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I.  INTRODUCTION TO THE RESEARCH SUBJECT 

I.1.  Main pursued problems 

In preparation of research objective, preliminary studies have been performed. Electric cars main 

sizes related to electrification and main characteristics of principal types of motors that could be used 

for electric traction are presented in next two tables. 

Table  I-1. Increasing sizes of main characteristics related to electrification 

Electric 

Mobility 

 

Total 

Weight 

Speed Range Electric 

Powertrain 

Battery 

Micromobility* 

 

<1/4 t 25 km/h 30 km 250 W 280Wh 

Two / Three 

wheelers 

     

Low speed 

electric vehicles 

 40-70 

km/h 

   

Light-

commercial 

electric vehicles 

     

Passenger cars  200-250 

km/h 

500 km 100-500 kW 100 kWh 

 

Busses   500 km 

 

 660 kWh 

Trucks      

 

Table I-2. Main characteristics of principal types of motors analyzed in preparation for the actual 

research 

 

Characteristics 

Motor type 

DC Induction 

Motor 

Permanent 

Magnets 

Switched 

Reluctance 

Motor 

Power density Low Medium Very high Medium 

Efficiency Low Medium Very high Medium 

Controllability Very high Very high High Medium 

Reliability Medium Very high High Very high 

Technological 

maturity 

Very high Very high High High 

Cost Low Very low High Low 
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Another advantage of electric motors is also emphasized by the possibility to integrate multiple 

motors in a vehicle powertrain. 

I.2.  Research objective 

The main objective is to develop energy consumption optimization strategies for EV using high-

power density electric motors, and more precisely permanent magnets motors completed by the usage 

of multi-motor powertrains. Specific attention is dedicated to modelling and simulation of electric 

vehicles, with specific focus to the powertrain, and effectively how a vehicle request is transformed 

into operating points for the powertrain, and powertrain characteristics. The next sub-objective 

concerns multi-motor powertrain research to determine the main strategies for motor torque allocation 

methods, criteria for energy efficiency optimization, and the study of the powertrain limits depending 

on vehicle characteristics. Regarding electric motors, there is research for improving control of BLDC 

motors with advanced methods to enhance motor capabilities (speed, torque, yield) and vehicle 

energy efficiency. Another aspect proposed to be explored concerns multi-motor performant 

powertrains by the choice of motors and methodologies to investigate and construct the efficiency 

maps. For experimental verification there is an interest in developing multi-motor platforms 

integrating specific motor controllers and a dedicated supervision system. 

 

II.  ELECTRIC VEHICLES: MODELING AND SIMULATION. 

POWERTRAIN REQUEST CALCULATION 

II.1.  Realization of the models for multi-motor powertrains 

Method for torque and power calculation in powertrains using multiple motors 

 
Fig. II-1. Vehicle in multi-motor configuration: four-motor solution 

It is possible to calculate the torque and power for each motor, covering all situations, from one-

motor powertrain to multiple motor-powertrain (m motors). The method is presented in the long 

version of the thesis. For example, a solution with two PM motors is implemented under simulation. 

Each axle is covered by one motor and the total torque is distributed between the front and rear axle. 

II.2.  Simulation 

Principally, a general view can be represented as shown in Fig. II-2., by three main modules 

covering: requests, systems control, and mechanical power generation. 
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Fig. II-2. Vehicle simulation - general view on modules 

The requests are generated by a driving cycle velocity profile. The information is transformed by 

a driver model in acceleration, deceleration/braking requests. The systems control module integrates 

models dedicated to onboard energy management and the control of the powertrain. The generation 

of the mechanical power and the drivetrain models are behind the vehicle box. 

 

II.3.  Results Obtained Involving Multiple Motors in an EV Powertrain 

II.3.1.  Method to pass from a testing cycle data to torque requirement 

Table II-1. Characteristics of the vehicle for torque requirement study 

Characteristic Value Measurement Unit 

Maximum mass 250 Kg 

Wheel radius 0.275 M 

Aerodynamic drag coefficient 0.46 - 

Frontal area 0.92 m2 

Transmission ratio motor to wheel 1 - 

Table II-2. Resistant forces coefficients for torque requirement study 

Characteristic Value 

Tractive effort coefficient 0.8 

Rolling resistance coefficient 0.013 

 
Fig. II-3. WLTC – class 2 – speed evolution 

From the speed profile results the acceleration request. 
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Fig. II-4. WLTC – class 2 – acceleration evolution for torque requirement study 

For moving the vehicle with an acceleration a , the tractive effort is 

 
MaFGFF ftrat +++=

, (II-1) 

where raF  is the aerodynamic drag, tG  the grading resistance, fF  the rolling resistance, M  the mass 

of the vehicle, and a  the acceleration. 

 
Fig. II-5. Evolution of the total torque request at wheels level 

The situation when the vehicle is running on a flat surface, 0=tG . For each wheel, the normal 

force on the wheel multiplied by the tractive effort coefficient gives the maximum force that the 

respective wheel can provide keeping the adherence. In our case all wheels contribute to the tractive 

effort generation, so the total torque request represents the sum of torques at each motor shaft, 

neglecting the mechanical losses in the transmissions. The resulted torque is the product between the 

wheel radius and the tractive effort, Fig. II-5. 

II.3.2.  Operational area coverage by the powertrain 

Building the operating points for the powertrain 

The requests for speed (Fig. II-3.) and total torque (Fig. II-5.) are functions of time. Substituting 

the time between the two functions is possible to represent the torque requests as a function of speed. 

Using discrete data, the dependence between the powertrain torque request and speed request is a 

point cloud as shown in the next figure. Further, the point cloud is called operating points. 
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Fig. II-6. Operating points requirement for the powertrain – torque 

Characteristics of the motors used in the investigation 

Two BLDC motors are integrated as an example for powertrain coverage.  

Table II-3. Characteristics of the motors for torque requirement study 

Characteristics Motor One Motor Two 

Nominal / Max Power 4 / 8 kW 3 / 6 kW 

Torque constant 1.655 Nm/A 1.800 Nm/A 

Internal resistance 0.128 Ω 0.130 Ω 

Maximum torque 182 Nm 180 Nm 

Maximum speed 880 rpm 880 rpm 

The process using analytic calculation by programming to obtain the motor characteristics is 

presented in Fig. II-7. The curve of the maximum power is obtained for an operating voltage of 72V.  

 

 
Fig. II-7. Mechanical characteristic determination process for operational area study 
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Fig. II-8. Operating points and mechanical characteristic of Motor One 

 
Fig. II-9. Operating points and mechanical characteristic of Motor Two 

II.4.  Conclusion 

For the two investigated motors, each motor can cover the vehicle request, under nominal values 

for almost all the operational area. Specific research can be performed for high-speed behavior, when 

the nominal power is exceeded. It concerns the capabilities of each motor to cover the powertrain 

needs and the response for an additional grading resistance. This investigation is realized in the second 

part of the chapter III. 

 

III.  OPTIMIZATIONS BASED ON LOAD ALLOCATION BETWEEN 

MOTORS AND POWERTRAIN LIMITS 

The present chapter analyses multi-motor solutions by searching energy efficiency using load 

distribution methods between motors.  

III.1.  Static load allocation methods 

Preserving the vehicle stability, a static load allocation scenario can be defined as a charge 

repartition fixed algorithm between the powertrain motors applied in each operating point. The 

repartition algorithm doesn’t change when passing from an operating point to another. In this case, 

there is no need to make additional calculations for each operating point of the powertrain. 

III.1.1.  Definitions: complementary, percentual, proportional and optimal load 

distributions 
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A possibility is to imply the motors one by one up to a certain torque level. When the requested 

torque exceeds this level, the motor in use remains at the same torque, and the complementary torque 

request is covered by another motor. This allocation method can be called a complementary load 

distribution. When the motors of the powertrains are involved simultaneously, all the time, by 

allocating a fixed percentage of the torque request to each motor, this torque allocation can be called 

a percentual load distribution. The maximum power of the multi-motor-powertrain is the sum of 

the maximum power of each motor. When the percentage of the torque allocation for one motor is 

calculated as a rapport between the maximum power of the motor and the maximum power of the 

powertrain, the torque allocation can be called a proportional load distribution. The case when the 

percentage of the torque allocation for each motor is determined as a result of the efficiency 

optimization of the powertrain, and the respective torque allocation between motors produces any 

time the highest efficiency than any other percentual torque allocation the allocation method can be 

called an optimal load distribution. 

III.1.2.  Complementary load distribution 

The vehicle simulation presented in section II.2 is considered to exemplify the complementary 

load distribution results. The vehicle model used is for a classic one (limousine) offering two-wheel 

and four-wheel driving capabilities, with two IPMSM (Internal Permanent Magnets Synchronous 

Motor). 

Table III-1. Characteristics of the vehicle for studying complementary load distribution 

Characteristic Value 
Measurement 

Unit 

Vehicle mass 1200 kg 

Wheel radius 0.3 m 

Aerodynamic drag coefficient 0.3 - 

Frontal area 2 m2 

Transmission rapport motor to 

wheel 6.8 - 

Table III-2. Resistant forces coefficients for complementary load distribution study 

Characteristic Value 

Tractive effort coefficient 0.9 

Rolling resistant coefficient 0.007 

 
Fig. III-1. FTP75 speed request 

 
Fig. III-2. Total torque request for complementary 

load distribution study 

Observing this request, instead of using a single motor to realize the vehicle’s powertrain, it is 

possible to distribute the total torque (maximum 120 Nm) between two electric smaller motors: a first 

one covering a low torque region (40 Nm), and the second completing the additional torque necessary 

to answer the request for higher torque (80 Nm). The electrical machines are named in this situation 

Motor 1 and Motor 2, for difference than the precedent examples with the two BLDC motors. 
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Applying the complementary load allocation, Motor 2 starts first covering a maximum torque of 80 

Nm. When the torque request exceeds the capabilities of Motor 2, Motor 1 covers the difference with 

a maximum torque of 40 Nm. It is also possible to use the smallest motor, as a principal one with a 

coverage of a maximum torque of 40 Nm, and complete by Motor 2 when the capabilities of Motor 

1 are exceeded. 

 
Fig. III-3. Complementary load distribution - load 

for Motor 2, Motor 2 starts first 

 
Fig. III-4. Complementary load distribution - load 

for Motor 1, Motor 2 starts first 

 
Fig. III-5. Complementary load distribution - load 

for Motor 1, Motor 1 starts firs 

 
Fig. III-6. Complementary load distribution - load 

for Motor 2, Motor 1 starts first 

The analysis of electric energy used during the driving cycle FTP75 follows the battery SOC. 

 
Fig. III-7. Complementary load distribution - state of charge evolution 

Conclusion 

For this example, the equivalent powertrain with a single motor would consume more energy than 

the solution with two motors using a complementary load distribution (about 10% more). The order 
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of which the motors are involved is not without importance and can generate more energy efficiency 

(in the simulation, about 1% more). 

III.1.3.  Load distributions using a fixed percentage: percentual, proportional and 

optimal load distributions 

Percentual load distribution 

All motors participate simultaneously in the torque production for any torque level. The rapport 

between the torque mT  produced by the motor m, and the total torque of the powertrain, tT , is a 

constant value, the load distribution percentage or coefficient, 

 
t

m
m

T

T
= . (III-1) 

Proportional load distribution 

It is a particular case of the percentual load distribution. The load coefficient for the motor m is 

 
tMax

Max

m
P

P
m= . (III-2) 

where, 
mMaxP is the maximum mechanical power at the shaft of motor m, and tMaxP  the maximum 

power of the powertrain. 

Optimal load distribution 

For an optimal load distribution, it is searched the set of m  maximizing the efficiency of the 

powertrain. To exemplify, two motors with a load distribution coefficient 1 , and 2 are considered. 

Let =1 . The motors are running at same speed == 21 .The efficiency of the powertrain is 

 

2121

21

lltt

tt

PPPP

PP

+++

+
=  (III-3) 

where 
2,1t

P is the mechanical power provided by each motor, and 
2,1l

P the losses of each motor (being 

represented by Joule losses and iron losses): The efficiency of the powertrain is 

 ( )
( )

( )
++++













 
+













 
+

−+
=

2211

21

22

2

T

2

2

T

1

-1

1
,,η

FFHF KKKK
k

T
R

k

T
RT

TT
T . (III-4) 

where 
1,2Tk is the torque constant of each motor, 

2,1F
K , 

2,1H
K are the eddy currents losses coefficients, 

and hysteresis losses coefficients, and 2,1R the internal electrical resistance of each motor. It results:  

 
( )

2
T

2
T

2
T

12

1
η

kRkR

kRT

21

2
0

,,

+
==




, (III-5) 

The optimal load distribution coefficient is a constant value for the powertrain depending on 

internal electric resistance and torque constants of the motors.  
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Results obtained with load distributions using a fixed percentage 

 
Fig. III-8. Process for determination of motor efficiency maps by analytic calculation 

To exemplify the results of load distributions using a fixed percentage, the motors from Table II-

3 are considered. The process implemented to determine the efficiency maps is presented in Fig. III-

8. Knowing how to calculate the losses in each point of the operational area, is possible to determine 

the motor’s yield in each point. The result of the process as the efficiency maps for each motor is 

shown in Fig. III-9. The losses calculation are exemplified in chapter III.2. 

 
a). Efficiency map for Motor One 

 
b). Efficiency map for Motor Two 

Fig. III-9. Efficiency maps of the motors 

 
a). Proportional load distribution between motors 

 
b). Optimal load distribution between motors 

Fig. III-10. Efficiency map of the powertrain for proportional and optimal load distributions 

To illustrate the efficiency improvements with two precedent motors the vehicle from Table II-1 
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is considered under conditions from Table II-2. Fig. III-11 shows the result. 

 
Fig. III-11. Powertrain energetic efficiency after an entire WLTC for 0° to 9° slope angles 

III.2.  Dynamic load allocation method 

III.2.1.  Definition 

Preserving the vehicle stability, a dynamic load allocation scenario can be defined as a charge 

repartition algorithm between the motors, calculated in each operating point of the powertrain, 

considering a specific decision for the operating point and/or considering the previous situations 

(speed, torque) and the requests for next situations. 

III.2.2.  Example of load distribution based on motors internal losses minimization 

Total losses 

The efficiency of a motor m is 

 

mm

m

lt

t

m
PP

P

+
= , (III-6) 

where 
mt
P is the mechanical power at motor shaft, and 

ml
P the lost power in the motor. 

Hysteresis and eddy currents losses 

Using the iron losses dependance on speed and square of speed, 

 
2

mFmHli mmm
KKP += , (III-7) 

where the hysteresis losses coefficient, 
mH

K  and the eddy currents losses coefficient, 
mF

K .are 

calculated for motors in Table II-3, using the process in III-8 resulting the values in the next table. 

Table III-3. Iron losses coefficients for studied motors 

Characteristics Motor One Motor Two 

Hysteresis losses 

coefficient 
0.09 W/rpm 0.06 W/rpm 

Eddy currents losses 

coefficient 
0.0001 W/rpm2 0.00009 W/ rpm2 

As a characteristic regarding the optimization process, these losses do not depend on the load 

and are present during the whole testing cycle as a function of speed. 
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Joule losses  

Knowing the internal resistance of each motor, for a given current, the Joule losses can be 

calculated. During the WLTC the motors must cover the total torque request. Under this constraint is 

possible to find for each operating point a couple 1I , 2I  minimizing the Joule losses:  

 ( ) ( )2

22

2

11minmin IRIRPlJ += . (III-8) 

 

 
a). on a flat surface with losses minimization 

 
a). on a slope of 15° with losses minimization 

Fig. III-12. Total energy during WLTC 

Conclusion 

In terms of total energy used during the testing cycle, the results obtained for losses minimization 

have been compared with the results when Motor One covered any time 60% of the load and Motor 

Two, 40%. Energy efficiency is improved by 0.2 % on a flat surface and 3.4% on a slope of 15 

degrees. The coverage of the entire WLTC on a 15 degrees slope is, in this case, a theoretical 

assumption to illustrate the influence of higher motor currents for this method, as the iron losses are 

not influenced by the slope angle.  

III.3.  Mixed load allocation method 

III.3.1.  Definition 

A mixed load allocation is a method which combines the application of static and dynamic load 

allocation methods. 

III.3.2.  Extension of the vehicle capabilities using mixed load distribution 

Coming back to the case illustrated in Fig. III-11, the optimal load distribution curve stops earlier 

than the proportional load one, at a smaller slope angle. In fact, for the proportional load distribution, 

the motors, at least theoretically, arrive at their limits at the same time. It means that the powertrain 

attempts its limits, and the testing cycle will not be respected entirely. The maximum slope angle 

attempted using a proportional load distribution is used to understand the situation. At this angle, if 

the optimal load distribution is applied: the powertrain attempts its limits (Fig. III-13), Motor One 

still have reserves and can continue to be charged, Motor Two is overloaded (Fig. III-14). It means 

that Motor Two attempts its limits earlier than Motor One. Starting from a such moment it is not 

possible to charge more Motor Two. The optimal load repartition cannot be applied further. As the 

powertrain continues to have capabilities from Motor One, it is still possible to go further increasing 

the slope angle. The complementary charge which cannot be supported by Motor Two can be affected 

to Motor One until also Motor One attempts its limits. The solution combines a static load allocation 

until Motor Two attempts its limits and, after, a dynamic load allocation, Fig. III-15. 
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Fig. III-13. Optimal load distribution – powertrain operating points at maximum slope angle 

 

 
a). Motor One operating points at maximum slope angle 

 
b). Motor Two operating points at maximum slope angle 

Fig. III-14. Optimal load distribution 

 
Fig. III-15. Energetic efficiency after an entire WLTC for 0° to 9° slope angles with extension of the optimal 

load distribution 
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Conclusion 

The advantages of a multi-motor solution are again presented, this time in a mixed load allocation 

between motors. An extension of the vehicle usage has been realised up to the superior limits of the 

electric motors. To make more severe the test, a grading resistant force had been considered by an 

increasing slope angle, and the vehicle powertrain had been optimized using static, dynamic, and 

mixed load distributions. 

III.4.  Physical limits for the powertrain 

Vehicle from Table II-1 under conditions in Table II-2 are considered for the next study. The motors 

in Table II-3 are participating to the powertrain. In the case when the vehicle has a towable mass 

attached, and the towable mass doesn’t have a dedicated powertrain, the tractive effort must also 

cover the resistant forces coming from the towable mass. Considering the maximum torque, the 

maximum power of the powertrain, and the tractive effort 
m axtP , 

maxtT , 
maxtF , the tractive effort must 

satisfy the next conditions:
maxtt FF  , wtt rTF /

max
 , wwtt rPF  /

max
, where wr  and w are the wheel radius 

and wheel angular speed. The limits regarding the towable mass are presented in the next figure. 

 
Fig. III-16. Slope angle influence on the towable mass 

On a flat surface it results that the vehicle can tow a mass of 738 Kg respecting WLTC. It represents 

almost three times the vehicle mass. Considering that the minimum mass of the base vehicle is 50 kg 

the next figure presents the dependence between the basic vehicle mass and the total mass of the 

ensemble (vehicle + trailer) for different slope angles, also respecting entirely the WLTC. 

 
a). Dependence of the vehicle mass on total mass 

 
b). dependence of the vehicle mass on towable mass 

Fig. III-17. Powertrain limits for the ensemble (vehicle + trailer), for 0° to 8° slope angles 
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III.5.  Conclusions 

The simulations realized during the research presented in actual chapter allowed to achieve a 

double goal: to confirm the positive impact of EV multi-motor powertrains usage in terms of onboard 

energy efficiency, and to compare the results obtained by different methods. The internal losses of 

the electric motors have been calculated using the motors’ main characteristics and physical 

dimensions. Also, the method and the calculation for the iron losses coefficients depending on motor 

speed and square motor speed, have been presented. Several load allocation methods between motors 

have been identified and analyzed: static load allocation (complementary, percentual, proportional 

and optimal load distributions), dynamic load allocation (based on past and future situations, using 

internal motors losses minimization) and mixed load allocation. The optimal load distribution 

performs better, but the approach of the superior limit of the motors must be supervised as the method 

can have a shorter area of application as the proportional one. To overcome this limit a mixed load 

allocation can be successfully applied. Efficiency maps for both cases have been generated, and also 

for each individual motor. The improvement is more visible on an efficiency representation for 

increasing slope angles. In complement at the end, it was presented a new method to explore the 

vehicle capabilities starting from the powertrain characteristics. It represents the construction of 

vehicle physical limits in terms of vehicle mass and towable mass for different slope angles, under 

the constraint to respect entirely a given testing cycle. 

 

IV.  OPTIMIZATION TECHNIQUES FOR BLDC PROPULSION 

SYSTEMS 

IV.1.  Constitution of the motor model 

Back EMF in three-phase BLDC motor 

A usual construction of the motor presents three phases. BLDC motors are designed to develop 

trapezoidal back EMF, as represented in Fig. IV-1. Between the three phases, the back EMF is shifted 

by 120 electrical degrees. 

  
Fig. IV-1. Back electromotive forces: for phase a 

BLDC motor model 

Modelling the mechanical system 
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The electromagnetic torque TE is the rapport between the electromagnetic power and angular speed 

of the rotor. Using the motor in a vehicle propulsion system, it must cover the torque request, 

 
t

JTTFT loadfcE
d

 d
0


+++= , (IV-1) 

where, Fc is the viscous friction coefficient for motor and load and Tf 0 is the static friction torque 

(both covers the power losses depending on speed and square of the speed), Tload is the necessary 

load requested by the vehicle to cover the aerodynamic drag, the rolling resistance and grading 

resistance, J is the inertia of rotor and load,   is the angular speed of the rotor. Considering θ the 

angular position of the rotor: 

 
td

 d
= . (IV-2) 

IV.2.  Ideal and real currents in the motor 

By simulation at 500 rpm, it is obtained that the imposed (ideal) current for the phase a, ia-ref has a 

rectangular shape, but not the real current ia. As a result, the electromagnetic torque in the machine is 

fluctuating around a mean value and the phase commutation generates torque ripples as shown in Fig. 

IV-4. 

 
Fig. IV-2. Phases commutation influence on the 

phase current 

 
Fig. IV-3. Electromagnetic torque in the motor 

Effect of an increased speed 

For the same motor, the speed has been increased from 500 rpm to 750 rpm. Consequently, there 

is an important limitation in the electromagnetic torque and the torque ripples increase significantly. 

 
a). Current 

 

 
b). Torque 

Fig. IV-4. Effect of a speed of 750 rpm 

IV.3.  Application of Phase Advance and Dwell Control methods 

Looking to the precedent figure if the phase a is supplied before the moment when the phase back 

EMF has already attempted the maximum value, this is conductive to favorize the increasing of the 

current through phase a. In this case the ideal phase current pulse can be advanced by 60 degrees and 

can last a maximum of 180 degrees. The technique of advancing the commutation signal to open the 

phase current is called Phase Advance (PA). The technique of delaying the commutation signal to 
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stop the phase current is called Dwell Control (DC). The difference from precedent research 

consists in proposing a propulsion system with two identical BLDC motors, trying to use an 

appropriate configuration to the smallest one. Each motor has the characteristics specified in 

Table IV-1. 

Table IV-1. Characteristics of the motors for PA and DC investigations 

Characteristics Values 

Nominal power 3 kW 

Maximum power 5,4 kW 

Nominal voltage 72 V 

Pair poles 16 

Nominal current 68 A 

Nominal speed 650 rpm 

No load speed 860 rpm 

Stator Phase resistance 0.027 Ω 

Stator Phase inductance 0,15 mH 

MATLAB-Simulink model for operational area investigation 

 
Fig. IV-5. Simulink implementation for operational area coverage 

 
Fig. IV-6. Motor speed profile for operational area investigation 

The "Phase Reference Currents" block, based on motor speed and Hall signals, generates the ideal 

rectangular shape of phase currents with a phase shift of 120 degrees. The amplitude is the imposed 

value for the current provided by the source. The next figure presents the shape of Hall signals and 

reference currents for an imposed current at nominal value (68 A). In "Motor Supply", the inverter 

connected to the voltage source receives the commutation pulses from the regulator. The regulator 

compares for each phase the real current to the reference current and generates the commutation 

pulses. The "BLDC Motor" simulates a trapezoidal back-EMF permanent magnet synchronous motor, 
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supplied in direct current. The "Data Treatment" block generates the data for the investigation. From 

the electromagnetic torque, subtracting the equivalent torque produced by friction and iron losses 

torque, it results the shaft torque. Applying the method presented in chapter III the equivalent static 

torque obtained is Tf 0 = 0.89 Nm and the equivalent coefficient of viscous friction Fc = 0.021 Nms. 

A three-phase MOSFET/Diodes inverter ("Power electronics block" in Fig. IV-7) supplies the motor. 

 
Fig. IV-7. "Motor Supply" block 

Vehicle request for operational area coverage 

The maximum power of the motor (5.4 kW) is obtained at speed of n = 550 rpm and for a maximum 

current of I = 136 A. The operating points requested for the propulsion system are superposed on the 

operational area generated by the two identical motors. The results are shown in Fig. IV-9 without 

grading resistance and respectively in Fig. IV-10, at eleven-degree slope. Without grading resistance, 

the operating point at 800.6 rpm requests a torque of 53.6 Nm. Running the simulation at this speed 

for the maximum current as reference (136 A), the propulsion system with two identical motors can 

provide only 25.75 Nm. Imposing a higher reference current will not change the current in the motor. 

 
Fig. IV-8. Propulsion system operational area and 

operating points request without grading resistance 

 
Fig. IV-9. Propulsion system operational area and 

operating points request for 11° slope angle 

The situation is worst with grading resistance for a slope angle of 11 degrees. In this context the 

research for improvement will not be done by replacing one of the motors by a more convenient 

one to cover the high-speed region. Both identical motors are kept, and PA and DC are applied 

for optimization. 
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Implementation of PA and DC methods for the investigations 

In the next figure the main components of the implementation schema are represented.  

 
Fig. IV-10. General view on the implementation schema PA and DC methods analysis 

Mathematical models for PA and DC for MATLAB-Simulink implementation 

 

To an angle, αadv in electrical degrees (max 60°), corresponds a phase advance, τadv, in seconds. 

From the moment when the Hall signal passes to "1", the next passage of the reference current from 

0 to Ia-ref, is delayed, in seconds, by  

 
360

3602 adv
adv

−





=−
p

, (IV-3) 

where p is the number of pole pairs and  the angular speed. The dwell control consists in extending 

the period of time with max 60°, when the phase reference current is at its maximum (Ia-ref, for positive 

pulses and -Ia-ref, for negative ones); this period is usually 120 electrical degrees, or τ/3 seconds. By 

applying a DC angle, αdwl, it is extended by τdwl seconds. The dependence between the additional 

time, τadv, and the DC angle, αdwl, and is 

 
360

2 dwl
dwl







=
p

. (IV-4) 

IV.4.  Conclusion 

This chapter has introduced the PA and DC methods applied in the supplied voltage commutation 

between the phases of the motor, explaining the commutation periods and the consequent impacts. 

Based on simulation the results are confirmed. The methodology for implementation was explained 

and the mathematical model for PA and DC angle calculation introduced for building the Simulink 

model. The improvements obtained using these methods are presented in the next chapter. 
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V.  INFLUENCE OF PA AND DC METHODS ON BLDC PROPULSION 

SYSTEMS 

V.1.  PA results on operational area coverage 

For simplification, it is considered that the same PA angle is applied to each motor of the 

powertrain and the method is used starting from a motor speed of 50 rpm. 

Results obtained for the maximum reference current 

 
Fig. V-1. Influence of the PA angle on operational 

area coverage, case without grading resistance 

 
Fig. V-2. Influence of the PA angle on operational 

area coverage, at 11° slope angle 

 
Fig. V-3. Operational area coverage with a PA 

angle of 25° for more than 735 rpm, w/o grading 

resistance 

 
Fig. V-4. Operational area with PA – limits for 

uncovered operating points 

 
Fig. V-5. Operational area with PA – maximum 

slope angle (8.8°) for the coverage of maximum 

local torque at high speeds 

 
Fig. V-6. Complete operational area coverage with 

PA for a maximum slope angle of 7.2° 

Results obtained for the nominal reference current 

The operational area is covered for a PA angle of 25°. From the resulting data is determined 

that the application of PA would be necessary for more than 735 rpm. 
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Fig. V-7. Operating points coverage using PA for nominal reference current 

Maximum speed investigation 

 
Fig. V-8. Operating points coverage using PA for maximum reference current 

Influence on the motor currents 

 
Fig. V-9. Phase current and torque for maximum 

reference current (136 A) without PA at 50 rpm 

 
Fig. V-10. Phase current and torque for maximum 

reference current (136 A) without PA at 850 rpm 
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Fig. V-11. Phase current and torque for maximum 

reference current (136 A) and 25° PA at 850 rpm 

 
Fig. V-12. Phase current and torque for maximum 

reference current (136 A) and 55° PA at 2600 rpm 

V.2.  Operational area coverage by completing PA with DC 

Results obtained for the maximum and nominal reference current 

 
Fig. V-13. Influence of the 50° PA and DC angles 

on operational area coverage, case without grading 

resistance 

 
Fig. V-14. Influence of the 50° PA and DC angles 

on operational area coverage, at 11° slope angle 

 
Fig. V-15. Complete operational area coverage 

with 50° PA and DC for a maximum slope angle of 

9.6° 

 
Fig. V-16. Operating points coverage using 50° PA 

and DC for nominal reference current 

Influence on the motor currents 

 
Fig. V-17. Phase current and torque for maximum 

reference current (136 A) at 850 rpm, 50° PA, 0°DC 

 
Fig. V-18. Phase current and torque for maximum 

reference current (136 A) at 850 rpm, 50° PA, 

45°DC 



Energy consumption optimization strategies for electric vehicles 

 Page 26 of 48 

 
Fig. V-19. Phase current and torque for maximum 

reference current (136 A) at 850 rpm, 55° PA, 

45°DC 

 
Fig. V-20. Phase current and torque for maximum 

reference current (136 A) at 2600 rpm, 55° PA, 

45°DC 

V.3.  Impacts on powertrain torque and efficiency 

Torque maximization 

 
Fig. V-21. Maximum torque curves using PA and 

DC for 0 to 140A reference current levels with 

grading resistance 

 
Fig. V-22. Maximum torque curves using PA and 

DC for 0 to 140A reference current levels w/o 

grading resistance 

Table V-1. Pair of PA and DC angles for WLTC coverage at 50 A 

Speed 

[rpm] 
300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 

PA 

angle 

[°] 

15 15 15 15 20 20 20 25 30 35 35 35 45 45 45 

DC 

angle 

[°] 

15 15 10 15 15 15 20 25 20 20 15 50 60 60 60 

 
Fig. V-23. Dependence between PA and DC 

angles for torque maximization at 50 A and 500 

rpm 

 
Fig. V-24. Dependence between PA and DC angles 

for torque maximization at 50 A and 600 rpm 
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Fig. V-25. Dependence between PA and DC 

angles for torque maximization at 50 A and 700 

rpm 

 
Fig. V-26. Dependence between PA and DC angles 

for torque maximization at 50 A and 800 rpm 

 

 
Fig. V-27. Dependence between PA and DC 

angles for torque maximization at 50 A and 900 

rpm 

 
Fig. V-28. Dependence between PA and DC angles 

for torque maximization at 50 A and 1000 rpm 

 

 
Fig. V-29. Dependence between PA and DC 

angles for torque maximization at 50 A and 1100 

rpm 

 
Fig. V-30. Extended operational area at 136 A 

with PA & DC 

Table V-2. Pair of PA and DC angles for powertrain operational area extension 

Speed 

[rpm] 
300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 

PA 

angle 

[°] 

15 15 20 20 30 55 40 45 55 60 55 55 60 60 60 

DC 

angle 

[°] 

5 5 10 0 10 55 40 40 50 55 45 45 50 45 30 
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Efficiency / Yield maximization 

 
Fig. V-31. Motor maximum yield using PA and DC methods 

Table V-3. Pair of PA and DC angles for motors yield optimization at 70 A 

Speed 

[rpm] 
300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 

PA 

angle 

[°] 

10 10 5 10 35 30 25 30 35 30 35 45 45 50 50 

DC 

angle 

[°] 

0 0 0 0 45 30 20 35 40 35 40 55 55 60 40 

 

V.4.  PA and DC for energy efficiency improvement in an EV BLDC 

Powertrain 

V.4.1.  Entry data for the investigation 

Table V-4. Vehicle characteristics for energy efficiency improvement analysis using PA and DC 

Characteristic Value 
Measurement 

Unit 

Maximum mass 250 kg 

Wheel radius 0.275 m 

Aerodynamic drag coefficient 0.46 - 

Frontal area 0.95 m2 

Transmission rapport motor to wheel 1 - 

Table V-5. Resistant forces coefficients for energy efficiency improvement using PA and DC 

Characteristic Value 
Measurement 

Unit 

Tractive effort coefficient 0.8 - 

Rolling resistance coefficient 0.013 - 

Table V-6. Motors characteristics for energy efficiency improvement analysis using PA and DC 

Characteristics Values 

Nominal power 3 kW 

Maximum power 5.4 kW 
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Nominal voltage 72 V 

Pair poles 16 

Nominal current 68 A 

Nominal speed 650 rpm 

No load speed 860 rpm 

Stator Phase resistance 0.027 Ω 

Stator Phase inductance 0.15 mH 

A testing cycle, WLTC (Fig. II-3) is also used in this case to verify the vehicle capabilities. 

 
Fig. V-32. Propulsion system operational area and operating points request without grading resistance 

V.4.2.  Improving the energy efficiency usage in each operating point 

Implementation of the testing 

platform 

 

Fig. V 33. Torque-controlled PM BLDC 

model implemented with PID speed control 

regulator for improvement confirmation 

PA and DC angle calculation for maximum 

efficiency 

The model built in Fig. IV-5 is used for the present 

investigation with the goal of extending the operational 

area coverage of the powertrain. 

Table V-7. PA and DC angles for maximum efficiency of 

each motor 

Speed 

[rpm] 

300 350 400 450 500 550 600 650 

PA 

angle [°] 

10 10 5 10 35 30 25 30 

DC 

angle [°] 

0 0 0 0 45 30 20 35 

         

Speed 

[rpm] 

700 750 800 850 900 950 1000 

PA 

angle 

[°] 

35 30 35 45 45 50 50 

DC 

angle 

[°] 

40 35 40 55 55 60 40 
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V.4.3.  Results 

Results obtained without the application of PA and DC methods 

 
Fig. V-33. Requested speed (in black) and obtained 

speed (in green) without PA and DC (classic 

control) 

 
Fig. V-34. Reference current generated by the 

regulator without PA and DC (classic control) 

 
Fig. V-35. Energy consumption without PA and DC (classic control) 

Results obtained with the application of PA and DC methods 

 
Fig. V-36. Requested speed (in black) and obtained 

speed (in green) with PA and DC 

 
Fig. V-37. Reference current generated by the 

regulator with PA and DC 

The amount of electric energy consumed applying PA and DC methods is smaller, attempting 

82.05% of the total energy consumed using the classic control (without PA and DC). The obtained 

speed error is about 5∙10-2 km/h. 
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Fig. V-38. Energy consumption with PA and DC 

 
Fig. V-39. Speed regulation with PA and DC 

V.5.  Conclusions 

Applying an advance for the opening of the phase current has generally a negative effect for low-

speed regions. For high-speed, the method allows more torque creation, successfully using the period 

when the back EMF is increasing from zero to its maximum value. The commutation between phases 

with PA also generates torque fluctuations. Completing PA by delaying the moment when the current 

is interrupted for a phase, allows the initial current to continue to decrease when the other phase starts 

to work in parallel. The interruption of the initial current is realized when the current level is lower, 

and the torque ripples decrease. The right PA-DC couple for a certain reference current at a certain 

speed generates the requested torque to cover the respective operating point. Regarding speed 

capabilities, the maximum speed increases quite interestingly using PA (>2600 rpm). At this speed 

the DC angle had no additional influence. The application of PA and DC methods allows the 

extension of the operational area of the powertrain, regarding torque maximization, but can be applied 

also to maximize the efficiency of each motor integrating the powertrain. The pairs of PA-DC angles 

for a specified reference current have been determined to maximize the motor yield. Finally, it was 

possible to confirm that the application of an appropriate PA-DC angles in high-speed region can 

generate positive results for the performance of the powertrain and reduces the energy consumption. 
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VI.  ANALYSIS OF EFFICIENCY MAPS REALIZATION METHODS FOR 

PM MOTORS. IMPACT OF ADDITIONAL SIMILAR MOTORS ON AN 

EV POWERTRAIN. COMPLEMENTS TO CHAPTER THREE 

The BLDC motor from Table IV-1 is studied from the point of view of efficiency maps realization, 

comparing analytical calculation and simulation, integrating experimental experience, verifying the 

optimal load distribution results in a powertrain configuration with three identical motors. 

VI.1.  Analytic results 

Total losses 

 

Fig. VI-1. Joule losses – analytical calculation 

 

Fig. VI-2. Iron losses – analytical calculation 

 

The iron losses represent the losses by hysteresis and eddy currents. Fig. VI-2 presents the result 

obtained by calculation and interpolation (process presented in Fig. III-8). Additional losses in the 

motor (anomalous loss due to different causes) are neglected. The total losses in the motor result as 

the sum of Joule losses and Iron losses. 

Fig. VI-3. 
Fig. VI-3. Total losses – analytical calculation 
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Output power (mechanical power) and input power (electrical power)  

 
Fig. VI-4. Output power– analytical calculation 

 
Fig. VI-5. Input power– analytical calculation 

Efficiency maps 

 
Fig. VI-6. Motor efficiency – analytical calculation 

VI.2.  Efficiency maps realization by simulation and data treatment 

The MATLAB-Simulink model from Fig. IV-5 is used to investigate the capabilities of the motor. 

Depending on the rapidity of the computer and the available delay, pairs of speed-reference current 

requested to the motor are introduced into the simulation. Fig. VI-7 presents the process diagram for 

the operation. 

 
Fig. VI-7. Process diagram for efficiency maps data generation by simulation and data treatment 
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Fig. VI-8. Motor efficiency by simulation and data treatment 

As the simulation integrates the dynamic regimes and transition phases of the physical entities 

during measurements, the physical entities need a supervision period depending on the dynamism of 

the transitions. Compared to the efficiency maps obtained by analytical calculation, the result in Fig. 

VI-8 becomes more natural and more realistic.  

VI.3.  Example of a powertrain constitution using previously obtained data 

A vehicle based on Table V-4 and Table V-5 information is considered with two major 

modifications: the mass of the vehicle is increased to 400 Kg, and the wheel radius becomes 0.3 m. 

 
Fig. VI-9. Torque speed characteristic and 

operating points with one motor powertrain 

 

 
Fig. VI-10. New vehicle configuration with three 

motors 

From the efficiency maps obtained previously by simulation and data treatment, three identical 

motors would be needed to cover the torque request in the high-speed region (between 1000s and 

1500s of the WLTC). The investigation will consist of covering two cases of static load allocation: 

percentual load distribution of 40% on the frontal axle and 60% on rear axle (one motor will need to 

cover 40% of the requested torque and each of two other motors 30%), and optimal load distribution 

(in the case of identical motors, each motor must cover the torque request divided by the number of 

motors, 1/3 in this case). The energy efficiency results are synthesized in next two tables 

Table VI-1. Energy efficiency for entire WLTC 

Load distribution 

coefficient 

[%] 

Motor 

efficiency 

[%] 

Total efficiency of 

the powertrain 

[%] 

30 % 80.2419 80.9109464 
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40% 81.9357 

Optimal load 81.0003 81.0003 

Table VI-2. Energy efficiency for high-speed WLTC 

Load distribution 

coefficient 

[%] 

Motor 

efficiency 

[%] 

Total efficiency of 

the powertrain 

[%] 

30 % 82.4279 
83.2344458 

40 % 84.4743 

Optimal load 83.2976 83.2976 

VI.4.  Conclusions 

To sustain the choice of multiple motors for an EV powertrain, the actual research has given a new 

methodology to realize the efficiency maps for a given PM BLDC motor. Based on the efficiency 

maps previously determined a three-motor powertrain has been investigated for energy efficiency. 

The static load allocation with a percentual distribution of the total torque request by 60 % on 

rear axle with two identical motors and 40 % on frontal axle with a single motor, provides good 

results compared to the optimal load allocation between motors. The difference on the efficiency 

results is less than 0.09% for the entire testing cycle and less than 0.07 % only for high-speed. 

 

VII.  EXPERIMENTAL DEVELOPMENTS PREPARATION 

VII.1.1.  PMSM investigations 

Fig. VII-1 shows the MATLAB-Simulink model used for PM motors when applying a sinusoidal 

control for the determinations. 

 
Fig. VII-1. Simulink model developped for PMSM investigations 

VII.2.  Preparations for physical platforms 

VII.2.1.  Electric sources 

Fig. VII-2 presents a schematical view of the DC sources implemented for physical platforms. 
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Fig. VII-2. Multiple DC voltage supply for platforms 

VII.3.  Resistant torque production 

To produce a resistant torque during motors investigations a DC electric generator has been 

investigated and integrated into one of the physical platforms. Before any use of the generator, it has 

been checked from mechanical and electrical points of view. 

 
Fig. VII-3. DC generator after refurbishment and integration on the physical platform 

The next curve family has been determined regarding the possible resistant torque. 
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Fig. VII-4. Resistant torque produced by the DC generator  

VII.4.  Conclusion 

As in precedent research, the simulation has been used before any physical test. A power supply 

system has been conceived to offer DC of 3.3, 5, 9 and 24 V for electronic control and measurement 

systems. A classic transformer followed by a rectifier and a filter was used to provide the voltage 

supply to PM motors. Developing and running the correspondent MATLAB-Simulink model, the 

parameters for the rectifier and filter have been determined. The physical results confirmed the 

simulated ones. For future developments a DC Switching Power Supply will be added. For creating 

resistant forces, like a real vehicle, a DC generator has been observed to be integrated on one of the 

physical platforms. A set of curves have been obtained giving the resistant torque production. 
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VIII.  DEVELOPMENT OF PHYSICAL PLATFORMS AND 

MEASUREMENTS 

VIII.1.  Development of physical platforms  

VIII.1.1.  One independent motor 

 
Fig. VIII-1. Physical platform integrating one single motor 

VIII.1.2.  Two motors running at same speed 

 
Fig. VIII-2. Platform with two in-wheel motors – 

image on coupling between wheels 

 
Fig. VIII-3. Platform with two in-wheel coupled 

motors – final stage 

VIII.1.3.  Two independent motors 
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Fig. VIII-4. Platform with two independent in-wheel motors – the final stage 

VIII.1.4.  Platforms control implemented with STM32 microcontroller 

There was a need to integrate a microcontroller with enough I/O possibilities to supervise at least 

two motors on a single platform. 

 
Fig. VIII-5. General view on the platforms management 

system 

 

 

 
Fig. VIII-6. Microcontroller STM32 F303RE 

Speed profile implementation, Speed measurement, Speed Control 

The research on PM motors explained previously was regularly conducted to an application on 

standardized testing cycle, WLTC or FTP75. 
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Fig. VIII-7. Main routine for WLTC speed profile 

request 

 
Fig. VIII-8. Routine for measuring the Hall signal 

period 

VIII.2.  Physical determinations 

VIII.2.1.  Measurements 

 
Fig. VIII-9. Running the PM motor as a generator for firsts 

determinations 

 
Fig. VIII-10. PM motor – phase-to-

phase resistance and inductances 

measurement 

VIII.2.2.  Constitution of the DC Electro-Mechanical Convertor (DCEMC) 

 
Fig. VIII-11. Seeing the motor control and the PM motor as a DCEMC 

VIII.2.3.  Determination of the operational area of the motors 

The next determinations refer to the acquired PM motors installed on the platforms described 

previously. Combining simulation, following the model presented in Fig. VII-1, and physical 

measurements, it was possible to obtain more accurate results. 
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Fig. VIII-12. Physical measurements – general 

view on no-load situation 

 
Fig. VIII-13. Hall signal on the scope for a vehicle 

speed of 32 km/h 

The speed measured on onboard device gave an indicative value. The more precise value has been 

calculated based on measurement on Hall signals period. The determination of the lost power 

coefficients, 0fT  and vF , supposed several measurements in no-load and load conditions at different 

speeds. Consistency between results was sought when selecting appropriate values. The two 

coefficients have resulted from the retained values: 0fT =0.986 Nm and vF =0.005 Nms. From the 

commercial data of the acquired motors, there is a theoretical maximum speed =
max
nv 50 km/h, 

without running time limit, accepted by the vehicle having a propulsion system with a single motor, 

for a nominal voltage of 60 V. It means that the motor can run continuously at the correspondent 

angular speed and the internal developed heat can continuously be evacuated. The second information 

available was the maximum power of =
maxoutP 1500 W. The motor can deliver this power during a 

limited period of time (seconds). For the wheel radius =wr 0.225 m, without any gear ratio between 

wheel and motor (in-wheel motor) it results the maximum rated angular speed, 61.37 rad/s. It 

represents a theoretical maximum speed of 589.78 rpm. For the platform in Fig. VIII-2, where the 

transmission ratio between the electric motor and the generator is 1:2.3, for the DC generator rotor 

results a speed of 1356.5 rot/min. For a vehicle having the mass =vehM 200 kg, moving on concrete 

with a rolling resistance coefficient =rc 0.013, with a vehicle frontal area =vehS 0.95 m2, and a 

vehicle aerodynamic drag coefficient =xc 0.46, it results the total resistant force =totalF 77.138 N and 

corresponding to a torque =
maxnT 17.356 Nm. There is the confirmation that the physical platform 

with two coupled motors  can provide via the DC generator enough resistant torque for both 

motors. The maximum output power of 1500 W at the maximum speed of 50 km/h, corresponds to 

a peak torque of 24.3 Nm. Running the motor in no-load generator mode and measuring the terminals 

voltage it results the back-EMF constant =Ek  1.14 Vpeak∙s/rad. The obtained torque constant is =Tk  

0.99 Nm/Apeak. Neglecting the losses it results the values for the maximum rms values for the current 

passing through the motor for maximum nominal speed (with no time limit) and for maximum power 

(limited time), 12.34 A and respectively 17.28 A. There is the confirmation that the physical 

platform with two coupled motors can be supplied with electric energy from DC source 

specially developed for the motors. The previously obtained data are processed under MATLAB to 

generate a graphical representation in the next figure. 
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Fig. VIII-14. Operational area of the investigated motor 

VIII.3.  Conclusions 

The actual work emphasized the complementary information needed, and activities to make 

possible the research and to help in the confirmation of the results. The conception of physical 

platforms, complementary voltage sources, measurement tools, and dedicated control devices are 

examples of time-consuming activities. There is satisfaction when all of them come to support the 

research. On the other hand, the complementary obtained knowledge offers perspectives for future 

studies and developments. The DCEMC example is conclusive as the onboard stored electric energy 

in the electric battery directly offers a DC voltage source. There is a need to transform and adapt it 

for better performance. Nowadays, simulation tools attempting a certain level of confidence are more 

and more used to obtain an image of a future reality. However, there is a need for fine tuning of the 

simulation parameters to obtain more realistic results. The operational area of motors has been built 

based on available information on the motors, simulation, and physical measurements. 

 

IX.  GENERAL CONCLUSIONS AND FURTHER RESEARCH 

OPPORTUNITIES 

Energy consumption optimization strategy, being a complex and a multidomain subject, the 

beginning of the research was concentrated on building step by step their main objective. Additional 

sub-objectives have been established on the road to the main one. 

In chapter II, the preparation phases related to simulation implementations are presented. The main 

components of the vehicle simulation represent the first results of this work. Afterwards, the 

transformation of the normalized speed request in tractive effort to be developed by the powertrain is 

realized starting from main vehicle and road characteristics. The methodology to obtain the 

correspondent operating points is built and explained. Two different BLDC motors are used to 

continue the research by building and implementing the process for the operational area study by 

analytic calculation using programming and obtaining the motor characteristics. Finally, the coverage 

of the operating points by each motor is analyzed. 

Chapter III builds specific static, dynamic, and mixed load allocations methods. Inside each 

method, load distribution criteria are defined and analyzed, following the efficiency impact when 

applied: complementary, percentual, proportional and optimal distributions for the static method, load 
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distributions based on past and future situations and internal losses minimization distribution for 

dynamic method, and extension of vehicle capabilities using the mixed method. The method and the 

calculation for the iron losses coefficients depending on motor speed and square motor speed is 

presented. During the entire testing cycle the studied powertrain with a single motor consumes about 

10% more energy than the powertrain with two motors in a complementary load allocation. Also, the 

application of the complementary load allocation starting with one motor, or the other, is not without 

importance. It had an additional positive impact in energy consumption (about 1%). Regarding the 

load distributions using a fixed percentage, the proportional load allocation gives satisfaction as the 

motors are charged proportionally with their capabilities, and there is no risk to overcharge a motor. 

The optimal load distribution is obtained from the analytical model, searching to maximize the 

powertrain efficiency. In the assumptions of the method, it was obtained the optimal load distribution 

coefficient for each motor of the powertrain as a constant value during the operational area coverage. 

The process for motor and powertrain efficiency maps determination by analytic calculation are then 

built and presented. Comparing the resulting efficiency maps, the optimal load distribution generated 

the best efficiency of the powertrain. Continuing load allocation methods investigation, the dynamic 

one was defined by a load distribution specific calculation in each operating point. The results on 

internal losses minimization for each operating point are compared with a static load distribution 

between motors. Improvements of 0.2 % on a flat surface and 3.4 % for a slope of 15 degrees, are 

generated in comparison to the percentual load allocation of 40%-60% for the bi-motor powertrain. 

The mixed load distribution method is used to emphasize the difference between optimal load 

distribution (with the extension by dynamic load allocation) and the case of the powertrain with a 

single motor. An extension of the vehicle usage has been studied up to the superior limits of the 

electric motors. Chapter III ends by presenting a new method to explore the vehicle capabilities 

starting from the powertrain characteristics. 

Advanced methods to improve motor characteristics and vehicle performance have been studied 

using BLDC propulsion system in chapter IV. The motor simulated model allows to introduce two 

methods for improving motor characteristics: phase advance and dwell control methods. The 

simulation is used to obtain the motor characteristics. A dedicated model has been developed using 

the motors parameters, a dedicated speed profile for operational area investigations, calculating the 

vehicle resistant forces, and, finally, providing the operating points. A specific implementation 

schema is developed and presented for phase advance and dwell control methods. The mathematical 

model for phase advance and dwell control angles is built. It generates a specific model developed 

under simulation. 

Once the simulation is implemented, chapter V is dedicated to performing the investigations and 

providing the results. The entire operational area for the vehicle simulated in chapter IV has been 

investigated. Regarding the powertrain, its operational area is built by a new method using simulation 

for nominal and respective maximum current supported by the motors, and for phase advance angles 

from 0 to 60 degrees (considered as the extreme). The operational area of the motor can be enlarged 

using phase advance for high speeds, and the no-load speed obtained is 2662.85 rpm (more than three 

times the maximum speed of the motor without phase advance). The applied method confirms an 

improvement in a motor current at high speeds when using phase advance, in parallel with an increase 

in the torque ripples. In addition, the dwell control method was applied in parallel with phase advance. 

The obtained improvement consists in reducing the torque ripples, reducing the torque reduction at 

low speeds, and growing the torque at high speeds (around the no load speed obtained without 

applying phase advance and dwell control methods). The increase of the dwell control angle impacts 

the shape of the current more, moving it to a sinusoidal one. Approaching the maximum no load speed 

attempted using phase advance, as the shape of the current is more and more sinusoidal, the effect of 

dwell control angle reduces. The method to generate the dependence of the powertrain torque on 

phase advance and dwell control angles had been presented with examples of 3D representations. 
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Finally, a complement to the simulation model is added to obtain the respective angle pairs, increasing 

the powertrain efficiency in each operating point. An additional model has been developed to measure 

the impact on energy consumption. For the investigated vehicle, the application of the method has 

given reduction of about 18% in the energy consumption during WLTC. As a general conclusion, 

using phase advance and dwell control, the BLDC powertrain, for a given vehicle is able to perform 

better in terms of torque production, speed, and efficiency. 

New methodologies to realize the efficiency maps of the motors and to choose the number of 

motors in an EV powertrain are developed in Chapter VI. For a vehicle with three identical BLDC 

motors, the optimal load distribution gives the best results, but the static load allocation with a 

percentual distribution of the total torque request by 60 % on rear axle with two identical motors and 

40 % on frontal axle with a single motor, provides good results too. The difference on the efficiency 

results is less than 0.09% for the entire testing cycle and less than 0.07 % only for high-speed region. 

For physical experiments and measurement (chapter VII), it was a necessity to build a power 

supply for controlling the testing platforms and measuring the physical entities. Additional power 

supply for PM motors have been developed using simulation before choosing the physical 

components. For the resistant torque production, a DC generator had been measured and investigated 

realizing the torque curves dependence on speed and generator load. Chapter VIII continuous the 

experiments preparation completing the physical aspects by the development of three physical 

platforms for PM motors: one independent motor, two motors running at same speed coupled on load, 

and two independent motors. For the investigations the platforms supervision is realized by a STM32 

microcontroller with specific programs released for speed profile implementation, speed 

measurement and speed control. There is also the introduction to a new concept: the DCEMC – DC 

Electro-Mechanical Convertor. Using physical measurements, the operational area of the acquired 

motors for the platform are obtained. 

The processes, methods, and physical platforms developed and presented previously opens ways 

for further research based on PM motors, combining the load allocation methods (chapter III, chapter 

VI), individual motors improvements (chapter IV, chapter V), in the realization of multi-motor 

powertrains (chapter II, chapter VI). The physical platforms help the confirmation of the simulation 

parameters. They support future developments related to multi-motor powertrains, as specific torque 

and speed control for motors powering individually a vehicle wheel, under the constraint of vehicle 

stability, when searching energetic improvements. 
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ORIGINAL CONTRIBUTIONS 
The research has been conducted using Permanent Magnets (PM) motors by software 

programming calculation, development of models and simulation, and experimental data 

verification on dedicated developed platforms. The main achievements are listed below. 

1. Reduction in electric energy consumption for an Electric Vehicle (EV) using multi-motor 

powertrains: 

- research regarding the usage of two smaller motors instead of one bigger equivalent motor 

generating energy optimization, 

- realization of different strategies for load allocation between the motors of the powertrain (static, 

dynamic, and mixed load allocations strategies), 

- studies regarding the impact of load allocations on the resulting efficiency maps of the 

powertrain, 

- investigations on static load allocations: complementary, percentual, proportional, and optimal 

load distributions and methodology to calculate an optimal load distribution starting from motor 

characteristics, 

- investigations on motor internal losses minimization, 

- study of a powertrain with two identical motor types but with different characteristics for 

operational area extension using mixed load allocation, 

- construction of the curve limits for a given powertrain depending on mass and slope angle. 

2. Application of Phase Advance (PA) and Dwell Control (DC) methods for: 

- increasing the maximum speed of the propulsion system, 

- maximizing the torque produced by the powertrain, 

- optimizing the powertrain efficiency, 

- generating the influence of PA and DC angles on powertrain precedent characteristics. 

- maximizing the motor yield, 

- reducing the energy consumption of the EV using the respective powertrain, 

3. Methodology elaboration for building efficiency maps of motors: 

- a methodology based on analytic calculation, simulation, and data treatment, 

- application of the result in the constitution of multi-motor powertrains (three motors) 

- impact analysis on energy efficiency for approaching the results of optimal load distribution by 

vehicle configuration and percentual load distribution 

4. Multi-motor experimental platforms realization: 

- physical investigations on PM in-wheel motors, 

- physical investigations using independent motors, 

- physical investigations using motors running at the same speed, 

- implementation of a controlling and monitoring system, 

- installation of additional required equipment. 
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