)𝑇MCM

∗′ 𝜂EM,1
′γ  (222) 

{
𝜂EM
′ =

𝐾𝑇
PMSM𝜂EM

0 𝑇EM
0 ΩEM

0

𝐾𝑇
PMSM𝑇EM

0 ΩEM
0 + 𝜂EM

0 Δ𝑃losses

Δ𝑃losses(𝐾T
PMSM, 𝐾A, 𝐾R) = Δ𝑃cu + Δ𝑃fer + Δ𝑃PM + Δ𝑃mech

 (223) 

The second strategy is the master-slave strategy [253]. This implies that one of the ma-

chines (referred as to the slave machine) is predominantly in charge of the traction function of 

Braking
strategy

Modular cascaded machines

Torque
distribution

Brk.

Env.Bat.

ChassisDrivelineGearbox

(220)(219)

(221)

(222)
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the vehicle (𝑇slave
∗′ = 𝑇MCM

∗′ ), and the second machine (master machine) is inactive (𝑇master
∗′ = 0). 

When the driving requirement exceeds the capability of the slave machine, the master machine 

is engaged to satisfy these requirements. The same applies during the braking phases. Note 

that this strategy finds applications in commercialized electric vehicles, as reported by the 

benchmarking study of the BMW iX [254]. Based on this strategy, the torque distribution cri-

terion is adjusted following (224).         

{

𝑘d = 1 when 𝑇MCM
∗′ ≤ Tslave

′max 

𝑘d =
Tslave
′max

𝑇MCM
∗′ when 𝑇MCM

∗′ > Tslave
′max   (224) 

4.1.4 Efficiency of the modular cascaded machine calculations 

The MCM system efficiency 𝜂MCM is expressed as follows in (225). 

𝜂MCM  =
𝑃out
𝑃in

=
𝑇EM,1ΩEM,1 + 𝑇EM,2ΩEM,2
𝑇EM,1ΩEM,1
𝜂EM,1
𝛾 +

𝑇EM,2ΩEM,2
𝜂EM,2
𝛾

 
(225) 

In the MCM system in series connection, both machines share the same rotational speed 

and the overall torque is the addition of the torque provided by each machine (226). 

{
𝑇MCM = 𝑇EM,1 + 𝑇EM,2 𝑥 𝑥

ΩMCM = ΩEM,1 = ΩEM,2
 (226) 

The torque distribution criterion 𝑘d defined by the global torque split the reference re-

quested torque from the MCM 𝑇MCM
∗  as shown in (227).  

{
𝑇sh,1
∗′ = 𝑘d𝑇MCM

∗′

𝑇sh,2
∗′ = (1 − 𝑘d)𝑇MCM

∗′ with 0 ≤ 𝑘d ≤ 1  (227) 

Making use of (226), (227), (225) can be redrafted as: 

 

𝜂MCM =
𝜂EM,1
𝛾

𝜂EM,2
𝛾

(𝑇EM,1 + 𝑇EM,2)

𝑇EM,1𝜂EM,2
𝛾

+ 𝑇EM,2𝜂EM,1
𝛾

𝑥 =
𝜂EM,1
𝛾

𝜂EM,2
𝛾

𝑇MCM
∗′

𝑘d𝑇MCM
∗′ 𝜂EM,2

𝛾
+ (1 − 𝑘d)𝑇MCM

∗′ 𝜂EM,1
𝛾

 (228) 
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4.2 Sensitivity analysis of the energy consumption of the modular cascaded 

topology 

By consulting Fig. 148, the sensitivity analysis of the difference in terms the energy con-

sumption ∆Ebat between linear scaling and the different geometric scaling laws can be exam-

ined. The results are reported for examples of normalized and on-road driving cycles with 

urban (NYCC, and Lille downtown) and highway (ARTEMIS, and Lille-Ghent) driving pat-

terns. The figures in the first column show the results using the master-slave control strategy, 

while the second column depicts the outcomes of the comparison using the optimal torque 

distribution. Similar to the trend noticed in the downscaling cases for the mono-drive topol-

ogy, ∆Ebat is consistently negative meaning that the linear scaling method underestimates the 

energy consumption as compared to the geometric scaling method. Furthermore, the biggest 

difference in ∆Ebat is found for urban driving cycles, similar to the finding reported earlier. 

The conspicuous observation to emerge from the data comparison is that the chosen torque 

distribution has a significant impact on the energy difference between linear scaling and geo-

metric scaling laws, particularly for urban driving cycles. This is evidenced by the outcomes 

of the scaling choice B~1, as shown in Fig. 148.a, and Fig. 148.b, where the maximal value of 

∆𝐸bat is reduced from -7.3% to -5% for the NYCC cycle, and from -6.2% to -4.5% using the the 

Lille downtown cycle. This reduction factor is comparatively less evident while opting for the 

other two geometric scaling choices. This is because of the difference in terms of efficiency 

scaling between linear scaling and the scaling choice B~1 is larger for downscaling cases as 

compared to the other choices. For highway driving cycles, no noticeable difference is ob-

served when utilizing either of the control strategies.  

To elucidate the effect of the control strategy on the comparison outcomes between the 

linear scaling and geometric scaling based on choice B~1, the operating points resulting from 

the master-slave, and the optimal torque distribution are analyzed. For this aim, Fig. 149 vis-

ualizes the operating points for the MCM system in a contour map, that shows the efficiency 

difference ∆𝜂EM of the aforementioned scaling methods for the NYCC driving cycles. For this 

illustration, a scaled design using the choice B~1 and an axial scaling factor 𝐾A of 1.5 is herein 

selected, as it yields the highest value of ∆𝐸bat. Fig. 149.b clearly shows that the master-slave 

strategy defines operating points that are frequently situated in regions characterized by high-

torque and low-speed values. In the aforementioned regions, ∆𝜂EM reaches its highest values. 

Neverthelss, this is not the case, when employing the optimal torque distribution strategy as 

can be seen in Fig. 149.a. In this case scenario, the operating points of both machines are located 

in regions where  ∆𝜂EM is not as significant as those defined by the master slave strategy. This 

explains the difference ∆Ebat obtained using both control strategies.  

Therefore, it can be concluded that linear scaling is more sensitive to control strategies that 

tend to define operating points in regions in high-torque and low-speed regions. This can lead 

to significant differences, particularly when comparing it to geometric scaling laws based on 

the choice B~1, in the case of the computation of energy consumption of multi-drive topology. 
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Fig. 148: Sensitivity analysis of the relative difference in terms of energy consumption ∆𝐸𝑏𝑎𝑡 between 
linear scaling and geometric scaling based on different scaling choices for the modular cascaded ma-
chine topology. Negative values of ∆𝐸𝑏𝑎𝑡 means that linear scaling underestimates energy consumption 
and vice versa. 

 

Fig. 149: Comparison of the operating points resulting from the torque distribution strategies for the 
NYCC driving cycle. The results are visualized in a contour map that shows the difference in terms of 
efficiency ∆𝜂𝐸𝑀 between linear scaling and geometric scaling methods of electric machines. Note that 
one contour map is used as the machine used for the MCM topology is identical.   
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