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Abstract

The control of electric vehicles (EVs) is achieved through the management of their in-wheel motors, which are part of the electric
traction system. This study has derived an algorithm strategy for the operation of interior permanent magnet synchronous motors
(IPMSM) used in high-speed electric traction applications. The strategy combines the maximum torque per ampere control (MTPA)
for low speeds and the control of the Voltage Current Limited Maximum Torque (VCLMT) and the Constant Power Region (CPR)
for high speeds. By implementing this strategy, precise and independent control of the torque applied to each in-wheel motor is
achieved, ensuring high torque at high speeds. This level of control is crucial for embedded systems. IPMSMs have been identified as
a promising choice for electric vehicle applications due to their ability to generate reluctance torque, as well as their higher efficiencies,
torque, and power densities. To ensure the smooth functioning of the IPMSM motor, a crucial component in electric vehicles, the
proposed method incorporates a combination of three torque control strategies and divides the torque/speed characteristics into five

distinct zones. The effectiveness of this strategy was confirmed through extensive simulation using MATLAB/Simulink. The numerical

simulation results demonstrate exceptional traction system dynamics across a wide range of operating speeds.
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1 Introduction
Electric vehicles have been emphasized as a practical and
effective way to address both energy issues and environ-
mental concerns. Additionally, EVs offer numerous ben-
efits in comparison to traditional internal combustion
engine vehicles due to the utilization of electric motors
and inverters in their drivetrains [1]. Electric vehicles pos-
sess superior control capabilities in comparison to inter-
nal combustion engine vehicles (ICEVs), allowing them to
not only provide a clean mode of transportation but also
achieve enhanced levels of safety and handling [2, 3].
Unlike motors used in industrial applications, the trac-
tion motors utilized in electric vehicles must be capable
of frequent starts and stops, rapid acceleration and decel-
eration, high torque for hill climbing at low speeds, and
low torque for cruising at high speeds. Additionally, these
traction motors must exhibit two crucial characteristics:
a fast and robust torque response that can cater to the

driver's instantaneous torque requirements across a wide
range of speeds, and a minimal torque ripple that does not
exceed +2% to prevent uncomfortable mechanical vibra-
tions and vehicle noise [4].

The management of an electric vehicle relies on the
regulation of its traction chain, specifically through the
control of the in-wheel motors. In the realm of industrial
motor drive applications, the direct torque control (DTC)
scheme for PMSM drives has garnered significant atten-
tion due to its potential benefits and practicality in embed-
ded systems, particularly in the context of electric vehi-
cles. However, a major drawback of direct torque control
is the occurrence of high torque ripple, which can be
attributed to the presence of hysteresis controllers and the
limited number of available voltage vectors [4].

In response to this issue, various approaches have
recently emerged with the aim of achieving rapid and
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robust torque response, while also addressing the negative
impact of torque ripple on the mechanical transmission
of the electric traction chain [5-8]. In Aouadj et al. [4],
the authors present a novel approach to enhancing the
dynamic capabilities of direct torque control (DTC) and
reducing torque fluctuations in PMS in-wheel electric
motors used for vehicle propulsion. They introduce a new
sliding mode backstepping control technique as a means to
achieve these objectives. Additionally, the study includes
the design of a sliding mode controller with an exponential
reaching law, as detailed in reference [4].

Interior permanent magnet synchronous motors
(IPMSM) have emerged as a promising choice for electric
vehicle (EV) applications within the realm of AC electric
motors. Their notable advantages, such as a higher mass
torque when compared to conventional asynchronous
motors, make them ideal for embedded applications [5, 6].
These motors are renowned for their efficiency, as well
as their lightweight and compact design [7]. In [IPMSM
motors, the quadrature inductance surpasses the direct
inductance, resulting in a torque that combines the exci-
tation torque of the magnet and the reluctance torque,
which is a significant advantage. Additionally, the [IPMSM
capitalizes on the nonlinear term present in the expression
of its electromagnetic torque [8, 9]. Furthermore, [IPMSM
drives are well-suited for flux-weakening, enabling con-
stant power operation across a wide range of speeds [10].

Four-wheel independent drive (4WID), also known as
in-wheel motor, has become a common configuration in
electric vehicles. These in-wheel motors are responsible
for controlling the vehicle’s movement. The performance
of the wheel-motor system is characterized by smooth
rotation across all motor speeds, torque control at zero
speed, and quick acceleration and deceleration. To meet
the demand for fast and reliable torque response in a
wide speed range, various controls for in-wheel electri-
cal motors have been developed. One widely used control
method is Field Oriented Control (FOC), which was first
proposed by both Hasse and Blaschke around 19681971
and is commonly applied to AC motor control. In recent
years, the direct FOC (DFOC) for IPMSM drives has
gained significant attention in EV-traction due to its ability
to operate at high speeds and a wider speed range through
flux weakening control [11]. In Liu et al. [12], a presen-
tation is made on the implementation of Vector Control
Technology for Permanent Magnet Synchronous Motors
(PMSM) in Electric Vehicles, utilizing the space vector
pulse width modulation (SVPWM) algorithm.

In this paper, we present a novel approach to controlling
IPMSM in a wide range of speeds. Our work focuses on
developing a new control strategy that combines max-
imum torque per ampere control (MTPA) at low speeds
and voltage current limited maximum torque (VCLMT)
and constant power region (CPR) at high speeds. This
strategy, based on vector control (FOC), is specifically
designed for electric vehicles equipped with four IPMS
in-wheel motors during traction or regenerative braking
modes. By combining three torque control strategies and
dividing the torque/speed characteristics into five zones,
our proposed approach ensures optimal operation for the
IPMSM machine across a wide speed range. To achieve
high torque at high speeds, the motor needs to be defluxed
by introducing a negative current along the d-axis [13].
We will describe various methods for generating reference
currents based on the operating speed, reference torque,
and voltage and current constraints [14].

To reduce the amplitude of the back-electromotive volt-
age without slowing down the machine's rotation, a cur-
rent can be injected on the d-axis. This axis aligns with the
flux of the permanent magnets, so injecting a current in the
same direction that amplifies the magnet's flux. Conversely,
injecting a current in the opposite direction partially can-
cels out the permanent magnet's flux, resulting in a flux
weakening. This flux weakening reduces the back-electro-
motive voltage, enabling a higher current to be injected on
the torque axis and generating more torque at high speeds.
Referred to as flux weakening (FW) control, this method
offers the benefit of enabling the machine to operate at
higher angular speeds, a crucial factor for electric vehicles.
In the context of permanent magnet motors used in vehicle
traction, there is a well-known issue of needing to reduce
the magnetic flux at elevated speeds [15]. To address this,
the technique of flux weakening in an interior permanent
magnet synchronous motor (IPMSM) involves introduc-
ing a demagnetizing current along the d-axis. Another
approach, proposed in Barbini et al. [15], suggests utiliz-
ing centrifugal force to significantly decrease the magnetic
flux of the permanent magnet.

To ensure optimal performance of IPMSM-drives in
electric vehicles, the utilization of MTPA control is cru-
cial for its high torque output. Additionally, FW control is
necessary to generate increased torque in the high-speed
range [16, 17]. This study investigates the torque—speed
characteristics of the machine, which are divided into five
operating regions governed by three control strategies:
Maximum Torque per Ampere (MTPA), Voltage—Current



Limited Maximum Torque (VCLMT), and Constant Power
Region (CPR) control. In the low-speed region (below
base speed), the electromagnetic torque is limited by the
maximum torque condition defined by the MTPA strat-
egy. When the operating speed exceeds the base speed,
the torque gradually decreases while the motor maintains
maximum constant power [18].

To extend the operating range, a flux-weakening tech-
nique is employed [19]. However, depending on the machine
parameters, field-weakening control may lead to suboptimal
torque distribution, resulting in reduced torque capability.
Consequently, the machine operates within the power-lim-
ited region, namely the constant power region (CPR) [20].

To enhance driving efficiency and ensure stable oper-
ation under high-speed and high-torque conditions in
electric vehicle applications, this work proposes a vec-
tor control strategy for an Interior Permanent Magnet
Synchronous Motor (IPMSM) in-wheel drive. The pro-
posed method integrates MTPA, VCLMT, and CPR con-
trol strategies to optimize motor performance across the
entire operating range.

2 Conception of combined MTPA-VCLMT-CPR
control of IPMSM

To ensure optimal torque performance across a wide
range of speeds, a decision was made to combine and uti-
lize two distinct control strategies. At low speeds within
the constant torque region, a MTPA control is employed,
as depicted in Fig. 1. This control strategy maintains a con-
stant current on the axes, ensuring a consistent torque
output until the base speed is reached. Conversely, in the
constant power region where the developed torque gradu-
ally decreases, a FW control is implemented. This control
strategy enables the motor to generate high output torque
in the high-speed region without surpassing the rated cur-
rent. It is worth noting that this algorithm also facilitates
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Fig. 1 Typical characteristic curves of torque/power vs. speed of IPMSMs
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the operation of the IPMSM at higher speeds, expanding
its speed range [17, 21].

2.1 Mathematical model of IPMSM
Upon applying Park's transformation and adjusting the
reference frame dg, the stator equations of the IPMSM
with respect to the rotor can be expressed as follows:

The voltage equations are provided as:

. di .
v, =Ri,+L, 7;—@ L, M
o di, , 5
v,=Ri +L, Eme(q)f +Lyi,) @

whrere R is the stator winding resistance, L, is the d-axis
inductance, Lq is the g-axis inductance, i, the d-axis current,
i, is the g-axis current and @ ’ is the permanent magnet flux.

The expression for the developed motor torque can be
represented as follows:

3 3
T,=5p® i+ p(Li =L, )iy, 3)

The mechanical torque involves determining its value.

do
T-T —fo =J—". @)
e L f m dt

where o, is the rotor electrical speed,  is rotor mechani-
cal speed, T, , is the load torque, 7,

Tiction

=fw, is the motor-
load system friction torque, f viscous coefficient of fric-
tion, and J=J +J is the moment of inertia of the motor
and the wheel.

2.2 MTPA control technique

To achieve optimal torque output based on a specific cur-
rent, the currents in the d- and g-axes can be expressed
as [22, 23]

i, =1, cos p, 5)
i, =1 sinp. (©6)

In Fig. 2 [22], the "torque angle" B(180°> 3 >0°) is
defined as the angle between the stator phase current vector
and the negative direction of the d-axis, while IZ represents
the magnitude of the stator phase current in an IPM motor.

The developed torque in IPMSM motors can be viewed
as a combination of the magnet's excitation torque 7, s and
the reluctant torque 7' ,, as shown in Fig. 3. This is because
the g-axis reactance/inductance is larger than the d-axis
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Fig. 2 Torque angle
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Fig. 3 Developed torque, magnet excitation torque and reluctance
torque vs. torque angle of IPMSM

reactance/inductance, resulting i.e., L>L, The expres-
sion for the developed torque is as follows [23]:

7:3 = Tmag +T‘rel’ (7)
where:
T =300 ®)
mag_zp fssnlﬂa
3 A, sin2f
T —EP(Ld _Lq)l.v 5 ©)]

In the constant torque region of an on-board interior
permanent magnet synchronous motor (IPMSM), there
exists a specific combination of d- and g-axis currents that
maximizes torque output. This algorithm, known as max-
imum torque per ampere (MTPA), is utilized to meet the
high torque demands of traction applications like electric
vehicles (EVs). The g-axis current can be mathematically
represented as shown in Eq. (10) [17].

e (10)

The torque angle which results in the maximum torque
of IPMSM motors can be derived by setting the derivative
of the torque to zero, which can be expressed as follows:
ar, 3

a3 (o, oty Ecorzp) 0. D

The d-axis current during MTPA operation is obtained
as follows:

e, o 7 B,
1 = - - - +—.
dyirpa 4(Ld_Lq) 16(Ld_Lq)2 2 ( )

By substituting Eq. (12) into Eq. (10), it is possible to
derive the g-axis current in MTPA operation with simplicity.

== (13)

i —
qamTPA R dyrrpa

When the current falls below /_, the operating point on
the MTPA curve shifts downwards. Once the motor reaches
the base speed w,, which is determined by the intersec-
tion of the current limit circle and the voltage limit ellipse,
it has reached its maximum current and voltage [24].

We will then give:
4

sn

p\/(CD y L, )+ (L, ) '

W, =

(14)

2.3 VCLMT control

If the operation goes beyond the base speed w, , the Voltage
and Current Limited Maximum Torque (VCLMT) control
strategy can deliver a higher torque compared with MTPA
control. The operating locus of VCLMT is determined by
the intersection between the maximum current limit circle
and the voltage limit ellipse at a specific speed @, which
defines the new VCLMT operating locus (
the plane (i, iq). his intersection forms the trajectory for
the VCLMT command [24].

i 1
dycrmr ? “dvermr )

-D,L,

1 =
dycimr 2 2
L-I

: 15
\/(‘D.de ) - (L —Lf,)(cpz,. Y7 _[VJ J (15)

pa)}“

+

L-L

o (16)

i —
gveimt max dycrmr

2.4 Constant Power Region control
According to the Constant Power Region (CPR) [24],
torque is defined as follows:

30 y
P=C, 0 = E(CD/lq (L, =L, )i, o, (a7

The power output of the IPMSM is represented by
the variable P. The trajectory that represents this power



can be determined by solving a fourth-order equation,
as stated in Itani [24].

(L,-L,) ij+20,(L,-L,)i}

+((sz ~(L,~L,) 2, ),-3 a8)

2

=20, (L, L, )i, + 3 Zz -, =0

To achieve the desired outcome, it is imperative to
select a solution for i, - that is both negative in value and
in close proximity to zero. By doing so, we can success-
fully derive the corresponding value for i, .

~

. _ 2 _ 2 19
lq('PR - Imax ld(‘PR ( )

At a specific speed o, _, the torque produced by CPR
control exceeds that generated by VCLMT control. Once
this speed is reached, the control strategy shifts to CPR to

achieve higher torque while maintaining constant power.

3 Combination of three control strategies

By integrating three MTPA/VCLMT/CPR control strat-
egies, the maximum torque in relation to motor operat-
ing speed was successfully achieved, as demonstrated in
Fig. 4 for torque/speed and Fig. 5 for power/speed [24].
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Fig. 4 Torque/speed characteristics with combined control strategy
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Fig. 5 Power/speed characteristics with combined control strategy
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T, is the defined maximum torque attained through
the three control methods: MTPA, VCLMT, and CPR.
In the case that the reference torque exceeds the maxi-
mum torque available at a specific speed w , the reference
torque is adjusted accordingly.

* *
0<o <w,=T, = Temm«xmm

=T, =T,

el

w0, <0, <o,

inter

(20)

Minax VCLMT
*

. > o

r inter

¥
= T;m - T‘emmxcpR

Fig. 6 shows the division of the control domain into
five distinct zones. The initial zone is specifically desig-
nated for speeds below the base speed w,. Within this par-
ticular region, the MTPA control strategy imposes limita-
tions on the maximum attainable torque. It is imperative
that our system has the capability to deliver a torque value
that falls below 7

-

Between speeds o, and ®,,, -, the MTPA trajectory
creates a boundary for the zone below 7,

mmax

, resulting in the
formation of two separate areas: Zone Il and Zone III. The
region between ®,,, — and w, _ is designated as Zone IV.

At higher speeds than .

inter

in Zone V, it is possible to
achieve a lower torque amplitude compared to Tm e
However, for higher torques, the only option is the tc;(rLchflTJe
specified by 7, [24].

The generation(gf reference torque using speed and max-
imum available torque results in the generation of different

speeds, which are categorized into five zones as defined in:

o, <w, = Zone I

w, <o, <0,, T, :mmaxm,\ = Zone 11

w, <o, <0,, T, > 7::,‘%“MTPA = Zone 111 o
ondyrn < O S Oy = Zone IV

Oy <O, SOy o < ]Z’t”mnxchMT = Zone V

other 7, ;maxm

3.1 Equations of Zone I and Zone II
At the intersection of the constant torque hyperbol (at a spe-
cific torque 7.,) and the MTPA curve lies the operating

80
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MTPA 1Zone Il ——MTPA
60 —VCLMT
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40
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E 20
z Zone V
2 0
g
20 /
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Fig. 6 Torque/speed characteristics of the proposed IPMSM
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point for these zones. By solving the two-equation system,
the currents values (i o M) can be determined [24].

.2 2
/ |y Tl

16(L,-L,) 2

g = 4(L,-L,)
(22)

iqref = 3
Ep((I)f +(L,~ L, ))iM

As aresult, we arrive at the subsequent quadratic equation.

2 3
(O @, D,
L343 / i+ / i
L,-L, L,-L, L,-L,

. 2
2L, U |
3 pL,-L,

Among the available solutions, the one with the most

iT+3

(23)

negative value is considered to be the expected useful
solution.

3.2 Equations of Zone III, Zone IV and Zone V

At the point of operation within these zones, the voltage
ellipse associated with a specific speed @, intersects with
the constant torque hyperbol, which corresponds to a given
torque 7, . By solving the system of two equations,
the current values (i ey o qu) can be determined [24].

. . Vo )
(C[)/ +Ldldref/ )2 + (quqref )2 = [p_wrzj

- 4)

em

byry = 3

5 p(q)f +(L,—L, )idref.)

As a result of this, we can derive the following qua-
dratic equation.

L(L,-L,) ii+2L,(L,-L,)(2L, - L,)® i)
+(612 6L, L, + L} )®* 2 +2(2L, — L) "7, + D"

2
T, ’
ESCI V 7 =0
3p’ PO,

Out of all the potential solutions, the most negative one

25

is considered to be the expected useful solution.

To determine the torque curve that distinguishes Zone 11
from Zone III, we can find the point where the Maximum
Torque Per Ampere (MTPA) intersects with a point on the
tension ellipse at reference speed @, [24].

The torque can be represented by the Eq. (26):

* 3 . .
T, =5p(<D,~ (L= L, )i )iy (26)

maxMTPA
The intersection of the voltage ellipse and the maximum
current circle yields the current values (
- and actual speed @, [24].

MaxyCLMT

The Eq. (27) represents Zone V on the curve is as follows:

. ld\’(‘LMT ’ l‘IVCLMT ) When
given a reference torque 7,

*

Topo = % p(CDf (Lo =Ly )ign )zq . 27

The proposed combined control scheme for the motor-
ization of an interior permanent magnet synchronous motor
(IPMSM) is illustrated in Fig. 7. This scheme enables con-
trol over a wide range of operating speeds. The motor is
powered by a battery and connected to a three-phase volt-
age source inverter. Control is implemented in the park
d—q reference frame. The control scheme consists of four
main controllers, namely: MTPA control, VCLMT con-
trol, CPR control, and vector control [25]. Each of these
controllers will be discussed in detail.

4 Simulation and discussion

The simulation results achieved using the newly devel-
oped combined control strategy will be discussed in
Section 4. To conduct the simulations, mathematical mod-
els of the IPMSM and various control techniques such as
MTPA, VCLM, CPR, and CV were implemented on the
MATLAB/Simulink software [26]. Specifically, the com-
bined control strategy was tested for high-speed refer-
ences, and a simulation test was performed accordingly.

PWNM
A A Road

Battery IPMSM Wheel

v, v

Vector
Control

SRR Ry~ TR EE T PR SE P
i; Ti Generation of current  +
references MTPA —
of current VCLMT-CPR con;rol
reference Egs.(11). (12). (15).

..... — Ao oasas g
OYe— o

Fig. 7 Scheme of combined MTPA-VCLMT-CPR control of IPMSM

Generation




The IPMSM parameters utilized in the traction chain of an
electric vehicle, along with the corresponding characteris-
tic speeds, can be found in Table 1.

In order to assess the effectiveness of the suggested
strategy across a wide range of operating speeds, we will
focus on a specific operating point during traction mode,
which corresponds to a reference speed of 700 rad/s.

Fig. 8 displays the speed response of the system, reveal-
ing that the initial speed of the IPMSM is rapid. Within
a mere 0.14 sec, the speed stabilizes without any over-
shoot, enabling accurate tracking of the reference speed.
Even when there is a change in load, the speed quickly
adjusts and tracks the reference value, as depicted in the
zoomed-in view in Fig. 8.

For the first point, at a speed below the base speed, the
requested torque is higher than the maximum torque that
MTPA control could deliver. At a speed between w, and
depending on the requested torque, we could

endyyrpy 2

Table 1 IPMSM parameters used in EV application [24]

Symbol Parameter Value
Pe Nominal power 30 kW
71 Maximal torque 65.55 N m
4 Line to line voltage 230 V
R, Stator resistance 0.45
L, d-axis inductance 0.54 mH
L, g-axis inductance 1.05 mH
@, Permanent magnet flux linkage 0.148 Wb
P Number of pole pairs 3
I Friction coefficient 276 ¢
J Inertia coefficient 0.02 kg m?
I: Nominal current 100 A
, .. Based speed 466.81 rad/s
Oy MTPA limited speed 518.02 rad/s
N Intersection VCLMT-CPR speed 617 rad/s
Bptenn VCLMT limited speed 788.4 rad/s
800 T Y T
700 /
600 /f
@ 500 /
% /
S 400 / —reference
i / —actual
@
& 300 - base
T =) - endMTPA
200¢ Inter
100
/ 43 045 047 048 051 D33 D.ﬁ T
0

0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]

Fig. 8 Rotational speed
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be in Zone II, Zone III, or simply governed by the torque
defined by the VCLMT control strategy. For a speed
between @, —and o, the current references are gen-
erated by the VCLMT control strategy.

The torque response is nearly instantaneous, as shown
in Fig. 9. It is important to note that the developed torque
is limited to the maximum torque provided by the MTPA
control in the torque region where the motor speed is
below the base speed.

Furthermore, the currents reach their maximum val-
ues dictated by the MTPA control, as seen in Fig. 10 (c)
and (d). Subsequently, they rapidly decrease towards the
load-imposed value with minimal ripple in steady state.
The current responses are illustrated in Fig. 10 (a) to (f).
When the motor speed is below the base speed, which is
referred to as the constant torque region, the MTPA con-
trol precisely follows the imposed current references i,
and i,as depicted in Fig. 10 (c) and (d). However, beyond
the base speed, the VCLMT and CPR control strategies
generate the current references, as shown in Fig. 10 (c)
and (d). It is important to note that the d—g axis current
represents the torque produced by the IPMS motor, as
illustrated in Fig. 9. Additionally, Fig. 10 (f) shows the
three stator currents corresponding to the specific oper-
ation being analyzed. It is worth mentioning that there is
a significant transient response observed during the tran-
sient mode. Subsequently, the currents promptly adjust to
any changes in the applied load.

Based on the simulation results provided, the com-
bined control strategy that was implemented demonstrates
consistent and dependable performance in both the con-
stant torque region at low-speed and the constant power
region at high-speed. Furthermore, the simulation results
align with the initial analysis conducted for the combined
control strategy. The expected combined control effect is
achieved and the proposed method is proved feasible.

Jid=as: SEEsEssEsEs:
60 *“\ (I 1 ——reference

55 —— motor

50 —load
T 45 - T - Temax=65.55

Z 40 T

0 0.1 02 0.3 0.4 0.5 0.6
Temps [s]

Fig. 9 Electromagnetic torque
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Fig. 10 Motor currents: (a) d-axis currents; (b) g-axis currents; (c) d-axis currents MTPA, VCLMT and CPR; (d) g-axis currents MTPA, VCLMT
and CPR; (e) Stator flux; (f) Phase currents L., II. and III.

5 Conclusion

A novel control strategy for IPMSMs, combining three
control techniques and five torque—speed operating
regions, has been developed. It achieves maximum torque
over a wide speed range while delivering the precise torque
required by the braking system, demonstrating improved
performance and efficiency in IPMSM motors drive used
in electric traction applications.

The proposed method integrates three complemen-
tary control techniques: Maximum Torque Per Ampere
(MTPA) control for low-speed operation, Voltage Current
Limited Maximum Torque (VCLMT) control for high-
speed regions, and Constant Power Region (CPR) con-
trol, also applicable at high speeds. These algorithms
have been specifically formulated for IPMSMs supplied
by a three-phase two-level voltage inverter. A theoretical



analysis has been conducted to evaluate the steady-state
performance across the full operating speed range. Based
on this analysis, a unified control scheme has been imple-
mented, utilizing MTPA below the base speed and switch-
ing to VCLMT-CPR control above it. The effectiveness
of the combined strategy was verified through numerical
simulations in MATLAB/Simulink [26], demonstrating
improved dynamic response and consistent performance
across varying speeds. Numerical simulations confirm the
stability and robustness of the proposed IPMSM control
strategy. During transient conditions, the motor quickly
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