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ABSTRACT

Electrical and mechanical subsystems are the main parts of the powertrain of an Electric Vehicle (EV).
These parts include principally electric motors, inverters, batteries, wheels, axles, differentials, and
transmissions. Permanent Magnet Synchronous Motor (PMSM) is one of the most popular used motors in
the electric powertrain due to its several benefits over other AC motors, such as its small size, low weight,
wide range of speed, elevated overload capacity, elevated power factor, and elevated efficiency. This paper
compares the performance of PI and sliding-mode controllers for PMSM employed in electric vehicle
applications with single-motor drive configurations. Dynamic performance and robustness are the main
topics of the comparative analysis. The robustness of the drive train with sliding-mode controller is proven

by simulation results.
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I.  INTRODUCTION

Electric Vehicles (EVs) can be driven by one or more
electric motors. Due to the differences of electric drive
systems, such as the use of one electric motor or dual motor
architecture, there are various EV architectures [1-3]. One
motor-based powertrains are mostly preferred due to their
ability to optimize the utilization of current mechanical systems
in traditional automobiles. Thus, this one-motor architecture is
the most commercialized for EV's [4]. In this paper, the focus is
placed on the analysis and the modeling of an EV system that
utilizes a single motor. Permanent Magnet Synchronous Motor
(PMSM) is a common type of electrical motor implemented in
EVs. It is a beneficial solution for powertrains as it has high
overload capacity and high torque mass compared to the
conventional asynchronous and synchronous motors [5].

Many articles in the literature have studied and tested the
control of PMSM motors. Nevertheless, only few of them
concentrate on applications on EVs. Authors in [6] demonstrate
that the PI controller achieves a more robust tracking response
of the command speed with a less steady-state error than the
PID controller does. Authors in [7] suggest combining Sliding
Mode Control (SMC) and fuzzy PI control in a system. Authors
in [8] compare SMC and PI control for applications in
lightweight EVs. The simulation results reveal the
performances of the drive train of EV using SMC in terms of
robustness and speed response. Authors in [9] propose a
combination of Look-up table-based Field Oriented Control
(FOC) with SMC for EV applications. The results confirm that
the SMC scheme is more robust than that of the PI controller.
Authors in [10] propose a sliding mode torque controller that
can decouple g-axis and d-axis currents to rapidly track the
reference torque. The suggested method guarantees a robust
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control of PMSMs under model parameters and load torque
variations.

Most studies on the topic are applied in lightweight EVs.
That is why, in this paper, focus is given on a real EV. PI and
SMC strategies are applied to an EV powertrain based on
PMSM. Its robustness is tested against some disturbances such
as parametric variation by changing the value of the acting
forces on the EV body.

II. DESCRIPTION AND MODELING OF THE
STUDIED SYSTEM

A. Forces Applied to a Moving Vehicle

The configuration of the studied EV, represented in Figure
1, contains a battery unit, an inverter, a PMSM with its
mechanical parts (gearbox, axle, wheels, etc.), and a control
unit [11].

Batter Inverter PMSM motor Electrical vehicle
2 e | 7
L& Q [ &
[ /
= w

Controller

Fig. 1. The examined EV powertrain.

When an electric vehicle is moving on a slope road, it will
be subjected to multiple forces, such as aerodynamic drag
force, rolling resistance force, acceleration force and a gradient
force as observed in Figure 2.

Faer©

Fgmvlt\/

Forces acting on the vehicle.

The dynamic equation of a vehicle motion along its
longitudinal direction can be expressed as [11, 12]:

ZF =mx = Ft - Faero - Frolling - Fgradient (1)

where m is the total mass of the vehicle, X is the acceleration,
and F, is the total traction force needed to drive the vehicle.

1) Rolling Resistance Force

The force required to overcome the rolling resistance can be
calculated by :

Frolling = Crr' m.g (2)

where g is the gravity acceleration, and C,,. is the coefficient of
rolling resistance.

2) Aerodynamic Drag Force
1
FAerodynamichrag = Ep (V + VW)Z' Cd- Af (3)

where Af , p, and C, are the vehicle frontal surface, the air
density, and the air resistant coefficient, respectively. V and Vw
stand for the vehicle velocity and wind velocity, accordingly.

3) Gradient Resistance Force
The gradient resistance force is expressed by:

Fgradient =m.g. sin @ 4)
where 6 is the inclination angle of the road.

B. Electric Traction Model

The electrical equations of a PMSM in dg-axis can be
expressed as:

dal,
Vi =R+ de—j —wL,l, 5)

dl,
Vo =Rslg +Lg—L+ w(lala + ¢f) (6)

where Rg is the phase resistance, L, is the direct quadrature
inductance, and ¢y is the flux linkage. The fluxes equations are
expressed as:

@q = Laglg + @5 7)
9q =Lyl ®)
The electromagnetic torque is defined by :

3
Com = Ep((pdlq - (qud) ©)

The PMSM simplified electrical model can be represented
as:

(V1 =[RIlI] + [L]%[I] +w([AllIT + [o]) (10)

where:
[ w =[5 2fm-[x]

m=[g )=l Gl =)

C. Coupling of Electrical and Mechanical Models

The actuator power is connected to the vehicle dynamic
component via a gearbox. It has to be adjusted in a way that
ensures that the machine's electrical shaft and wheels rotate at a
a suitable speed and that the transmittable torque is always
higher than the torque applied to the load. The following two
equations result from a decrease in speed:

_ Cem (wheel)
Cem N fred (11)
'Qm =1 (wheel)* n (12)
The mechanical transmission equation may be written as:
dom
]?"’fﬂm: Cem_cr (13)
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where w,, is the rotor mechanical speed, C, is the external load
torque, J is the moment of inerta, and f is the friction constant.

The machine load torque is defined by:

Cr = Cr (wheel) (14)

Nrean
III. CONTROL OF THE STUDIED SYSTEM

Figure 3 illustrates the control techniques applied to a
PMSM of the studied electric vehicle. The schematic diagram
outlines the two speed control strategies, PI control and SMC.

0,47 iqrey i Core_EV c|
—_— are (N
Speed | M) dazabe || inverter PMSM 14 |

Vase o @J

2 | controller

Fig. 3. Block diagram of the speed control strategies.

A. PI Control

The objective of this controller is to swiftly modify the
active power in response to changes in the reference speed or
the load torque, which in turn modifies the motor speed. The
controller must simultaneously lower the variation in the active
power value in a steady state while minimizing the variations in
the stator current and electromagnetic torque. When a
controller with constant control parameters is utilised, the two
needs frequently collide. Under different kinds of speed
oversight, a controller needs to be able to adjust the controller
parameter values [6].

B. First Order Sliding Mode Control

The SMC method is acknowledged as an effective
technique for crafting robust controllers suited for intricate,
high-order nonlinear dynamic systems that operate amidst
conditions of uncertainty [13, 14].

1) Controller Design

There are two parts to the SMC arrangement: one for
perfect linearization (u,) and one for stability (u,). Control
over the sliding mode is given by:

u=u;+ u, (15)

Its purpose is to store the control variable for the sliding
surfaces S(x) . The corresponding control is obtained by
assuming that the derivation of the surface is null: S(x) = 0.
u,, is the discrete control that assures convergence in the sense
that:

S(x).5(x) <0 (16)
So:

n = k.sign(s) 17
The gain function denoted by sign (S) is defined by :

. —1ifS < 0
sign(S) ={1iflS >0

The commutations of the discrete control may cause
chattering at high frequencies. This problem leads to a decrease

in the performance of the first order sliding mode controller.
The vector control approach is adopted to produce maximum
electromagnetic torque output, specifically, ig,.p = 0. Three
control loops are provided: two current control loops, i, and i,
and a speed control loop [15-17].

2) The Speed ControlLloop

The control loop demands the employment of a speed
reference (¢ and develops a current control .

S@2) =0 — 0 (18)
SQ) =0, — 0 (19)
The mechanical equation yields:

Q= %( Com — C,) — §[2 (20)
Substituting (18) and (19) into (20), gives:

S )= Qrsf -
7 [Posiq +P(La~

with:

Ly)iai,] + & + [2 1)

lq = lgteq) T lqm
While in sliding mode:

$(Q) =0etiym =0
Therefore:

. D - - r
lgteq) = Pop+P(Lg— Lq)id'ﬂref + Pop+P(La—Lq)ia”

(22)

In both the steady state and the convergence mode:
lgmy = ky.sign(S(2)) (23)
where k, is a positive constant.

The purpose speed controller for the current study can be
constructed as:

1
iqmy = —kp1- 1S@)|2sign(S(Q)) + iy (24)
d‘ n .
% = —k;,.sign(5(2)) (25)

where k,; and k;; are positive constants.

3) A Current iy Control Loop

This control loop necessitates the use of a reference current
Iqrer and provides a control voltage V.

S (lq) qref (26)
S (iq) = lgres — @7)
. V,—PQNLgi —PQg —Rsi

fp=—1 de I~ =4 (28)

During the sliding mode: $ (iq) =
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Therefore:

VCI(EQ) = Rsiq + P'QLdid + Lqiqref + Pﬂ(pf (29)
During the convergence mode :

Vateqy = kz.sign(S(iq)) (30)

where k, is a positive constant.

The current regulator is written as:

1
Ve = —kpz- 1Gig) Psign (S(i) ) + Vo, BD)

% = —k;,.sign (S(iq))

where k,, and k;, are positive constants.

(32

4) Current iy Control Loop

This control loop involves the use of a reference current
larer and delivers a control voltage V.

S (ig) = lgrer — la (33)
S (i) = l:dref — g (34)
Again:

P = Vd+PﬂLquiq—Rsid So 35)
Vageqy = Rsia — PQLGIG + Lylgrer (36)
Vamy = ks.sign(S(iy)) (37)

where k4 is a positive constant.

The direct current controller of the STSM can be
represented as:

1
Vamy = —kps- 1S(a) [2sign(SGa)) + Vae)

AVaen . ,
% = —k;s. 51gn(5(1d))

(38)
(39)

where k3 and k;; are positive constants.
IV. APPLICATION TO EV AND SIMULATION
RESULTS

In the vehicle system model, constant torque is applied as
an input to get the speed of the vehicle. The vehicle dynamical
system was simulated with the characteristics listed in Table I.

TABLE L. PEUGEOT 208 ELECTRIC PARAMETERS
Parametes Value
Vehicle mass (m) 1455 kg
Weel radius (r) 0.279 m
Front Axle (df) 1m
Rear Axle (dr) 1.346 m
Rolling Resistance (crr) 0.013
Drag Coefficient Cd 0.3
Air Density (p) 1.225 kg/m’
Air resistance coefficient (C,) 0.82
Vehicle frontal area (4)) 1.2 m?
Gravity (g) 9.81 m/s

A. Simulation Results

The reference speed chosen for all simulations is 100 rad/s,
given that the PMSM motor starts unloaded. At # = 0.6 s a load
of 11.56 N.m is applied.

1) Speed Responses

Figures 4 and 5 disclose the response of the PMSM motor
driving an EV whose speed is controlled by the PI controller
and the SMC controller, respectively. In the case of the PI
controller, the speed response exhibits an oscillation until the
speed settles at 0.3 s. There is also an overshoot, and after 0.3 s,
the system settles at the reference speed. The vector control
unit, which produces switching pulses for the PWM inverter
powering the PMSM drive, receives input from the SMC,
which also serves as a speed regulator. The SMC PMSM's
speed response is noticed in Figure 5 in which the stabilization
time is much shorter than that of the PI controller, and with no
overshoot. It is therefore better than the PI controller for speed
control. The SMC acts as an excellent speed controller.

- 100 —
T
g
T 50 1
[
Q.
n
0 |
| L | | | | | | |
0 02 04 06 08 1 12 14 16 18 2
time (s)
Fig. 4. Speed response of the PI controller.
@ 100 () Z',‘/v
E’ V\ 100 h
- 50 el I E—
g 99.8
% 0 0.015 0.02 0.6 0.65

o

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
time (s)
Fig. 5. Speed response of SMC.

2) Electromagnetic Torque

The torque developed by the PMSM motor (Te) is spotted
in Figures 6 and 7. When the selected controller takes some
time to settle at the reference speed, the initial torque is fairly
powerful, and the created torque decreases after the fixed speed
is attained. Initially, the motor is unloaded. At 0.6 s, a load
torque of 11.56 N.m is applied.

<Electromagnetic torque Te (N*m)>

Te (Nm)

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 6. Electromagnetic torque with PI control.
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<Electromagnetic torque Te (N*m)>

Te{N'm)

o 0.2 0.4 0.6 o.s 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 7. Electromagnetic torque with SMC.

3) Three-phase Current responses

Figures 8 and 9 portray the three-phase stator current. The
PMSM motor consumes a high current at start-up when the
selected controller takes some time to settle at the reference
speed, and the current drops to zero (the motor starts without
load) once the set speed is obtained. When a load of 11.56 N-m
is applied at 0.6 s, the current assumes the nominal value.
Figures 10 and 11 depict the stator current.

T T T T T T T T T

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

time (s)
Fig. 8. Three-phase current response with PI controller.

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 9. Three-phase currents response with SMC.

<Stator current is_d (A)>, <Stator current is_q (A)>
- B - T T T T T T

1
time (s)
Fig. 10.  Stator currents with PI controller.

<Stator current is_d (A)>, <Stator current is_q (A)>

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 11.  Stator currents with SMC.

It should be noted that the obtained SMC three-phase
current response is better than the one acquired by the PI
control. Compared to the PI control, the SMC three-phase
current response is smoother.

V. ROBUSTNESS TEST

The PMSM motor starts without load. At = 0.6 s a load is
applied (6). To test the robustness of the chosen controller, this
research will act on F,,,, or F, ;e in (7).

A. Fjjing Decreases by45 Natt=1s

Figures 12 and 14 manifest the response of the PMSM
motor driving an EV whose speed is controlled by the PI
controller and the SMC, respectively. The corrsponding
electromagnetic torque is illustrated by the characteristics in
Figures 13 and 15. In the case of the PI controller, the speed
response (Figure 12) indicates that after this disturbance, it
takes 190 ms for the system to return to the reference speed.
For the SMC, on the other hand, the speed response (Figure 14)
takes no further than 90 ms to return to the reference speed
after the same disturbance.

-
°
°

Speed (rad/s)

o

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 12.  Speed response curve of PI controller.

<Electromagnetic torque Te (N*m)>

Te (N*m)

| | | I |

0 0.2 0.4 06 08 1 1.2 1.4 1.6 1.8 2
time (s)

Fig. 13.  Electromagnetic torque with the PI controller.

= ‘ ‘ Fan ] Fan ] i
£ 100 v
3 "\ 100 ——
£ 1.08
~ 50 100 I Y 100
°
d 99.8 - 99.8 I
- ) 0.6 | | | 1

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

time (s)
Fig. 14.  Speed response with SMC.

<Electromagnetic torque Te (N*m)>

Te (N*m)

0 02 04 06 08 1 12 14 16 18 2
time (s)

Fig. 15.  Electromagnetic torque with SMC.
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B. F

oo Decreases by 45 Nat t=1s

When the PI controller is applied, the speed response
(Figure16) shows that after this disturbance, it takes 203 ms for
the system to return to the reference speed. With SMC (Figure
18), the time taken to return to reference speed after the same

disturbance is almost half of that of the PI controller.

-
o
=3

X 1.20318
Y 100.152

speed (rad/s)
o 8
T

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

o

Fig. 16.  Speed response curve of the PI controller.

<Electromagnetic torque Te (N*m)>

T T

| | | |

0.8 1 1.2 1.4 1.6 1.8 2

time (s)

Fig. 17.  Electromagnetic torque with PI the controller.
E 100 - - — - — - : -
B /' \ —
g 100 ——|
- 50 100 X 1.10081
(7] 99.8 | Y 100
2 06 99.8
w 0 1

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

o ;

Fig. 18.  Speed response curve of the SMC.

<Electromagnetic torque Te (N*m)>

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

time (s)
Fig. 19.  Electromagnetic torque with the SMC.

C. ANOVA Test

In Figures 16-18, the disturbance is applied only at =1 s,
and the time (A¢) taken to return to the reference speed is about
203 ms for PI controller and only 100 ms for SMC controller.
For more robustness tests, with each considered controller, this
study either increases or decreases the F,., or Fiip, values by
45 N and notes the time (A7) taken for the system to reach the
reference. The results are provided in Table II. The present
study has also performed one-way analysis of variance
(ANOVA test) on response times between PI and SMC
controllers.

The results drawn are statistically evaluated using ANOVA
in order to assess their reliability. After the disturbances for
each controller (PI and SMC), mean time and p-value

(statistical concept in hypothesis testing) are calculated. The p-
value obtained from the test is less than the significance level
(a) of 0.05. Tt is concluded that there is a substantial difference
in response times between PI and SMC controllers. The results
reveal that the SMC is more robust than the PI controller.

VL. CONCLUSION

This research work presents a mathematic model of EV
propulsed by PMSM. A comparative study of two control
methods applied to an EV powertrain based on PMSM, was
conducted. The proposed control strategies are PI control and
SMC. The simulation results suggest that SMC outperformed
the PI control. It gave better results with no overtaking and
reached the reference speed in less time. To validate the
derived results, the ANOVA test was performed on response
times between PI and SMC. It is concluded that the results
confirmed the robustness of the SMC.
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