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Abstract: Energy transition and decarbonization present significant challenges to transportation.
Electric machines, such as motors and generators, are increasingly replacing internal combustion
engines to reduce greenhouse gas emissions. This study focuses on enhancing the energy efficiency
of electric machines used in vehicles, which are predominantly powered by batteries with limited
energy capacity. By investigating various control strategies, the aim is to minimize energy losses and
improve overall vehicle performance. This research examines two types of electric motors: Permanent
Magnet Synchronous Motor (PMSM) and Induction Motor (IM). Real-time loss measurements were
conducted during simulated driving cycles, including acceleration, constant speed, and braking
phases, to mimic typical driving behavior. The simulation utilized characteristics from commercial
vehicles, specifically the Renault Zoé and Bombardier eCommander, to assess the controls under
different configurations. This study employed the Energetic Macroscopic Representation (EMR)
formalism to standardize the analysis across different motors and controls. The results demonstrate
significant loss reductions. The controls investigated in this study effectively reduce energy losses in
electric motors, supporting their applicability in the automotive industry.

Keywords: Energetic Macroscopic Representation; electrical motor control; flux management;
reduction in losses

1. Introduction

Energy transition and carbonation are significant challenges to the future of trans-
portation. The use of electric machines—motors and generators—is increasing in order to
replace more polluting internal combustion engines, which emit greenhouse gases.

When these machines are used in the transportation sector, they are mostly powered
by a battery with limited energy capacity. The technologies used in these batteries vary,
including Nickel-Cadmium (Ni-Cd), Lithium-Ion (Li-Ion), or, more recently, Sodium-Ion
(Na-Ion) batteries. Their purpose is to convert chemical energy into electrical energy. Two
important parameters to consider are the maximum power the battery can provide and its
capacity. These elements are crucial for the vehicle as they define its performance.

However, the role of the battery is almost exclusively reserved for powering the motor,
with onboard equipment consuming very little current. Consequently, it is deduced that the
motor must consume as little energy as possible to increase the power supply of the battery
duration and, consequently, the distance traveled. Similarly, energy savings translate into
financial savings on recharging. It should be noted that the project will focus solely on the
“tank to wheel” aspect.

In this context, this study aims to report on energy-efficient controls for electric ma-
chines in order to reduce losses across all operating conditions. The topic is deliberately
open to exploring a wide range of different controls and covering a significant portion of
what can be conducted in electric propulsion.

Their various applications range from electric scooters to electric cars, as well as
electric ships (not addressed in this article). Reducing the losses of each of these means of
transportation helps decrease the energy consumption from an ecological perspective.
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As mentioned previously, the objective of this work is to reduce the energy losses of
electric motor vehicles. Recent articles in this ecological perspective focus only on a single
control and a single motor, whereas here, the aim is to compare these works. Two motors
will be the objects of this study. These motors were chosen because they are essential
and still widely used today: the Permanent Magnet Synchronous Motor (PMSM) and the
Asynchronous Motor, also called the Induction Motor.

The losses of the different motors will be measured in real time during cycles consisting
of acceleration phases, constant speed phases, and braking phases. These cycles mimic
the behavior of an ordinary driver and will allow obtaining the losses that a motor could
experience on a daily commute. The latest cycle used is the “Worldwide harmonized Light
vehicles Test Procedure” (WLTP) cycle, which will be utilized in the article.

To simulate the behavior of a car as accurately as possible, the motor must be simulated
within the architecture of a commercialized vehicle. For this reason, the characteristics of
the two vehicles have been implemented in the simulator. These two cars are the “Renault
Zoé” and the “Bombardier eCommander”, which will allow testing whether the controls
work in two completely different configurations (weight, road quality, etc.).

Finally, throughout the article, the same representation formalism is used. Regardless
of the motor and its configuration, the power train will be represented in the same way.
The adopted formalism is the Energetic Macroscopic Representation (EMR) [1], which can
be used to represent cars, bicycles, or other energy systems. For the different control chains,
the Maximum Control Structure (MCS) [2] will be preferred as it works in conjunction
with the EMR. Using these two tools will simplify the understanding and operation of the
simulated controls.

The first section (Section 2) presents the Energetic Macroscopic Representation used to
organize all the different control schemes. The second section (Section 3) exposes the Ener-
getic Macroscopic Representation of an electric vehicle and the Worldwide harmonized
Light vehicles Test Procedure (WLTP) cycle. The next two sections present compara-
tive studies of various control schemes for the permanent magnet synchronous motors
(Section 4) and for the asynchronous motor (Section 5). Finally, Section 6 draws conclusions.

2. Methods and Generic Control Scheme

In order to organize the model and the control of the car, the Energetic Macroscopic
Representation (EMR) [1] is used. This is a graphical method that enables the breaking down
of the system model into control-oriented components, facilitating the systematic derivation
of control schemes. The EMR serves as a roadmap for simplifying the model to create
a straightforward vehicle simulation. EMR is used for modeling electrical vehicles [3,4],
subway [5], fuel cell [6], wind energy conversion systems [7]. In this paper, several motors
and control laws will be evaluated. Then, a generic scheme of the dynamical model and
the control process is presented in Figure 1. The orange or yellow blocks represent the
plant, i.e., the motor, the batteries, and the environment of the car. The blue blocks stand
for the controller (one-speed controller and the specific control block for different motors).
All the need blocks in the EMR formalism are presented in detail in the next sections. The
parameters and variables of the vehicle are described in Table 1.

Numerical simulations are carried out using the Matlab/Simulink r2011b software.
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Figure 1. Energetic macroscopic representation (EMR) of the electrical vehicle.

Table 1. Vehicle parameters and variables.

Parameters

Name Meaning

Rbat (Ω) Battery internal resistance
Cbat (Ah) Battery capacity
kgbox Gearbox ratio
rwheel (m) Wheels radius
Mveh (kg) Vehicle mass
f Friction coefficient
g (m/s2) Gravitational acceleration
α (◦) Angle of the slope
ρ (kg/m3) Density of air
Cx A Drag coefficient

Variables

Name Meaning

ubat (V) Battery voltage
Uoc_bat(SoCbat) (V) Battery open circuit voltage
SoCbat (%) Battery state of charge
ibat (A) Battery current
Tem (Nm) Electromagnetic torque
Tgbox (Nm) Gearbox torque
ωr (rad/s) Rotor mechanical speed
ωgbox (rad/s) Gearbox speed
Ftr (N) Traction force produce by wheel
Fres (N) Resistance force
vveh (m/s) Vehicle speed
vwind (m/s) Wind speed

3. Dynamical Model of the Vehicle

This section provides the details of the modeling used for the electric vehicle.

• Batteries are modeled as follows:





ubat = Uoc bat(SoCbat)− rbatibat

SoCbat = 100(1 − 1
Cbat

)
∫ t

0
ibat(σ) dσ)

(1)

Simulations use battery cells with capacity of 72 Ah and serial resistance of 3.4 mΩ,
4 cells in parallel, 48 cells in series.
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• Gearbox: 



Tgbox = kgboxTem

ωr = kgboxωgbox

(2)

In the simulation, the gearbox ratio is adjusted for each engine so that the vehicle can
complete the test without the engine exceeding its nominal value (no defluxing).

• Wheels: 



Ftr =
1

rwheel
Tgbox

ωgbox =
1

rwheel
vveh

(3)

• Vehicle body:

Ftr = Mveh
d
dt

vveh + Fres (4)

• External environment:

Fres = f Mvehg cos(α) + 0.5ρCx A(vveh + vwind)
2 + Mvehg sin(α) (5)

The three control blocks correspond to a speed controller to give reference force needed
on the wheel, an inversion of the wheels and gearbox block, and finally, a specific block for
the electric motor low-level controller. The speed controller is given by

Ftrre f = Cveh(vvehre f
− vvehmes) + Fres−mes (6)

where Cveh(.) is a PI controller. Controller gains are chosen by fixing a second-order
dynamic of the vehicle’s close loop with KI = Mvehω0 and KP = 2ξMvehω0. Numerical
values are ξ = 1 and ω0 = 2π

Tres
with Tres = 2 s.

Inversion of the wheels relation gives

Tgboxre f
= rwheel Ftrre f (7)

Inversion of gearbox relation reads

Temre f =
1

kgbox
Tgboxre f

(8)

3.1. Speed Cycles

In order to test the vehicle performances in a simulation environment, it is necessary
to reproduce driving conditions similar to those of the real world.

The driving cycle WLTP or “Worldwide harmonized Light vehicles Test Procedure” is
the new European standard for vehicle testing [8,9]. This cycle is depicted in Figure 2. Since
2018, all new vehicles leaving the factory run through this simulator in order to measure
the fuel consumption, exhaust emissions of combustion models, and measure the range of
electric vehicles. The cycle has a duration of 1800 s or 30 min and comprises four phases.
The first two phases represent an urban cycle, while the last two are extra-urban, with a
maximum speed of 131 km/h. The accelerations and decelerations are designed to best
represent human behavior.

The resisting force applied to the motor in Figure 1 is given by the external environment
formula. Within this formula, three parts can be distinguished.

Fres = f Mvehg cos(α) + 0.5ρCx A(vveh + vwind)
2 + Mvehg sin(α) (9)
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Figure 2. Worldwide harmonized Light vehicles Test Procedure (WLTP) cycle.

To begin with, the first part models the rolling force with f as the rolling resistance
coefficient, Mveh as the vehicle mass, g as the acceleration of gravity (9.81 m/s2), and α as
the angle of slope here: 0 deg.

Next, the aerodynamic force is the force exerted by air on the moving vehicle. The
parameters are ρ as the density of the air (1.204 kg/m3); the variables vveh and vwind,
respectively, denote the speed of the vehicle and the wind (in the simulation, the wind will
be considered zero); and SCx = Cx × A the aerodynamic drag coefficient, which depends
on the exposed frontal surface and the shape of the front of the vehicle. The better the
air penetration of the vehicle, the smaller the SCx coefficient. Finally, the last part of the
equation models the force due to the road slope. The sum of the various resisting forces is
added to the mass multiplied by the acceleration in the chassis block.

3.2. Simulated Vehicles

Two different sets of parameters (see Table 2) are used to faithfully simulate the
vehicles in the Figure 3, and are detailed in the following table. The weight of the vehicle
indicated does not include the two passengers of 75 kg on board.

The “Renault Zoé” (Figure 3a) is a 100% electric car created for the general public. It is
undoubtedly the flagship of the Renault group in the green car sector. Since 2013, the Zoé
has been one of the best-selling electric vehicles on the market. This is a city car designed
to cover daily commutes, with a range of around 300 km. Its size and weight are therefore
relatively small compared with other cars on the market.

The “Bombardier eCommander” (Figure 3b) is an all-terrain vehicle. It can be used
for utility or leisure purposes. Its 29′′ wheels give it solid road holding and the ability
to negotiate all kinds of obstacles. Its primary frame, lightweight materials, and limited
equipment all help to reduce the weight of the vehicle and hence fuel consumption.

Table 2. Simulated vehicle parameters.

Parameters of Simulated Vehicles

Vehicle Specifications Renault Zoé Bombardier eCommander

Mveh (kg) 1502 857
rwheel (m) 0.204 (16′′) 0.3175 (29′′)
f 0.015 (asphalt) 0.035 (rough road)
SCx 0.75 1.3

The WLTP cycle will be the control comparison tool, the aim being to measure motor
losses over a complete or partial cycle and compare these losses with another control for
the two presented vehicles.
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(a) (b)

Figure 3. Simulated vehicles: (a) Renault Zoé and (b) Bombardier eCommander.

4. Comparative Study of Different Control Scheme for Permanent Magnet
Synchronous Motor
4.1. Modeling of the PMSM
4.1.1. Motor Model

The electrical part of the pmsm is generally modeled as in Figure 4. In order to simplify
the three-phase equations, it is necessary to use the classical Park transformation.

vd

id

Ld

ωrLqiq

vq

iq

Lq

ωrLdid

ωrλpm

Rs

Rs

Figure 4. PMSM ideal circuits.

The parameters and variables of the PMSM are described in Table 3.

Table 3. PMSM parameters and variables.

Parameters

Name Signification

Rs (Ω) Stator resistance
Ld, Lq (H) d and q axis inductances
λpm (Wb) Permanent magnet flux
P Number of poles

Variables

Name Signification

vd, vq (V) d and q axis voltages
id, iq (A) d and q axis currents
ed, eq (V) Back electromotive forces on d and q axes
ωr (rad/s) Rotor mechanical speed
Te (Nm) Electromagnetic torque
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The equations of the Permanent Magnet Synchronous Motor are deduced from Figure 4
{

vd = Rsid + Ld
did
dt − ωrLqiq

vq = Rsiq + Lq
diq
dt + ωrLdid + ωrλpm

(10)

Equation (10) is expressed in terms of the counter-electromotive forces ed, eq

{
vd = Rsid + Ld

did
dt + ed

vq = Rsiq + Lq
diq
dt + eq

(11)

The counter-electromotive forces in Equation (11) are described in Equation (12)
{

ed = −ωrLqiq
eq = ωr(Ldid + λpm)

(12)

Using the right-hand rule, the torque is represented by a vector in the axial direction.
It is obtained by calculating the vector product between the fluxes and currents of the d, q
axes. The torque developed by the motor is given by

Te =
3
2

P
2
(λdiq − λqid)

=
3
2

P
2
(λpm + (Ld − Lq)id)iq

(13)

Because λd = Ldid + λpm and λq = Lqiq in the rotating synchronous frame.
Two parts can be distinguished within the electromagnetic torque Te: the main torque

Tp = 3
2

P
2 λpmiq and the reluctant torque Tr = 3

2
P
2 (Ld − Lq)idiq which only appears if

Ld ̸= Lq.

4.1.2. Difference between SPMSM and IPMSM

The inductances Ld and Lq depend on the motor design. The choice of permanent
magnet positioning will influence torque generation. There are two main configurations
for the pmsm.

The Surface-Mounted Permanent Magnet Synchronous Motor (SPMSM) (Figure 5a)
torque generation is unique in that its permanent magnets are positioned on the outer
surface of the rotor. This makes its design fairly straightforward [10]. However, as its
magnets are directly exposed to the magnetic field, the stator inductances Ld and Lq are
similar. It cannot produce reluctant torque.

The Interior Permanent Magnet Synchronous Motor (IPMSM) (Figure 5b) unlike the
SPMSM can produce reluctant torque. In a large number of applications, such as position
or precision control, reluctance (opposition of the magnetic circuit to a magnetic field)
is a parasitic quantity that we seek to suppress. However, in our case (speed control),
reluctance can be controlled to obtain a magnetic opposition to our advantage (creating
additional torque).

Reluctance appears in the IPMSM because its magnets are integrated into the rotor and
can be arranged in a different way [11]. For example, Toyota uses a V-shaped arrangement
in its hybrid vehicles. The skewed exposure of the permanent magnets will create a
difference between the inductances Ld and Lq. This difference is used to create a reluctant
torque. The IPMSM will be characterized by its salience ratio (Lq/Ld). The higher this ratio,
the greater the torque density. Several techniques exist to increase this ratio: for example,
multiplying magnet layers (Figure 6b) or axial laminations (Figure 6c).

Synchronous motor control research will focus exclusively on ipmsm, as loss-reducing
controls have more potential.
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Figure 5. SPMSM (a) vs. IPMSM (b).

Figure 6. Increasing saliency ratio. (b) multiplying magnet layers with respect to (a). (c) represents
axial laminations effect.

4.1.3. Losses Models

The copper losses in Equation (14) are due to the Joule effect caused by the heating
of the winding wires. The coefficient 3

2 comes from the formula Pj = 3RI2 in three phases
with the stator resistance Rs =

R
2 in view of the star configuration.

Pcu =
3
2

Rs(i2d + i2q) (14)

By slightly modifying Figure 4, a model closer to reality can be obtained [12]. Figure 7
adds a resistor representing iron losses within the motor. The currents id and iq will now be
divided into two parts: iod, ioq the currents producing the torque; and icd, icq the currents
producing the iron losses.

vd
Rs

id

icd

iod

Rc

Ld

ωrLqioq

vq
Rs

iq
icq

ioq

Rc

Lq

ωrLdiod

ωrλpm

Figure 7. PMSM circuits.
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The iron losses are made up of hysteresis and Eddy-current losses. These are losses
occurring within the ferromagnetic core, and from [12] iron losses are given by

Pf e =
3
2

Rc

(
i2cd + i2cq

)
(15)

Using the diagram in Figure 7, the values of the currents icd and icq are deduced in
steady state (with respect to the electrical time constant) as follows:

{
icd = −ωr Lqioq

Rc

icq =
ωr(Ldiod+λpm)

Rc

(16)

As well as currents id and iq with Kirchhoff’s current law

{
id = iod + icd = iod − ωr Lqioq

Rc

iq = ioq + icq = ioq +
ωr(Ldiod+λpm)

Rc

(17)

This transforms the loss Equations (14) and (15)

Pcu = 3
2 Rs

((
iod − ωr Ldioq

Rc

)2
+
(

ioq +
ωr(λm+Ldiod)

Rc

)2
)

Pf e = 3
2

(
(ωr Lqioq)

Rc

2
+ ω2

r (λm+Ldiod)
Rc

2
) (18)

The electromagnetic torque will only be produced by iod and ioq

Te =
3
2

P
2
(
λpm + (Ld − Lq)iod

)
ioq (19)

4.2. EMR of the Permanent Magnet Synchronous Motor

Blocks specific to the IPMSM have been added to the common blocks of Figure 1.
These blocks are defined by the following model equations:

• The smoothing coil (to protect the battery from current peaks)

ubat − udc = rcoil ibat + Lcoil
dibat
dt

• DC bus capacity

ibat − idc = Ccap
dudc

dt

• The inverter or DC/AC converter

{
ūinv = m̄invudc

Idc = m̄inv Īem

• Park transformation {
udqs = P[θ]uinv
Īem = P[θ]−1iodqs

• d,q armatures

udqs − edqs = Rsiodqs +
(Rs + Rc)Ldq

Rc

diodqs

dt
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• Electromagnetic conversion

Tem =
3
2

P
2
(λpm + (Ld − Lq) iods)ioqs

{
eds = −ωrLqioq
eqs = ωr(Ldiods + λpm)

Additional parameters and variables are defined in Table 4. Three-phase variables will
have the notation ¯var.

This gives the EMR of the pull chain from IPMSM to Figure 8. The added blocks
are orange.

ubat

ibat Udc

Udc

Idc

ūinv

Īem

θds

Uqs Iqs

Iqs

Uds

eds

eqs

Ids

Ids
Tem

ωr

Ftr

vveh

vveh

Fres

Bat.

Smoothing
coil capacity

DC bus
Inverter

d,q armatures
Electromagnetic
conversion

Gearbox

+ wheels

Vehicle

Park Trans.

Env.

Ibat
body

Figure 8. IPMSM vehicle EMR scheme.

Table 4. Supplementary PMSM parameters and variables.

Parameters

Name Meaning

rcoil (Ω) Coil internal resistance
Lcoil (H) Smoothing coil
Ccap (H) Bus capacitor DC

Variables

Name Meaning

udc (V) DC bus voltage
ūinv (V) Three-phase voltages
Idc (A) DC current
Īem (A) Three-phase currents
m̄inv Modulation index

4.3. Parameters of Selected Permanent Magnet Synchronous Motors

Below, Table 5 contains motor parameters found in various articles [13–21]. These
motors have power ratings ranging from 40 to 120 kW, corresponding to the power range
of an all-terrain quad or an electric city car. Note that the Renault Zoé R135ch ≈ 100 kW.
We chose to set the value of Rc to 8 Ω in order to observe iron losses of the order of 10%
of total losses. The goal of our study is not to vary each parameter set individually, but to
choose a parameter set large enough to obtain a thorough study.
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Table 5. IPMSM motor parameters.

Tested Motor Parameters

Motor Parameters IPMSM 1 IPMSM 6 IPMSM
6.0 IPMSM 7 IPMSM

8
IPMSM
9

IPMSM
10

IPMSM
11

IPMSM
13

IPMSM
14

Pnom (kW) 40 100 100 90 118.5 160 100 100 100 150
Tnom (Nm) 133 256 256 225 475.6 935 203 203 400 300
Nnom (rpm) 2600 3000 3000 2100 2380 1700 4700 4700 1800 5000
Nmax (rpm) 11,000 12,500 12,500 / / / / / 3500 /
Udc (V) 240 288 288 360 355.9 700 360 360 230 750
Inom (A) 216 600 600 300 222.7 600 377.5 377.5 / /
P 6 8 8 8 8 8 12 12 8 8
λm (Wb) 0.07 0.0711 0.0711 0.092 0.213 0.37 0.21 0.04228 0.175 0.095
Ld (mH) 0.375 0.174 0.074 0.59 0.4905 0.43 0.094 0.094 1 0.2
Lq (mH) 0.835 0.292 0.392 2.85 1.3393 0.7 0.153 0.153 1.7 0.55
Rs (mΩ) 29.5 8.2 12 30 6.67 12.1 4.2 4.2 40 10
Rc (Ω) 8 8 8 8 8 8 8 8 8 8
(|Ld − Lq|)/λm
(mH/Wb)

6.571 1.660 4.473 24.565 3.985 0.730 0.281 1.395 4 3.684

4.4. Control Scheme Comparison
4.4.1. Zdac Control Law

The Zero d-axis current or ZDAC control is the simplest control applied to PMSM [22].
It allows you to leave the current i∗d at zero, so you only need to manage i∗q to produce
torque. The current i∗q comes simply from Equation (19) with i∗d = 0, as follows:

{
i∗d = 0

i∗q =
4Tre f
3Pλm

(20)

This control law only takes advantage of the production of the main torque. This
control seeks to imitate the behavior of an MCC. The following specific blocks have been
added (Figure 9). These include the use of a PI corrector and the inverse Park transform.
The gains of the PI corrector are computed to impose response time (T1%) of the closed loop:

Kp =
5Ld or q

T1%
and Kp = 5Rs

T1%
with T1% ≈ 100 ms. This gives the Maximum Control Structure

(MCS) for ZDAC in Figure 10.

Temref

Īdqref

ūdqref
Īdqmes

ēdqmes

Īdqref

θdsmes

ūdqref

ūinvref

m̄invref

Udcmes

ūinvref





idref
= 0

iqref =
2Temref

3
P

2
λm

Cid(.) and Ciq(.): PI controller

ūinvref
= P [θdsmes

]−1ūdqref

m̄invref =
ūinvref

Udcmes

ūdqref = [udref
, uqref ]

T

{
udref

= Cid(Īdref
−Īdmes) + ēdmes

uqref = Ciq(Īqref−Īqmes
) + ēqmes

Īdqref = [idref
, iqref ]

T

Figure 9. ZDAC control scheme specific blocks.
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θdsmes

ūdqref

Īdqmes

ēdqmes

Īdqref

Temref

Ftrref
vvehref

vvehmes
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m̄invref

ibat Udc

Udc

Idc

ūinv

Īem

θds

Uqs Iqs

Iqs

Uds
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Tem

ωr

Ftr
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Bat.

Env.

Ibat

Figure 10. Control structure for ZDAC.

4.4.2. Mtpa Control Scheme

As its name suggests, the Maximum Torque Per Ampere (MTPA) control law attempts
to produce the maximum torque produced. By using the reluctant torque of the IPMSM,
it will enable the vehicle to achieve good performance by distributing its current more
evenly. The current reference id will no longer be fixed at zero but will contribute to torque
generation in the same way as iq. As copper losses are quadratic, the current distribution
between id and iq will increase motor efficiency. Knowing that, Pcu = 3

2 Rs(i2d + i2q). As the

total stator current is =
√

i2d + i2q , the losses can be different depending on the distribution
between id and iq [23]. Note that id = αis and iq = (1 − α)is, then the copper losses become
Pcu = 3

2 Rs((αis)2 + ((1 − α)is)2) = 3
2 Rsi2s (2α2 − 2α + 1). In the interval 0 < α < 1, the

minimum is achieved for α = 0.5 and the maxima are located at α = 0 and α = 1. Loss
maxima are therefore when id = 0 or iq = 0. At first sight, id = iq is the solution with
the lowest losses, but id and iq do not produce the same amount of torque. Depending
on the motor and profile, the α coefficient will vary in order to meet the torque of the
motor requirements and minimize motor losses. This issue is illustrated in Figure 11, with
is = 100 A, which can be distributed in different ways. The red dot point (id = −50 A,
iq = 50 A) generates fewer losses than the blue dot point (id = 0 A, iq = 100 A) but produces
much less torque. The MTPA control attempts to resolve this compromise.
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Figure 11. Copper losses (a) and torque generation (b) with respect to current distribution.

The MTPA technique focuses only on suppressing copper losses; iron losses are ignored
for the control design (Rc = ∞), so iod = id and ioq = iq because icd = icq = 0 A [24].



Energies 2024, 17, 4945 13 of 29

We need to solve Equation (21) to find the maximum voltage per ampere

dTe

did
= 0 (21)

The optimal id_re f current is obtained as follows:

id =
λpm

2(Lq − Ld)
−
√

λ2
pm

4(Lq − Ld)2 + i2q (22)

The current iq_re f is determined by the following relationship:

iq_re f = ±
√

i2s − i2d_re f (23)

where is is the stator current required by the motor to deliver the required torque. First,
check that is < is_max, if not, then saturate it at is = is_max. The sign of the current iq will be
the same as that of is. If is > 0, the car is in traction mode. If is < 0, the car is in regenerative
braking mode. Note that is and Tem_re f designate the same thing: the reference input of the
block. The two variables are proportional.

The added control blocks are those shown in Figure 9 except for the strategy block,
which includes Equations (22) and (23). This gives the maximum MTPA control structure,
shown in Figure 12:
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Figure 12. MTPA controller scheme.

4.4.3. Lm/Mtpa Controller

The Losses Minimization/Maximum Torque Per Ampere controller (LM/MTPA) is a
hybrid controller combining the MTPA control and the LM control. The choice of which
control will prevail over the other is made by adjusting parameter β [12].

The MTPA control previously presented is known to perform well during speed
changes and to drastically reduce copper losses, but it does not take into account the iron
losses of the motor. The LM control is known to perform less well dynamically but reduces
both copper and iron losses. For optimum control, the MTPA control should be used during
speed changes and the LM control the rest of the time. This means ignoring iron losses
during high torque demand but continuing to take them into account the rest of the time.
The β parameter is used to weight the iron losses taken into account. The losses taken into
account for the control design are described by Equation (24).

Pe = PCu + βPFe (24)
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If β = 1, then iron losses are taken into account. The aim is to minimize all motor
losses (LM control). If β = 0, only copper losses are taken into account. The aim is to
maximize torque per ampere (MTPA control).

To calculate β, we chose the absolute value of the derivative of torque Tem. This
is multiplied by a gain of 10 on the nominal torque. The slope of the β must also be
saturated and limited. The aim is for the greatest possible torque demand to bring β down
to zero. This method replaces the [12] method, which is based on the difference between
the reference speed and the measured speed.

To find the optimum trajectory, the mathematical solution is as follows: the losses in
Equation (24) are derived with respect to current iod (torque-producing current on axis d)
and the roots are found (Equation (25)).

dPe

diod
= 0 (25)

Once developed, the aim is to make the Te_re f pair appear in the Equation (25). This
gives an equation to solve of the type (26)):

9n2
p

4
(RsR2

c iod + ω2
r Ld(Rs + βRc)(Ldiod + λm))(λm + (Ld − Lq)iod)

3 =

T2
e_re f (RsR2

c + (Rs + βRc)(ωrLq)
2)(Ld − Lq) (26)

The previous equation can be written as follows:

AB = T2
e C (27)

With the following coefficients A, B, and C:

A =
9n2

p

4
(RsR2

c iod + ω2
r Ld(Rs + βRc)(Ldiod + λm))

B = (λm + (Ld − Lq)iod)
3

C = (RsR2
c + (Rs + βRc)(ωrLq)

2)(Ld − Lq)

We need to reformulate Equation (27) and find its smallest root, which is the optimal
current value iod. This optimum current will depend on the three inputs ωr, Tere f , and β.
Next, use Equation (19) to find ioq and Equation (17) to obtain id_re f and iq_re f .

The control blocks added are those shown in Figure 9, except for the strategy block
LM/MTPA, which uses Equation (27), and the “strategy β” block, which uses the scheme
(Figure 13). This gives the Maximum Control Structure (MCS) for LM/MTPA, shown in
Figure 14.

+
-

Saturation
[0;1]

Slope
limiter

Trated

Tem10

1

d
dt

|u|β

Figure 13. Calculation of β.
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ūdqref
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Figure 14. LM/MTPA controller scheme.

4.4.4. Comparative Results

Cycles and durations were chosen to run the engine at a speed below the nominal
speed of the motor (no defluxing). The architecture of the Zoe will be simulated for
all engines, except for the IPMSM1, which will be with a Bombardier architecture as
it is less powerful than the others. Table 6 presents simulation results of the different
motors with parameters from Table 5. Note that some engine numbers are missing, as
the corresponding engines were not selected because they were not powerful enough or
parameters were missing.

Table 7 contains data from additional simulated engines to confirm that trend curves
are emerging. Figure 15 is used to observe the gain for MTPA and LM/MTPA control with
respect to ZDAC control. These gains vary greatly from one motor to another. We will see
later that these gains depend on certain motor parameters.

The Figures 16 and 17 show that in this power range and operating zone, the benefits
of the commands MTPA and LM/MTPA can be predicted by the ratio of reluctant torque
to the main torque: (Ld − Lq)/λm. Below the ratio (|Ld − Lq|)/λm = 8 mH/Wb a straight
line emerges, with the trend becoming logarithmic beyond that. The regression line has
been plotted on Figure 16. The red dots on the curve represent the verification engines
(15 to 18).

Taking motor number 6 as an example, the current distribution id (red) and iq (blue) is
shown in Figure 18. On the left (Figure 18a), the distribution for the control ZDAC with
current id zero. On the right (Figure 18b), the distribution for the LM/MTPA control with
the two currents id and iq which reduce the amplitude of the currents (475 A versus 390 A).

Table 6. Results table for ZDAC, MTPA, and LM/MTPA controllers.

Parameters ZDAC Controller MTPA Controller LM/MTPA Controller

Motor
Name Cycle Duration

Energy
Expended
(Wh)

Energy Waste (Wh)
Energy
Waste
(Wh)

Losses
Deleted
(%)

Energy
Waste
(Wh)

Losses Deleted
(%)

IPMSM1 * 0.95 × WLTP 1000 s 1258 285.3 165.5 42 162.5 43
IPMSM6 WLTP 1400 s 2854 128.6 114.7 10.8 112.3 12.6
IPMSM6.0 WLTP 1400 s 2854 266.7 165.1 38.1 165 38.1
IPMSM7 * 0.95 × WLTP 1000 s 1334 291.1 73.9 74.6 72.9 75
IPMSM8 WLTP 1800 s 4742 131.8 106.7 19.0 106.3 19.4
IPMSM9 WLTP 1800 s 4742 154.3 151.9 1.5 151.9 1.5
IPMSM10 WLTP 1400 s 2853 160.3 160.1 0.1 160.1 0.1
IPMSM11 WLTP 1400 s 2853 62.4 55 11.9 55 11.9
IPMSM13 WLTP 1150 s 1992 254.3 192.4 24.3 192.4 24.3
IPMSM14 WLTP 1800 s 4742 187.9 143.5 23.6 143.5 23.6

* Cycle speeds have been reduced by 5%, otherwise the motor is not powerful enough to complete the cycle.
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Figure 15. Comparison of regained losses with respect to ZDAC control.

Table 7. Parameters for IPMSM motor.

Motor Parameters

Motor Parameters IPMSM 15 IPMSM 16 IPMSM 17 IPMSM 18

Pnom (kW) 150 40 40 90
Tnom (Nm) 300 133 133 225
Nnom (rpm) 5000 2600 2600 2100
Nmax (rpm) / 11,000 11,000 /
Udc (V) 750 240 240 360
Inom (A) / 216 216 300
P 8 6 6 8
λm (Wb) 0.15 0.0835 0.075 0.13
Ld (mH) 0.2 0.375 0.3 1
Lq (mH) 0.575 0.835 0.9 3
Rs (mΩ) 10 29.5 29.5 30
Rc (Ω) 20 20 20 20
(Ld − Lq)/λm 2.5 5.5 8.0 15.385
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Figure 16. Losses removed as a function of the ratio (|Ld − Lq|)/λm—Linear zone. Blue dot corre-
spond to first motors serie in Table 5, red dot correspond to additional simulated motor in Table 7,
dotted line is the trend line.

Table 8 shows the yields of the best and worst control on each motor. Gross efficiencies
depend largely on the value of the stator resistance Rs and the amplitude of the circulating
currents (Equation (34)). The higher the value, the lower the motor efficiency. But, the
higher Rs, the more effective the MTPA strategy will be (greater efficiency difference). In the
same way as the ratio (Ld − Lq)/λm, the value of Rs can be interesting to analyze in order
to anticipate losses that can be eliminated before implementing the control on a motor.
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Figure 17. Losses deleted based on the ratio (|Ld − Lq|)/λm—extended area.
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Figure 18. Current distribution comparison: (a) ZDAC—(b) LM/MTPA.

Table 8. Comparison of energy efficiency.

Motor Name Efficiency of the Least Efficient
Control (ZDAC)

Efficiency of the Most Efficient
Control (LM/MTPA) Efficiency Difference

IPMSM1 81.5% 88.6% +7.1%
IPMSM6 95.7% 96.2% +0.5%
IPMSM6.0 91.5% 94.5% +3%
IPMSM7 82.1% 94.8% +12.7%
IPMSM8 97.3% 97.8% +0.5%
IPMSM9 96.8% 96.9% +0.1%
IPMSM10 94.7% 94.7% +0%
IPMSM11 97.9% 98.1% +0.2%
IPMSM13 88.7% 91.2% +2.5%
IPMSM14 96.2% 97.1% +0.9%

In conclusion, the MTPA and LM/MTPA controls make it possible to eliminate a
significant proportion of losses by using reluctant torque in addition to the main torque.
Their simplicity of installation makes them easy to integrate into motors coming out of
the industry or already on the road. In addition, as motors age, stator resistance tends to
increase slightly, so the losses eliminated by these two controls will become more expensive.
The choice between MTPA and LM/MTPA is in the hands of the expert. Indeed, in the
above case, the difference is not obvious, but if the voltage and frequency of the supply
increase, a discrepancy will be created. Finally, detecting a link between suppressed losses
and the ratio of main torque to reluctant torque enables us to predict the gains to be made by
implementing these controls. A reading of the motor parameters can indicate the relevance
or otherwise of changing standard control by these improved controls.
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5. Comparative Study of Different Control Scheme for Asynchronous Motor
5.1. Modeling
5.1.1. Asynchronous Motor Model

The basic principle of the asynchronous motor may be similar to that of the PMSM, but
there are some major differences. The rotor of the asynchronous machine has no permanent
magnets, but a cage with iron bars (squirrel cage). The stator field created will sweep
across the rotor bars, causing currents to flow in the same direction. This is due to the
phenomenon of induction: the stator will induce currents in the rotor bars that would
otherwise not need to be energized. The rotor will not reach synchronous speed, and there
will always be an offset, known as slip. Asynchronous motor variables and parameters are
given in Table 9. The equivalent phase diagrams of the asynchronous motor are shown in
Figure 19.

uds

ids

Ls

ωeσLsiqs

uqs

iqs

Ls

ωeσLsids

ωe
Lm

Lr
λr

Rs

Rs

Figure 19. Asynchronous motor wiring diagrams.

Table 9. Asynchronous motor variables and parameters.

Parameters

Name Meaning

Rs (Ω) Stator resistance
Rr (Ω) Rotor resistance
Ls (H) Stator inductance
Lr (H) Rotor inductance
Lm (H) Mutual inductance
P Number of poles
KH Hysteresis loss coefficient
Ke Coefficient of Eddy current losses

Variables

Name Meaning

udqs (V) d and q axis tensions
idqs (A) d and q axis currents
edqs (V) Counter-electromotive forces of axes d and q
ωe (rad/s) Synchronization speed
ωr (rad/s) Rotor speed
ωslip (rad/s) Slip speed
λr (Wb) Rotor flux
λm (Wb) Mutual flux
Te (rad/s) Motor torque

The equations of the asynchronous motor are described below. As with the PMSM,
we need to go through the Park transformation. Equations (28)–(32) are taken from [25].
The stator voltages of the d and q armatures

{
uds = Rsids + σLs

d
dt ids + eds

uqs = Rsiqs + σLs
d
dt iqs + eqs

(28)
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Pseudo counter-electromotive forces, as follows:
{

eds = −ωeσLsiqs
eqs = ωeσLsids + ωe

Lm
Lr

λr
(29)

With σ = 1 − L2
m

Ls Lr
and ωe = P

2 ωr + ωslip = P
2 ωr +

Rr
Lr

Lm
λdr

iqs. The torque formula
follows the same principle as Equation (13), as follows:

Te =
3
2

P
2

Lm

Lr

[
λdriqs − λqrids

]
(30)

The rotor magnetization below clearly shows that the flux inside the motor is depen-
dent on ids, as follows:

Lmids = λr +
Lr

Rr

d
dt

λr (31)

Now, we choose the orientation of the reference frame so as to have λdr = λr and
λqr = 0. The torque formula thus becomes

Te =
3
2

P
2

Lm

Lr
λdriqs =

3P
4

L2
m

Lr

1
Lr
Rr

s + 1
idsiqs (32)

And this gives in steady state

Te =
3P
4

L2
m

Lr
idsiqs (33)

5.1.2. Losses Model

The loss model below is taken from the articles [26–28]. Copper losses represent Joule
effect losses in the stator and rotor, as follows:

PCOPPER =
3
2

[
Rs

(
i2qs + i2ds

)
+ Rr

(
i2qr + i2dr

)]
=

3
2

[
Rs

(
i2qs + i2ds

)
+ Rri2qr

]
(34)

Here, the current idr is zero because according to the rotor voltage formula udr =
Rridr +

d
dt λqr − (ωs − ωr)λqr = 0 and λqr = 0.

Iron losses are composed of hysteresis and Eddy current losses

PIRON = Phys + Peddy = KHωeλ2
m + Keω2

e λ2
m (35)

where λ2
m = λ2

r + λ2
s = L2

m
L2

lr
L2

r
i2qs + L2

mi2ds.

5.2. EMR of Asynchronous Motors

The blocks specific to the Asynchronous Motor drive train are given by the following
expression:

• Rotor magnetization

Lmids = λdr +
Lr

Rr

d
dt

λdr

• Electromagnetic conversion

Tem =
3
2

P
2

Lm

Lr
(λdriqs + λqrids)
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eds = −ωd/s

(
1 − Lm

2

LsLr

)
Lsiqs

eqs = ωd/s

(
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2

LsLr

)
Lsids + ωd/s

Lm

Lr
λdr

θd/s =
∫ P

2
Ωr +

Rr

Lr

Lm

λdr
iqs dt

The EMR of the asynchronous motor vehicle is given on Figure 20 (by reusing common
blocks of Figures 1 and 8).
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Figure 20. Energetic macroscopic representation of a vehicle with asynchronous motor.

5.3. Parameters of Selected Asynchronous Motors

Table 10 containing the motor parameters taken from the article [29]. These motors
range in power from 37.5 to 160 kW, corresponding to the power range of an electric city
car (Renault Zoé R135ch ≈ 100 kW).

Table 10. Asynchronous Motor parameters.

Motor Parameters

Motor Parameters MAS_4 MAS_5 MAS_6 MAS_7 MAS_12 MAS_13 MAS_17 MAS_18 MAS_19 MAS_20

Pnom (kW) 37 74.5 111 149 74.5 111 37 75 110 160
Tnom (Nm) 192 507.5 497.5 865 533 507.5 242.5 475.1 661 1055
Nnom (rpm) 1780 1780 1785 1785 1780 1785 1480 1484 1487 1487
Udc (V) 460 460 460 460 575 575 400 400 400 400
Inom (A) 54 135.7 140.6 229.6 113 116 65 124.4 173.5 270
f (Hz) 60 60 60 60 60 60 50 50 50 50
P 4 4 4 4 4 4 4 4 4 4
Rs (mΩ) 99.6 39.5 30.2 18.1 59.6 45.8 82.3 35.5 21.5 13.7
Rr (mΩ) 58.37 22.15 17.21 9.956 32.81 26.34 50.3 20.92 12.31 7.728
Xm (Ω) 11.457 6.273 4.128 3.55 10.34 6.03 8.52 4.74 3.26 2.42
Xsd = Xrd (mΩ) 326.8 146.6 106.6 71.6 238.6 159.8 227.4 105.2 71 47.7
Lm (mH) 30.39 16.64 10.95 9.42 27.42 15.99 27.11 15.1 10.38 7.69
Ls (mH) 31.258 17.03 11.233 9.61 28.05 16.41 27.83 15.44 10.61 7.84
Lr (mH) 31.576 17.029 11.2329 9.605 28.053 16.414 27.8344 15.435 10.606 7.8418
Lls (mH) 0.867 0.389 0.283 0.190 0.633 0.424 0.724 0.335 0.226 0.152
Llr (mH) 0.867 0.389 0.283 0.190 0.633 0.424 0.724 0.335 0.226 0.152

5.4. Controller Comparison
5.4.1. Field-Oriented Control (FOC)

The aim of field-oriented control is to decouple flux and torque. The first step is to set
the nominal flux at a constant value. The relationship (31) ensures that the reference current
ids_re f remains at a constant value. Nominal flux is usually calculated using the formula
ϕnom = Lm × id_nom. This formula was not used, as the current id_nom is calculated from
tests on the motor at no load. Another formula simulating this behavior was preferred,
as follows:

ϕnom =

udc_re f√
3

− 400 Rs

2π fnom
(36)
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The reference flux (λdr) used in our simulation comes from Formula (37).

λdr =
1

Lr
Rr

s + 1
× ϕnom ×

(
udc_mes
udc_re f

)
(37)

On the other axis, the current iq_re f ensures that torque demand is met by returning
the torque in Equation (30).The aim is for the torque of the asynchronous motor to depend
on a single current, as in a DC motor. This equation is detailed and linked to the blocks on
Figure 21.
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Figure 21. Specific MAS FOC blocks.

Figure 22 shows the complete representation of the FOC scheme.
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Figure 22. EMR asynchronous motor FOC.

5.4.2. Optimized Flux Control n◦1

The aim of the Optimized Flux Control n◦1, 2, and 3 is to modulate the flux (λre f )
instead of leaving it constant. Indeed, the FOC method keeps a constant medium-high flux
regardless of torque demand, in order to simplify its implementation. This constant flux
results in the permanent circulation of a ids current, which in turn generates copper and
iron losses.
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The main problem with the FOC control is, why leave ids at a high value when there is
no torque demand? The way to reduce losses is to leave ids at zero or close to zero when
there is no torque demand and to find the best combination between ids and iqs when torque
demand occurs. Indexing the current to torque demand would not only meet dynamic
requirements quickly, but also reduce current-related losses ids when the profile is smooth.

The first method (Opt_flux_1) comes from the article [26] published in 2021, this
method seeks the optimal flux to cause the minimum losses. Since the optimal flux λdr
and current ids are very closely related, finding the optimal flux and current amounts to
the same thing. The article begins its reasoning by looking for the steady-state torque
(Equation (33)) in Equation (34), the loss model becomes

• Copper losses:

PCOPPER =
3
2

[
Rs

(
16
P2

T2
e

k2
Tλ2

r
+

λ2
r

L2
m

)
+ Rr

L2
m

L2
r

(
16
P2

T2
e

k2
Tλ2

r

)]
(38)

with kT = 3Lm
Lr

.
• Iron losses:

PIRON = (KHωe + Keω2
e )

(
16
P2

L2
mL2

lr
L2

r

T2
e

k2
Tλ2

r
+ λ2

r

)
(39)

Total losses:
PLOSSES = PCOPPER + PIRON (40)

In order to obtain the flux with the lowest losses, we need to derive the total losses
with respect to λr and find the smallest root: dPLOSSES

dλr
= 0. Inserting (38) and (39) into the

previous equation gives

d
(

3
2

[
Rs

(
16
P2

T2
e

k2
T λ2

r
+ λ2

r
L2

m

)
+ Rr

L2
m

L2
r

(
16
P2

T2
e

k2
T λ2

r

)]
+ (KHωe + Keω2

e )
(

16
P2

L2
m L2

lr
L2

r

T2
e

k2
T λ2

r
+ λ2

r

))

dλr
= 0 (41)

The expression (KHωe + Keω2
e ) is simplified within an equivalent resistor R f . By

isolating λr on one side, we obtain the equation

λ4
opt =

T2
e

k2
T

16
P2

(
3
2

(
Rs +

Rr L2
m

L2
r

)
+ R f

(
L2

m L2
lr

L2
r

))

R f +
3
2

Rs
L2

m

(42)

The optimal flux is therefore

λopt =

√√√√√√√√
4

kT P

√√√√√√√




3
2

(
Rs +

Rr L2
m

L2
r

)
+ R f

(
L2

m L2
lr

L2
r

)

R f +
3
2

Rs
L2

m



√

Te (43)

The maximum structure for optimal flux control is added to the EMR in Figure 23.
The added blocks are similar to the FOC except for the strategy block, which contains
Equation (43).
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Īem

θds

Uqs Iqs

Iqs

Uds

eds

eqs

Ids Ids

Ids
Tem

ωr

Ftr

vveh

vveh

Fres

Bat.

Env.

Ibat

λdr

λdr

Udcmes

ūinvref θdsmes
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Figure 23. EMR control structure for Optimized Flux Control n◦1.

5.4.3. Optimized Flux Control n◦2

The second method (Opt_flux_2) comes from the article [27], published in 2022. The
principle is similar, but the model is slightly different and the method changes, as optimal
currents are calculated immediately. Here, the flux is not used directly. Based on the loss
model in the article, the following equation appears:

Ploss = Pscu + Prcu + Pf e = (i2ds + i2qs)Rs + (i2dr + i2qr)Rr +
(V2

md + V2
mq)

R f e
(44)

With the magnetizing voltages of the d and q branches representing the coupling
between the voltages and currents of the d and q axes,

Vmd = −ωe
Lm Llr

Lr
iqs

Vmq = −ωeLmids
(45)

Inserting Equation (45) into Equation (44) gives

Ploss = (Rs +
ω2

e L2
m

R f e
)i2ds + (Rs +

RrL2
m

L2
r

+
ω2

e L2
mL2

lr
R f eL2

r
)i2qs = Rd(ωe)i2ds + Rq(ωe)i2qs (46)

where functions Rd(ωe) and Rq(ωe) are defined by Rd(ωe) = Rs +
ω2

e L2
m

R f e
, Rq(ωe) = Rs +

Rr L2
m

L2
r

+
ω2

e L2
m L2

lr
R f e L2

r
et m1 = 3P

4
L2

m
Lr

.

Unlike the Optimized Flux Control n◦1, we derive the total losses with respect to the
current ids to obtain the minimum losses.

dPloss
dids

= 2idsRd(ωe) + 2iqsRq(ωe)
diqs

dids
= 0 (47)

Or

2idsRd(ωe) + 2Rq(ωe)

(
i2qs

ids

)
= 0 (48)

The blocks of the control chain are similar to the previous ones except for the strategy
block, which includes the following equations:

ids_opt =

√
Rq(ωe)

Rd(ωe)
iqs

iqs_opt =

√
Tre f

em Rq(ωe)

m1Rd(ωe)

λ
re f
r = Lmids_opt

(49)
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Assembling the traction chain and control blocks gives the complete EMR diagram
(Figure 24).
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Figure 24. EMR control structure for Optimized Flux Control n◦2.

5.4.4. Optimized Flux Control n◦3

The last method (Opt_flux_3) comes from the article [28], published in 2023. In the
same way, the starting point is the loss model of the motor, and the aim is to minimize
total losses by deriving them with respect to current ids. The current ids_opt is given by the
following equation:

ids_opt =
4

√
B
A

(
Te

k

)2
(50)

With the following coefficients A, B, and C:

A = Rs + (Khωe + Keω2
e )L2

m

B = Rs + Rr
L2

m
L2

r
+ (Khωe + Keω2

e )
L2

m
L2

r

(
(Lr − Lm)

2
)

C =
3
2

P
2

L2
m

Lr

The difference here is that iron losses have not been simplified within an iron resis-
tor R f e. This gives the complete EMR diagram (Figure 25).
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5.4.5. Results

The Table 11 below gathers the loss results of the four previous control scheme after
a complete cycle. The aim is to reach the same operating region as for IPMSM. With the
exception of the MAS4 and MAS17 (less powerful), which are simulated with Bombardier
architecture, all other vehicles are simulated with Zoé architecture.

Table 11. Table of results for FOC, Opt_flux_1, Opt_flux_2, and Opt_flux_3 control scheme.

Parameters FOC Controller Opt_Flux_1 Controller Opt_Flux_2 Controller Opt_Flux_3 Controller

Motor
Name Cycle Duration

Energy
Expended
(Wh)

Lost Energy
(Wh)

Lost
Energy
(Wh)

Losses
Deleted
(%)

Lost
Energy
(Wh)

Losses
Deleted
(%)

Lost
Energy
(Wh)

Losses
Deleted
(%)

MAS4 0.9 × WLTP 1000 s 1144 77.7 53.4 31.2 44.9 42.3 54.8 29.4
MAS5 WLTP 1400 s 2854 157.4 103.6 34.2 103.3 34.4 108.3 31.2
MAS6 WLTP 1400 s 2854 157.6 115.1 27 123.6 21.6 119.7 24.1
MAS7 WLTP 1800 s 4740 200.4 148.1 26.1 168.4 16 156 22.2
MAS12 WLTP 1800 s 4740 290.7 167.5 42.4 148.4 48.9 187.5 35.5
MAS13 WLTP 1800 s 4740 258.4 190.4 26.3 186.9 27.7 196.7 23.9
MAS17 0.9 × WLTP 1000 s 1144 78.9 55.3 29.9 50.8 35.6 57 27.8
MAS18 WLTP 1400 s 2854 174.9 115.1 34 124.3 29 121.1 30.1
MAS19 WLTP 1800 s 4740 248.9 160.1 35.7 178.6 28.3 208.3 16.3
MAS20 WLTP 1800 s 4740 201.0 136.7 32 160.3 20.2 144.3 28.2

Figure 26 shows the evolution of flux as a function of time. The three strategies applied
are similar, but with a few differences that appear according to motor speed.
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Figure 26. Flux comparison: (a) FOC—(b) Flux_Opti_1—(c) Flux_Opti_2—(d) Flux_Opti_3.

Figure 27 is used to compare gains with losses in relation to the FOC control. The
Flux_opti_2 control performs better on motors with lower power ratings (MAS4, MAS12,
and MAS17). Whereas the Flux_opti_1 control stands out on more powerful motors (MAS6,
MAS7, MAS18, MAS19, and MAS20). As for the Flux_opti_3 control, it is more constant
regardless of motor power. We can conclude that, whatever the control chosen, the losses
suppressed are quite significant compared with the FOC control, but depending on motor
power, one of the three flux-optimized controls will perform better.
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Figure 27. Comparison of regained losses.

Table 12 shows the yields of the best and worst controllers on each of the MAS. The
raw efficiencies depend on the values of the components (rotor and stator resistances
and inductances). By choosing the most suitable control for the asynchronous motor, the
efficiency of each motor can be increased by 1.1% to 2.8%. The performance of the controls
applied depends little on the motor configuration, and gains can be observed on all ten
motors presented.

Table 12. Comparison of motor efficiencies.

Motor Name Efficiency of the Least Efficient
Control (FOC)

Efficiency of the Most Efficient
Control Efficiency Difference

MAS4 93.6% 96.2 % (Opti n◦2) +2.6%
MAS5 94.8% 96.5% (Opti n◦2) +1.7%
MAS6 94.8% 96.1% (Opti n◦1) +1.3%
MAS7 95.9% 97.0% (Opti n◦1) +1.1%
MAS12 94.2% 97.0% (Opti n◦2) +2.8%
MAS13 94.8% 96.2% (Opti n◦2) +1.4%
MAS17 93.5% 95.7% (Opti n◦2) +2.2%
MAS18 94.2% 96.1% (Opti n◦1) +1.9%
MAS19 95.0% 96.7% (Opti n◦1) +1.7%
MAS20 95.9% 97.2% (Opti n◦1) +1.3%

6. Conclusions

In conclusion, the various controls applied to the two motors have performed well
as they have allowed for a significant reduction in losses. The EMR/MSC representation
has been successful in facilitating the understanding of the different controls. This paper
shows that the Energy Macroscopic Representation (EMR) formalism, introduced a decade
ago, is very practical for making the comparisons we have made in this paper. EMR offers
a unified structure for the graphical presentation of system models and control laws. To
switch from one control law to another, it is sufficient to change an instance of one or more
blocks. The overall structure of the diagram remains the same.

The results obtained, simulated under conditions resembling those of a typical driving
cycle, suggest that the controls are applicable in the automotive industry.

The more complex motors presented in the article justified the implementation of
controls aimed at reducing energy consumption. In these motors, two currents id and iq
flow. Historically, the most well-known controls chose to use only one of these currents (iq)
to produce torque. The id current was thus constant or zero, either used for flux regulation
or not used at all. The advantage was that the control of these motors was close to a Direct
Torque Control (DTC). However, the loss in torque production and the losses incurred by
the flow of a constant current were significant drawbacks.

The aim of this work is to demonstrate that controls taking into account these losses
exist for all motors and allow for energy savings while maintaining good performance. The
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methodology was to present the known motor model along with its loss model and then
represent them with the EMR. Subsequently, different controls seeking to minimize total
losses were simulated.

For the PMSM, the LM/MTPA control was the most effective in considering copper
and iron losses. Its implementation over ten motors demonstrated its effectiveness with an
average of 25% of losses eliminated and an average efficiency increase of 3.2%. However, it
should be noted that the benefits of this control depend heavily on the motor parameters
on which the control is implemented. Hence, the eliminated losses were expressed as a
ratio between the main torque and the reluctance torque to predict the performance of any
IPMSM control.

In summary, the experiment highlighted controls reducing losses in two different
motors. A uniform representation was used throughout the work with EMR and MSC to
simplify the understanding of energy exchanges. The results we have reviewed in this
study are interesting in practice. They have immediate applications. Indeed, the control
laws of electric motors are already implemented on computers today. To implement more
efficient laws, it is enough to change the software without changing the hardware. There is
therefore no significant economic impact of updating the control laws on an existing fleet of
electric machines. Future prospects for the project would involve conducting similar work
on the Synchronous Reluctance Motor (SRM), integrating motor loss representation into the
EMR, and continuing work above the nominal speed of the motor (constant power region).

We believe that a similar study on Brushless DC (BLDC) motors is worth conducting.
These motors are becoming important in many aspects of the industry because they are
less expensive than synchronous motors or induction motors.

More precisely, this work does not only apply to electric motor controls but also to
all areas that use variable-speed motors. For a more global study of the electric vehicle, a
broader study could be conducted to include losses related to batteries or supercapacitors.

Finally, it should be noted that similar gains could be gained in any industrial use of
electric drive (marine propulsion, dump truck, machine tools, energy conversion, etc.).
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