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Permanent magnet synchronous motor-powered electric vehicles control is the subject of
various research work. However, their global dynamic models are nonlinear and coupled.
Therefore, to achieve efficient operation, an effective control system is crucial. In this
study, we propose and compare linear H-Infinity and Galerkin approximation approach
for Nonlinear H-Infinity control strategies to improve the durability and performance of
post-driven speed in electric vehicles. In the case of linear systems, the linear H-Infinity
controller is found by solving the algebraic equation known as the Riccati equation. On
the other hand, the control problem based nonlinear H-Infinity poses challenges because
it involves solving a nonlinear partial differential equation known as name of the
Hamilton-Jacobi-1saacs equation, which is difficult or even impossible to solve by using
analytical methods. In these situations, the Galerkin approximation approach provides an
approximation to the Hamilton-Jacobi equation solution. In order to evaluate the
performance of Galerkin approximation approach and linear H-Infinity controllers,
electric vehicle feedback simulations will be conducted, taking into account different
constraints. The goal is to ensure efficient operation in different situations. The results
demonstrate that the Galerkin approximation Approach for nonlinear H-Infinity controller
reveals a similar performance and durability as the H-Infinity controller, and stands out
for its ability to optimize the control system performance of the EV, providing a faster
response, reducing undesirable ripples, and enhancing overall stability and precision.
Generally, this comparative study brings to light the effectiveness of linear and Galerkin
approximations for H-Infinity control in permanent magnet synchronous motor-powered
electric vehicles. The results contribute to the advancement of control strategies and
provide valuable information for the conception and employment of efficient electric
vehicle control systems.

1. INTRODUCTION

An electric vehicle (EV) is, by definition, any vehicle that
is propelled by an engine that runs entirely on electrical energy
[1, 2]. All participants in the advanced automotive sector view
electric vehicles as one of the greenest and most
environmentally friendly forms of transportation. Given that
the road transportation sector contributes more to atmospheric
pollution than manufacturing does, it could potentially be a
solution to this grave pollution scenario. However, electric
vehicles are still in the experimental stage and are being
modified or improved, despite substantial research on

powertrains and batteries [1, 2].

Researchers can now create driver assistance systems that
automate specific tasks by adding new safety devices that
increase the stability of electric vehicles, where systems must
act on the electric vehicle's controllability so that it reacts more
quickly to user requests to drive, thanks to advancements in
automation, computing, telecommunications, and tool

miniaturization.

Unfortunately, despite advances in modern control theory

and methods, there is no universally optimal solution for
controlling electric vehicles. The complexity of the problem
and the varying requirements of different applications make it
difficult to determine a best control strategy. Various factors
such as vehicle dynamics, drivetrain characteristics, operating
conditions and control objectives contribute to complicating
matters. Therefore, trade-offs between different control
methods are often necessary to achieve the desired
performance and meet specific requirements.

In order to obtain excellent dynamic performance, many
researchers have researched the design of electric vehicles
powered by permanent magnet synchronous motors (PMSM)
during the past several years. The literature is currently
available and covers a wide range of control schemes. These
include classical control laws [2, 3], more advanced
algorithms such as nonlinear control [4, 5], fuzzy logic control
[6-9], sliding mode control [10-13], backstepping control [14-
16], and Hoo control [17, 18]. Each of these strategies offers
its own benefits and has been explored in various studies to
optimize the performance of electric vehicles.

Unfortunately, despite advances in modern control theory
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and methods, there is no universally optimal solution for
controlling electric vehicles. The complexity of the problem
and the varying requirements of different applications make it
difficult to determine a best control strategy. Various factors
such as vehicle dynamics, drivetrain characteristics, operating
conditions and control objectives contribute to complicating
matters. Therefore, trade-offs between different control
methods are often necessary to achieve the desired
performance and meet specific requirements. Researchers
continue to explore and develop new control techniques to
further improve the control of electric vehicles.

The problem treated in this article aim to find a globally
optimal control solution for an EV powered by a PMSM,
taking into account the complexity of vehicle dynamics,
transmission characteristics, operating conditions, and diverse
control objectives. It provides a fresh perspective by
comparing linear and Galerkin approximation approaches for
nonlinear H-Infinity controllers, offering valuable insights for

the development of more effective control methods in the field.

It is well known that the solution to the algebraic Riccati
equation determines how to solve the linear H-Infinity control
problem [19-23]. It is necessary to solve the Hamilton-Jacobi-
Bellman equation for the nonlinear H-Infinity controller [24,
25]. However, finding a trustworthy and precise
approximation to the solution of this partial differential
equation is a challenging task, nevertheless. One such
approximation technique is the Galerkin approximation. The
generalized Hamilton-Jacobi-Bellman equation is derived by
first reducing the Hamilton-Jacobi-Bellman equation to an
infinite sequence of linear partial differential equations in
order to obtain the approximation. The second stage is to
utilize Galerkin's method to approximate the solutions of these
linear equations. When both of these steps are combined, a
control algorithm is created that converges to the best solution
when the order of the approximation and the number of
iterations approaches infinity [26-28].

Once the introductory part is completed, this work is
structured as follows. Section 2 presents the electric vehicle
that is the subject of the study, and then a state-space
representation modeling follows. Section 3 discusses linear
and nonlinear H-Infinity control design and Galerkin
approximation approaches. The design strategy is examined in
Section 4 along with its application to electric vehicles. To
evaluate the effectiveness of the controller developed in this
paper, an implementation and numerical simulation of the
designed controller are illustrated in Section 5. The
conclusions of this study are presented in Section 6.

2. DESCRIPTION AND SYSTEM MODELLING

According to Figure 1, an EV system dynamics primarily
consists of two components: vehicle dynamics and motor
system dynamics. A transmission unit, which also contains the
transmission system, connects the engine system to the electric
vehicle system. In a real electric vehicle, the driver sends
command signals as an acceleration or deceleration via his
accelerator/brake pedals to the drive system controller. A
PMSM motor is used for propulsion of the considered electric
vehicle system, and a gear unit with a gear system inside of it
connects a PMSM motor system to the EV system. Therefore,
one can control the PMSM motor's speed to control the actual
EV system.
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2.1 Modeling of vehicle dynamics

Gravitational, wind, rolling resistance, and inertial forces
are some of the forces that the vehicle's electric engine must
overcome. Figures 1 and 2 respectively illustrate the electric
vehicle configuration and a representation of the forces acting
on the vehicle, where these forces can also be seen.

Transmission
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Figure 1. The EV's configuration

Figure 2. Forces exerted on a vehicle

The sum of all forces that act is the total resulting force and
results from [29-33]:

_ dVEey
F= Fgravity + Faerod + Frolling +M dt

(1

Given that Fy,q,;, is the comprises gravitational force,
Faeroq 1S the aerodynamic resistance force, Froying is the
rolling resistance force, M is the product of mass and the
derivative of the linear speed is dl;f".

where:
(1) The expression of the gravitational force is given by:

Fgravity = M gsin(a) (2)

(2) As a function of vehicle speed V5, the aerodynamic
resistance force is expressed as:

1
Faeroa = Ep Af Cp VEV2 (3)

(3) The primary cause of the rolling resistance force is the
friction between the tires of the vehicle and the road,
which can be represented as:

Frolling =Mg fr cos (a) “4)

The resulting force Fyeeuring Causes the drive motor's
counter torque. The following relation governs the torque:

Ttire

T, =F ing X

L resulting Ggear (5)
where, the EV tire radius is noted by 730, T, represent the
torque that the driving motor produces, and finally G4, is the

gear ratio.



2.2 PMSM model

For drives, induction motors, permanent magnet
synchronous motors, and switching reluctance motors are
frequently used. For the "best" choice, compromises between
price, mass, volume, reliability, efficiency, maintenance, and
other factors must be considered, much like with many other
components. However, the high power density and great
efficiency of PMSM make it the preferred option. The rotor d-
q reference defines a permanent magnet synchronous motor,
and the following equations can describe it [34, 35]:

dig R . . 1

—=——ig+PQ,i -u

dt plat mlqg+ 7 U

di R PO 1

-4 _ _ ;i _ j— -

pra il 7 PQ,ig - Qm+Luq 6)
dQm 3P0 B TL

—A=—ij —-=Q,+ =

dt 2 4 Ty

Within Eq. (6), u4, uq and iy, i, are respectively the stator
voltages and currents in the d-q reference frame; L is the
inductance in the d-q reference frame, R represent the stator
resistance, P is the pole pairs, @ is the permanent magnet flux,
J the motor inertia moment, B is the coefficient of viscous
friction and T}, is the load torque.

2.3 The EV's overall dynamic model

The below equations yield the linear speed Vg, and traction
power:

(7

P = Vev Fgr (8)

So combing the vehicle dynamic model, the linear speed
Vgy and the model of PMSM, The entire EV system's
dynamics can be expressed as:

. R PGgear 1
x1 I 1 + ro: 2 X3 + ud
tire
R PGgear P®Ggear
Xy = —— - +-u
2 z Ttire 3 LTtire 3 a
3PPGgear BGgear 9)
1 2 2 Ttire
X3 = — Mg sin(a) + M g f, cos(a) +
JEV | Ttire oo 2
tire 2
G ——=pA;Cpx
26gear? p Ar Lp X3
. ]Ggea'rz"’1\’[Ttire2 . . .
With: Jp, = ————— which represent the total inertia

Ttire Ggear
of the electric vehicle, considering the both of the inertia motor
and the other component inertia.
In this case, x denotes the state vector and can have the
following forms: x = [x,x,, x3]7 = [id, igr VEV]T; the control
input, denoted by u, is provided by u, and u,.

3. DESIGNING THE H-INFINITY CONTROL

3.1 The H-Infinity linear controller

The linear Hoo controller aims to find a corrector that
achieves internal system stabilization while minimizing the
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Hoonorm of the transfer matrix connecting the regulated
outputs to exogenous inputs (disturbances), ensuring effective
rejection of the latter. This linear Hoo control problem is
considered suboptimal, as the predefined minimum target
needs to be attained.

By taking into account the following affine nonlinear
continuous-time dynamical system:

x=f(x)+g)u+kl)w
4= [h(x)] (10)
u

where, x € R"™ is the state variables vector of the system, u €
R™ is the control inputs vector, w € R? is the exogenous
inputs vector, and the exogenous outputs vector noted z € R®
characterize the control objective. The mappings f(x) ,
g(x), k(x)and h(x) are presumed to be nonlinear smooth
functions and, for simplicity, £(0) = h(0) = 0.

The following is a representation of the linearized model of
the nonlinear continuous-time dynamical system stated in (10):

{x(t) = Ax(t) + B,u(t) + B,w(t) 1)
y = Cx(t)
where:
_0f(») _ _ __ 0h(x)
A - ax X=0,Bu - g(O)JBW - k(O)JC - ox x=0

We can obtain these matrices by Taylor series expansion,
around x = 0 and considering only the first terms.

A controller exists, if and only if a real, symmetric, positive-
definite matrix X satisfying the following Ricatti equation
exists [19-23]:

ZA+A"Z+7Z (B,BY —y?B,BNZ+Cclc, =0 (12)

Moreover, the state-feedback controller is formed as:
u(x) = K x(t)

3.2 The nonlinear H-Infinity controller

Unlike the linear case, solving the nonlinear Hoo problem
proves to be highly challenging, even analytically impossible.
In such a scenario, the problem boils down to solving the
partial differential equations known as Hamilton-Jaccobi-
Isaac equations.

The aim of the nonlinear Hoo control problem is to find a
controller u = u(x, t) which can stabilize the system (10) and
have L2 gain < y from the exogenous input w to the control
output z [24, 25]. To sum up:

I zli3de = y2 [ Ilwli3de (13)
When (13) is verified, a system is also known as a
dissipative system with a supply rate

1 1
s(z,w) = 2y2llwllz - lizll3 (14)
The interpretation of Eq. (13) is to minimize the ratio of the
energy of the exogenous inputs w to the energy of the
regulated output z.
By considering the nonlinear system equation in (10) and a



real parameter y > 0. Suppose that the Hamilton-Jacobi-
Isaacs inequality provided by Eq. (15) has a smooth positive
definite solution V(x) > 0.

H() = 22 (0)f () + 5 hT ()h(x) =

T 15
e (g(x)gT(x) —%k(x))%(x) <o

Then, the closed-loop system using Eq. (16)'s feedback

u(x) = =397 (0) 3 (%)

. (16)
Has a locally L2 gain (from w to z) less or equal to y and is
asymptotically stable at the origin. Moreover, Eq. (17)

provides the worst-case disturbance.
w(x) = Z kT () 5 (%) (17)

Solving such nonlinear Eq. (15) using analytical techniques
is very difficult and sometimes impossible. Hence, we refer to
numerical methods. We apply a Galerkin Approximation
Approach to approximate this equation to get the following
algorithm (Algorithm 1) [26-28].

Starting with the initial stabilization control law, we update
the perturbations w(i, j) in the inner loop until we find the
optimal approach for the maximizing player. The outer loop
then updates the control; the worst-case perturbations of the
new control are computed repeatedly until the minimizing
player optimal strategy is attained.

Algorithm 1. Galerkin approximation algorithm

Input: N a positive integer, € a small positive real number
Input: u©® (x) an initial stabilizing control law, Q stability
region

Input:

Xy, X, (@), 1Y, (1@ 60)) (G0, (KN i =
0,..N

Input: @(x) the basis functions

set y

set C01d1’ Coldz;

fori =0to o do

set w®® =0

if i == 0 then

X0 =X + X, (u(o)(x))

YO =y, + Y, (u(o) (x))
8 else
9 X0 =x, - %Zgﬂ C;El_lm)Gk
i 1 i—1,00 i—1,00
10YO =y, - ;Zﬁzl Cl(cl )Gk CIEL )

[y

~N O ok wN

11 end
12forj=0to o do
13if j == 0 then
14X=xX0y=y®
15 else

. 1 Poi_
16 XD =X, — 3 6 VG
17Y® =y, - #Zgzi Cl((i'j_l)Gk Clgi'j_l)

18 end
19 solve for V (i, j) from: ¢+ = X~y
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20 if ||c®) — col1|| < & then
21j =00

22 else

23 cold1 = (@)

24 end

25 end

26 if ||c&*) — %z || < & then
270 =o00

28 else

29 Coldz — C(L',OO)

30 update the disturbance:
3Mw(i,j+1) = Z—;kT(x)VCDTc(“"“)

32 end
33 update the control:

JBu@i+1) = % g (x)VPT ()
35end

36 if there is convergence of ¢, then reduce y and go back to
step 3

The Hoo control design approach presented in this paper
reveals the intricacies involved in both linear and nonlinear
scenarios. The linear controller addresses system stabilization
and disturbance rejection, while the nonlinear controller aims
to achieve stability and minimize energy ratios using a
numerical Galerkin approximation algorithm. The iterative
nature of the algorithm highlights the complex steps required
to find an optimal control strategy for the given dynamical
system.

4. APPLICATION

The applications of linear Hoo and Galerkin approximation
approaches for nonlinear Hoo controllers in an EV powered by
a PMSM given in (9) is described in this section. The control
aim is to create a controller for an EV that is asymptotically
stable and allows the d-axis current and EV speed to follow
the reference signals. Figure 3 illustrates the overall scheme of
the suggested controller.

A Y\ %
X v y X

“1d o QD . “d 1S
SOl N TN Proposed ‘, ..
-a g l I nonlinear P i
" et o 4 e He Uy vy 07
X B L o | controller X, .
5® + s

A A A

Figure 3. The global EV driving system Block diagram

It is critical to convert the original nonlinear model provided
in Eq. (9) into the associated error dynamics in order to
develop the H-Infinity controllers for an Electric Vehicle
Driven by the Permanent Magnet Synchronous Motor. The
desired g-axis current, the speed error, the d-axis current error,
and the g-axis current error can all be defined as [34, 35]:

(18)

Xe1 = X1 — X1 qrXez = X3 — Xy q)Xez = X3~ X3 4



7"tireS.DAfCD
3JgyP @ Ggear

Ttire ;
Mg sin(a) +
3/EVPCDGgear2( g ( )

Mg, cos(a))

2JEv
3P®Ggeqr” o4
2BGgear

3
3P D GgearTtire -

— 2
xZid - 4 x37d +

(19)

at

where, x3 4 is the desired speed, xe; is the speed error, xe;
and xe, are, respectively, current errors.

X1 g and x, 4 are the desired g-axis and d-axis currents
respectively.

The control signals uy ¢ and u, ¢ can then be decomposed
into the stabilizing and compensating terms listed below:

Ug = Ug g+ UgeyUg = Ug s — Ug ¢ (20)

where, ug . and uy ; are the d -axis compensating and
stabilizing control terms, u, . and u,; are the q -axis
compensating and stabilizing control terms, respectively.

Ug ¢ and uq o, compensating control terms, are described as
follows:

_ _LPGgear

Ug ¢ = ) X2.dX34d (21)
Ttire
LPG
_ gear
Ugc=— o X2 X3 (22)
tire

The suggested linear and nonlinear Hoo controller is shown
schematically in Figure 4.

b o
3
X,
2 -+
= thc P , u,
i | ds
= Wi
EN 4
» M
X A
2d)| o]
>
A 4
> N
> U, B
> u, e
qs +
g T o,

Figure 4. The suggested linear and nonlinear Hoo controller
schematic diagram

The following error dynamics can be used to express the
vehicle dynamic model (18) to (22):

. _ R 1
Xe1 = 1 Xe1 + I Ug s
. R POGgear 1
X = — Xop — Xe3 + - U
e2 L e2 L Ttire e3 L q9s
3POGgeqr _P Ar Cp rtire3 x 2 _
2 e2 ZGgear3 e3 (23)
. 1 BGgear
Xe3 = 7 —E= +
JEV Ttire X
pAfCp Ttire® e3
G 3 3.d
gear

4.1 Hoo linear controller design

A linear system model is required for the Linear H-Infinity
control design process. Therefore, in order to linearize the
nonlinear Eq. (9) around its equilibrium point, Taylor's series
expansion is used. The EV's linear state-space model is
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obtained as follows:
{x(t) = Axex(t) + Bu_su(t) + Bw_er(t) (24)

Y = Cyex(t)

where, the state vector x, takes the forms of x, =
[Xe1, Xezs Xe3]T ; u_s represent the control input; w_xe
represent the disturbance input of the system. The matrices
Aye, By s, By xe and C,, of the state space model have the
following definitions:

R
[- 0 0 1
0 _R _ P®Ggear |
L LTtire
Aye = | BGgear + |'
0 1 3PPGgear , - 1 Ttire s
€ Ar Cp Ttire
JeEv 2 Jev | P fG D g X3, (25)
gear
4
[L] 1
Bu_s:|1|JBw_xe: 1 ere:[l 0 1]
L 0
Lo

By resolving the associated Riccati equation, the following
stabilizing state feedback control is obtained:

Uy 51 (Xe) = —0.6897x,, — 0.6897x,, + 5.8621x,;
Ug 51 (%) = —0.6897x,; — 0.6897x,; + 2.4138x,;

4.2 Hoo nonlinear controller design

The successive Galerkin approximation technique for the
Hamilton-Jacobi Isaacs equation was employed to develop a
nonlinear H-Infinity controller for the EV powered by a
PMSM system. We employed the initializing parameters,
which are: the stability region €, the basic functions ®(x) and
an initial stabilizing linear Hoo control u® (e).

The choice of the domain Q is guided by the following
conditions:

e The system x=f(x)+gx)u®(x) must be
asymptotically stable.

e The domain Q must be closed, continuous, and
encompass the equilibrium point of the system.

In this paper, we used:

Q=[1212
— 2 2 2
o= [xeli Xe2r Xe3r Xe1Xe2) Xe1Xe3) xezxeB]
u(©® (e) = [ud,so (xe): Ug_so (xe)]

where,

Ug so(xe) = —0.6897x,, — 0.6897x,, + 5.8621x,3
Ug s0(Xe) = —0.6897x,; — 0.6897x,, + 2.4138x,.3

y takes an initial value of 520, its reduced value which
ensures the algorithm convergence is chosen equal to 53. To
find a suboptimal y: Choose an initial control u(® (x) and set
y. If the nonlinear Hoo problem is solvable, decrease y and set
u@(e) =u®(e) (Where u®(e) is the resulting control), then
repeat step 1 (Algorithm 1). Otherwise, proceed to " Input:
1@ (x) an initial stabilizing control law, Q stability region
while increasing y. The nonlinear H-Infinity control law that
was obtained is given by:



g s v (%) = —0.9917x,; — 1.3104 e — 18 x,, + 2.3701 ¢ — 17,5
g o v (Xe) = —1.3104 € — 18x,; — 0.9917x,, — 0.0191x,;

5. SIMULATION RESULTS AND DISCUSSION

With the aim of evaluating the effectiveness of the EV
powered by a PMSM, and to test the dynamic performance of
linear H-Infinity control and Galerkin approximation approach
for nonlinear H-Infinity control techniques. In this work, we
adopt the NEDC (New European Driving Cycle) which is a

standardized testing method developed by the European Union.

It assesses vehicle fuel efficiency and emissions through a
simulated driving profile that includes urban and extra-urban
conditions. The cycle's structured approach, consisting of
repeated driving phases, provides valuable data for comparing
the environmental performance of different vehicles in
controlled conditions. The NEDC is shown in Figure 5.
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Figure 5. The new European driving cycle

The EV system's dynamic performances were compared
using Matlab/Simulink. The tests are carried out under similar
initial conditions to guarantee a fair and accurate comparison
of the results using PMSM and EV parameters, which are
shown in Tables 1 and 2 [36].

Table 1. Electrical parameters of the chosen PMSM

The Parameter Symbol Value Unit
d-axis Inductances Ly 0.29 mH
g-axis Inductances Lq 0.29 mH

Flux linkage 0] 0.071 wb
Stator-winding resistance R 0.0083 Q

Number of poles P 8
Moment of inertia ] 0.089 Kg.m?

Viscous friction B 0.005 Nm/rad/s

coefficient

Table 2. The vehicle's specifications utilized in the

simulation
The Parameter Symbol Value Unit
Vehicle mass M 1450 Kg
Frontal area of the Ag 2.711 m?
vehicle
Wheel radius Ttire 0.29 m
Coefficient of Cp 0.29
aerodynamic drag
Air density p 1.204 Kg/m?
Rolling resistance fr 0.013
coefficient
Total inertia 5.209 Kg.m?
Total gear ratio Gyear 8.75
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(b) Galerkin approximation approach for nonlinear H-Infinity
control

Figure 6. Electric vehicle speed under different control with
NEDC driving cycle
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(b) Galerkin approximation approach for nonlinear H-Infinity
control

Figure 7. PMSM d-axis current with NEDC driving cycle
under different control technique

Figure 6 illustrates the EV speed when the NEDC driving
cycle is applied while using various control strategies. It is



clearly visible that the vehicle’s speed tracking abilities are
satisfactory; the vehicle reaches the reference speed with fast
tracking performance, without any overshoot and zero steady
state error.

Figure 7 depicts the response of the PMSM d-axis current
by using the both control methods. It can be observed that the
d-axis current responses rapidly follow the reference d-axis
current for the duration of all low or high speed trajectories.
The two approaches presented remarkable performance of
tracking. Nevertheless, significant d-axis current ripples are
observed in the case of linear H-Infinity control while the
approach based on Galerkin approximation for nonlinear H-
Infinity control strategies present unobservable ripples. That
ripples in the d-axis current, particularly noticeable with the
linear H-Infinity control approach, indicate a potential
instability leading to undesirable variations in the motor's
behaviour, there by affecting overall vehicle performance.
These results show that the Galerkin approximation approach
for nonlinear H-Infinity method gives better performance for
the EV system during the NEDC cycle.

Figures 8 and 9 show q-axis current responses and
electromagnetic torque of PMSM in the electric vehicle
system using various control strategies. The q-axis current
component is proportional to the torque component required,
giving in dynamic response an excellent performance. To
reach the different stages of the speed reference, the PMSM
motor develop the necessary electromagnetic torque. It can be
noticed that during all high- or low-speed trajectories, the
torque responses closely match the varied speed values. These
results demonstrate the effectiveness of the H-Infinity
technique in the PMSM control systems.

20

l — aXis current ‘

-
o

o

g axis current (A)

600 800 1000 1200
Time (sec)
(@) Linear H-Infinity control

0 200 400

q axis current

q axis current (A)

0 200 400 600 800 1000 1200

Time (sec)
(b) Galerkin approximation approach for nonlinear H-infinity
control

Figure 8. PMSM g-axis current with NEDC driving cycle
under different control technique
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200 400

Figure 9. PMSM electromagnetic torque with NEDC driving
cycle under different control technique

The phase voltages, phase currents, Tractive force, stator
voltage components and traction power during the period of
operation under the NEDC driving cycle for the linear H-
Infinity and Galerkin approximation approach for nonlinear H-
Infinity strategies are shown in Figures 10-13, respectively. It
can be noticed that the phase voltages and phase currents are
perfectly sinusoidal, their behavior as well as the frequency
adapt as a result of the speed variation. The dynamic variation
of tractive force and traction power corresponds to the changes
of speed; the behavior of the tractive force is the same as that
of the electromagnetic torques and traction power is shown as
positive while power recovered during regenerative braking is
negative. The shape of the stator voltage components depend
on the reference speed.

Figures 14 and 15 illustrate the speed tracking error and d
axis current error in the H-Infinity and the nonlinear H-Infinity
control strategies with Galerkin approximation approach, for
several values of speed. It is obviously observed that the
Galerkin approximation approach for nonlinear H-Infinity
control technique significantly reduces the speed tracking
error and d axis current error compared to the linear H-Infinity
technique. Significant errors in these parameters can result in
unstable driving and subpar motor performance. However, the
Galerkin approach for nonlinear H-Infinity control strategies
demonstrates a notable reduction in these errors compared to
the linear H-Infinity approach. This improvement implies
increased accuracy in speed and d-axis current tracking,
contributing to enhanced system responsiveness and a
smoother driving experience. Figure 16 illustrates the
propulsion power of an electric vehicle during the NEDC cycle,
showing positive power during acceleration and negative
energy recovery during braking, suggesting energy efficiency
in the vehicle's operation. These results validate the efficiency
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Figure 14. The speed tracking error with NEDC driving
cycle under different control technique
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Figure 16. Traction power with NEDC driving cycle under
different control technique

In summary, the tests carried out through this section
confirm that the Galerkin Approximation Approach for
Nonlinear H-Infinity control technique significantly reduces
the speed tracking error and d axis current error while also
enhancing the quality of the d axis current. This approach also
provides a faster dynamic response.

6. CONCLUSIONS

This work investigated an analysis in detail and a
comparative study of two-control technique for an Electric
Vehicle Powered by a Permanent Magnet Synchronous Motor.
These two control strategies are the Linear H-Infinity and
Galerkin approximation approach for Nonlinear H-Infinity, all
designed and developed to meet vehicle needs. The simulation
results were validated using numerical simulations in
MATLAB/Simulink. The obtained results show that the
Galerkin Approximation Approach for Nonlinear H-Infinity is
the most efficient control strategy used to control the
permanent magnet synchronous motor in an electric vehicle.

Comparing this strategy to the linear H-Infinity technique,
it reduced the speed tracking error, decreased the PMSM's d
axis current error, and gave a faster transient response.
Therefore, the Galerkin Approximation Approaches for
Nonlinear H-Infinity technique is a powerful candidate for
electric vehicles powered by permanent magnet synchronous
motor.

In upcoming work, we plan to investigate the solution to the
Hamilton-Jacobi-Isaacs inequality equation arising in the
Nonlinear H-Infinity problem with the assistance of an
artificial intelligence technique (Reinforcement Learning).
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