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Using more than one motor in an EV (Electric Vehicle) powertrain enhances the vehicle’s torque, acceleration, and speed capabilities. 
A more tractive force produced by the electric powertrain requires more electric current from the battery. In modern EVs, mechanical 
power production can be approached to the wheels reducing the mechanical losses in the transmissions. It is the case with multiple-
motor powertrains. Several advantages regarding vehicle control, physical performance, and energy efficiency improvement are 
obtained. In the current study, a BLDC (brushless dc) motor is investigated from the efficiency point of view to build a multiple-motor 
powertrain. A new methodology uses analytic calculations, simulations, and physical measurements. A powertrain with three identical 
motors results in a new vehicle configuration. Each motor's energy consumption improvements are analyzed following a normalized 
testing procedure. The results are compared with those of a single-motor powertrain. 

1. INTRODUCTION 
More mobility possibilities are increasingly based on 

electric vehicles (EVs) [1]. Such solutions are not often used 
but could become mainstream, as the technology is already 
there [2,3]. One of the main advantages is the possibility of 
constituting multi-motor powertrains [4], improving energy 
efficiency, and searching for better control [5] and 
optimization [6]. Therefore, the architecture of new vehicles 
should be adapted to integrate multiple electric motors [7,8]. 
Future specialized engineers must be formed to conceive 
such systems [9]. The efficiency of the electric motors is in 
the middle of the efficiency chain of the EV powertrains. 
Diverse research continues to find solutions for better 
performance [10–19]. In the actual analysis, the method 
presented in [20] is detailed in a new specific case of 
efficiency maps constitution, continuing the experience in 
previous research [21–24]. 

A BLDC (brushless dc) motor is investigated to contribute 
to a multi-motor powertrain. Precedent studies showed that 
applying phase advance and dwell control [25] and different 
control methods [26–28] can improve the BLDC performance, 
mainly increasing the motor efficiency and its no-load speed. 
Approaching the production of mechanical power to the 
wheels, using multiple motors, can generate efficiency and 
performance [29]. But the optimal repartition of the torque 
between multiple motors [30–33] represents a question of 
vehicle stability [34]. Therefore, the power distribution among 
electric motors and the powertrain efficiency remain important 
in designing mobility solutions [36,37]. The current 
investigation is based on precedent experiences in simulation 
[38] and experimental measurements [9]. Several methods can 
be used to control energy efficiency [39,40]. Based on previous 
investigations [41], a similar BLDC motor is analyzed from the 
efficiency maps’ point of view. Then, a three-identical motor 
powertrain is proposed and analyzed to power an EV with an 
increased mass. 

As mentioned before, it is important to approach the motors 
to the wheels. In the new configuration, the vehicle has two 
motors operating individually on each rear wheel and another 
on the front axle. The efficiency maps from [20] analyze each 
motor's contribution to the mechanical power supplied to the 
wheels. A specific procedure integrating analytic calculations, 
simulations, and physical measurements is used to analyze the 
three-motor powertrain. 

A normalized testing cycle is used as a speed profile for 

the investigations. The most demanding area of the speed 
profile, the high-speed zone, has been chosen for measuring 
the powertrain performance in the case of using one motor 
and, respectively when using three motors. An optimal load 
distribution is compared to a static load distribution. The 
energy consumed by the three-motor powertrain is compared 
with the consumption of the single-motor system. The 
energy saved, as well as the increased performance of the 
new powertrain, are analyzed. 

2. ENTRY DATA FOR THE STUDY 

2.1 INITIAL CONFIGURATION OF THE VEHICLE 
A vehicle configuration with a single motor is used to 

perform an initial study. For simplification, the mechanical 
transmissions presented in [20], which are used in the current 
model, are considered to have no losses. 

2.2 VEHICLE AND MOTOR DATA 
A vehicle mass of 400 kg having a wheel radius of 0.3 m 

is considered for the investigations. The vehicle's frontal area 
is 0.95 m2, and the aerodynamic drag coefficient is 0.46. In 
[34] is explained how the speed profile of the testing cycle is 
transformed into a tractive effort profile required for the 
powertrain. The tractive effort coefficient is considered 0.8, 
enabling the calculation of the maximum tractive effort 
supported by the wheels when conserving the ground 
adherence. The rolling resistance coefficient, 0.013, helps 
calculate the rolling resistance force. The operating points to 
be covered by the powertrain are generated in the torque-
speed plane [20]. The same motor as in [41] is used for the 
current investigations. 

Table 1 
Characteristics of the motor 

Rated / Maximum Power  3 / 5.4 kW 
Voltage supply  72 V 

Number of pair poles 16 
Rated / Maximum current  68 / 136 A 

Transmission rapport motor to wheel 1 
Torque constant 0.78 Nm/A 

Phase Resistance 0.027 Ω 
Phase Inductance 0.15 mH 

Equivalent static torque 0.89 Nm 
Equivalent coefficient of viscous friction 0.021 Nms 
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3. SINGLE-MOTOR POWERTRAIN 

3.1 OPERATIONAL AREA COVERAGE 
A normalized testing cycle, WLTC, is used to perform the 

investigations. The corresponding speed profile is presented 
in Fig. 1. 

 
Fig. 1 – Testing cycle speed profile. 

For a given speed of the vehicle, the powertrain's 
necessary torque using MATLAB-Simulink blocks is shown 
in Fig. 2. 

 
Fig. 2 – Resistant torque for a given speed. 

To determine the total torque requirement, vehicle inertia 
must also be considered. The inertial torque is computed as 
the product between the vehicle mass, acceleration, and 
wheel radius (the transmission ratio motor to the wheel is 1). 
The vehicle's acceleration is computed from the speed profile 
at each operating point. 

From the motor’s data is possible to determine the 
theoretical mechanical characteristic, which is then limited 
by the maximum torque (restricted by the maximum supplied 
current) and maximum power (motor-rated power) 
supported by the motor – represented with the black dashed 
lines in Fig. 3, the blue dashed line corresponding to the 
motor nominal torque. 

Based on experimental measurements and simulations, a 
more realistic mechanical characteristic is obtained – 
represented with solid lines in the next figure. The black line 
represents the maximum torque variation against the speed. 
Figure 3 shows that a single motor can move the vehicle with 
limited acceleration and a maximum speed smaller than the 
required speed. 

 
Fig. 3 – Motor mechanical characteristics and required operating points. 

3.2 MOTOR LOSSES  
Not all the electrical power received by the motor is 

transformed into mechanical power. A first fraction, PJ, is 
dissipated as Joule losses in the motor's windings, as the 
product between the windings’ resistance and the square of 
the current passing through the windings. The remaining 
power is the electromagnetic one: 

PE = Pel - PJ	.                                 (1) 

The electromagnetic torque is given by:  
TE = PE	/	Ω	,                                 (2) 

where Ω [rad/s] is the angular speed of the rotor. 
The second fraction of the power losses are the iron losses: 

Piron = PE - Pshaft	,                            (3) 

where, Pshaft, is the mechanical power produced by the motor. 
The iron losses, Piron, have two components, one 
representing hysteresis losses that depend on the angular 
speed and the other, the eddy current losses, which are 
proportional to the square of the angular speed: 

Piron = (Tf0 + Fv ·Ω)·Ω	,                       (4) 

The hysteresis and eddy current losses are equivalent to 
Tf0, the equivalent static torque, and a viscous torque, 
respectively. Fv is the viscous friction coefficient provided in 
the motor characteristics. The methodology for computing 
these coefficients presented in [34] was implemented using 
MATLAB. The power losses are represented in Fig. 4-6. 

 
Fig. 4 – Joule losses are represented in the speed–torque plan. 

 
Fig. 5 – Iron losses represented in the speed–torque plan. 
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Fig. 6 – Total losses represented in the speed–torque plan. 

From the above figures, for the studied motor (but also, in 
general, for any other motor), it appears that the Joule losses 
have the greatest weight. As they are proportional to the 
square of the motor current, reducing the motor current is an 
important way to enhance the vehicle's energy efficiency. 

3.3 EFFICIENCY MAP 
There are three ways to generate the motor efficiency map: 

analytic calculations, simulations, or experimental 
measurements [20]. A more accurate result is obtained by 
using the last two methods. However, conducting 
experimental measurements and performing the needed 
simulations can take time, and thus results are reduced to 
several points. Therefore, combining the data from both 
methods and using interpolation is a good way to reduce the 
effort in determining the efficiency map. 

Figure 7 presents the chart of the process used to generate 
the motor efficiency map shown in Fig. 8. The highest motor 
efficiency is obtained by keeping the motor under its nominal 
torque (marked with a blue line in Fig. 8). 

However, in real life, an EV powertrain must provide 
instant torque bursts or high speeds, which means the motor 
does not always operate under its rated torque or at points of 
high efficiency. Therefore, a more important analysis is how 
much electric power the motor uses during a driving cycle. 

 
Fig. 7 – The algorithm chart for computing the motor efficiency map. 

 
Fig. 8 – Resulting efficiency map of the motor. 

3.4 ENERGY EFFICIENCY 
To investigate the vehicle’s efficiency using the electric 

powertrain, a MATLAB/Simulink model was developed, 
Fig. 9. The WLTC speed profile from Fig. 1 is used as entry 
data. By ˝Speed treatment˝ block, the imposed vehicle and 
motor speed are calculated. 
.

 
Fig. 9 – MATLAB/Simulink model for energy efficiency investigations. 
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The block ˝Resistant forces and torque request 

calculation˝ is already shown in Fig. 2. A PID regulator 
imposes a reference current transformed by the block with 
the same name in three reference currents (one for each 
motor phase) supplied to the motor. The consumed electric 
energy is calculated by ˝Data Treatment and Energy 
measurement˝ block. 

To complete the study, the high-speed zone of the WLTC 
was used. That corresponds to the time interval between 
1000 and 1500 seconds of the speed profile shown in Fig. 1. 
The energy consumed during this high-speed zone of the 
powertrain using a single motor is taken as a reference. The 
evolution of the energy consumption of the single-motor 
powertrain is shown in Fig. 10. 

 

 
Fig. 10 – Energy consumed with a single-motor powertrain as reference 

for the study. 

4. ENERGY EFFICIENCY WITH THE THREE-
MOTOR POWERTRAIN 

Analyzing the high-speed zone of the testing cycle, it 
results in a mean traction torque of 51.67 Nm for the area of 
the efficiency map placed under the rated theoretical torque 
(computed as the product between the rated current and 
motor torque constant). The mean braking torque 
corresponding to the same region is 48.83 Nm. This confirms 
that one single motor could move the vehicle with reduced 
performance. 

Figure 3 shows that a powertrain with three identical 
motors will better cover the request. The new vehicle 
configuration is proposed in Fig. 11. 

 

 
Fig. 11 – Vehicle configuration with a three-motor powertrain. 

As in any EV, mechanical stability comes first, and it is 
not possible to split the total required torque between motors 
only by using the energy optimization criteria discussed 
above. 

A static load allocation is considered for all high-speed 
energy measurement zones. The frontal axle should cover 
40 % of the necessary torque using a single motor, while the 
remaining 60 % of the torque is provided by the other two 
motors at the rear axle. 

From the frontal motor, the evolution of the consumed 
energy reported to the reference energy is shown in Fig. 12. 
Finally, in the new configuration, the frontal motor 
producing 40 % of the requested torque consumes less than 
40 % of the reference energy. 

The energy consumption of the front motor, referred to in 
the reference energy chart in Fig. 10, is shown in Fig. 12. As 
it can be seen, in this new configuration, the motor on the 
front shaft produces 40 % of the needed torque and consumes 
32.83 % of the reference energy. 

 
Fig. 12 – Energy evolution for the frontal motor – static load allocation 

(60 % on rear axle, 40 % on front axle). 

A similar result is obtained for rear motors producing each 
30 % of the requested torque while consuming only 22.98 % 
of the reference energy, Fig. 13. 

 
Fig. 13 – Energy evolution for one of the rear motors– static load 

allocation (60 % on rear axle, 40 % on front axle). 

The best efficiency with this powertrain is obtained for an 
optimal load repartition among the motors [29]. In the case 
of a powertrain with three identical motors, the optimal 
efficiency is obtained when each motor produces one-third 
of the total torque. The time evolution of the energy 
consumption of a single motor when it produces one-third of 
the required torque (i.e., at optimal load repartition), is 
shown in Fig. 14. 

 
Fig. 14 – Energy evolution for one of the rear motors– optimal load 

allocation (one-third on each motor). 

For the proposed powertrain with three motors, the 
resulting energy consumption when the vehicle operates at a 
high-speed area of the WLTC, and a 40 % - 60 % load 
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repartition, is reduced by 21.2036 % compared to the 
reference energy consumption. 

When an optimal load repartition is considered (one-third 
of the load on each of the motors), the consumed energy is 
smaller by 21.2739 % than the reference energy 
consumption. It results that for the individual motor of the 
powertrain, being in a three identical motors configuration, 
the optimal load repartition doesn’t significantly increase the 
saved energy, and a 40 % - 60 % load repartition gives 
satisfaction. 

That means the efficiency of the proposed powertrain with 
three identical motors does not significantly increase when 
the optimal load repartition applies (one-third of load on each 
motor) compared to a 40 % - 60 % load distribution between 
the front and rear axle. Depending on running conditions, 
such an uneven load repartition between the front and the 
rear axle is specific to vehicles having a four-wheel drive 
system, offering better traction capabilities and increasing 
energy efficiency. 

11. CONCLUSIONS 
A three-identical motor powertrain for an EV has been 

investigated from the energy consumption point of view. The 
results were compared with those obtained for a single-motor 
powertrain. 

Using three instead of one motor in the new topology 
powertrain generates enhanced acceleration, maximum speed, 
and maximum torque performance. Simultaneously, using 
three motors allows important energy savings compared to 
energy consumption when only one motor is used. 

In the coverage of the operating points with multiple 
motors, the knowledge of the efficiency map of the 
individual motor is an important element in establishing the 
number of motors and the configuration of the powertrain. 

As the load repartition between motors must first satisfy a 
vehicle stability criterion, there is possible to generate an 
enhanced energy efficiency by the configuration of the 
powertrain. For the investigated case, a 40 % - 60 % load 
repartition between vehicle axles gave similar savings to an 
optimal load repartition between the powertrain motors. 
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