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Abstract-This paper presents the mathematical modeling of a
vector-controlled Permanent Magnet Synchronous Motor
(PMSM) drive with either a Proportional Integral (PI) controller
or a Proportional Integral Derivative (PID) controller as a
propulsion system for an Electric Vehicle (EV). Most commercial
drives use a standard PI controller as a speed regulator. The
vector control system model consists of the PMSM, a PWM
inverter, the speed controller, and vehicle dynamics for speed
control. The performance analysis of the drive is evaluated under
transient conditions for settling time, rise time, steady state error
of speed, and the vehicle’s acceleration at the wheel axle for
specifically designated values validated by MATLAB/Simulink.

Keywords-Permanent Magnet Synchronous Motor (PMSM);
electric vehicle dynamics; Proportional Integral (PI) controller;
Proportional Integral Derivative (PID) controller

I INTRODUCTION

In recent years, several situations related to the environment
have led to reduced carbon emissions from vehicles. Electric
Vehicles (EVs) can be alternatives to traditional SI or CI
engine automotives [1-2]. PMSMs have been used in various
industrial applications like CNC machines, industrial robotics,
air-conditioners, washing machines, wind power generation
systems, EVs, etc. The PMSMs are more suitable in EVs due to
their high efficiency, high power/torque density, smaller size,
high torque/weight ratio, and maintenance-free operation [3].
Better dynamic responsiveness and fewer torque ripples are
provided by a vector-controlled PMSM drive, which needs a
constant switching frequency. The outer loop speed control
significantly impacts system performance [4].

The PI controller performs well under steady-state
conditions. A lot of approaches have been proposed for the
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tuning of the PI controller. The Ziegler-Nichols method is the
most popular, which dispenses with the need for a system
design and control parameters [5]. The PI and PID controllers
are simple and effective, consequently, they are often used for
the control of the PMSM systems [6]. Controlling of a Battery
EV (BEV) is not a simple task as the EV is essentially time-
variant. The EV’s primary limiting factor is the short running
distance (range) per battery charge. Another limiting factor is
its acceleration time to reach the maximum speed limit [7]. The
EV dynamics must be suitably selected to achieve better
performance.

II.  VEHICLE DYNAMICS

The performance of vehicle modeling is initially obtained
by the tractive effort equation. The force that drives the vehicle
forward and is transmitted to the ground through the drive
wheels is known as the tractive effort. This force has to
overcome the rolling resistance force, aerodynamic drag force,
and the elements of the vehicle’s weight (including payload)
acting down to the slope. It also accomplishes the force
required to accelerate the vehicle for the linear and angular
motion of drive wheels [7-8]. The tractive force and the
corresponding force equations depend upon the vehicle
dynamics, shape, size, and structure parameters, such as rolling
resistance coefficient, air density, drag coefficient, gear ratio
and gear efficiency, wheel radius, etc., are illustrated in Figure
1 of [9]. The respective equations for Rolling Resistance Force
F,., Aerodynamic Drag Force F,;, Hill Climbing Force F,,
Acceleration Force Fj,, and Angular Acceleration Force F,,
are respectively given by:

Fp = Wrxmxg (1)
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Fag = 5% pxAxCyxv? (2)
Foe =msg+sing (3)
Fa=m+a (4

G2

Eya = Ingrz

&)

The total tractive force necessary to drive the vehicle is the
sum of all forces:

Fte: F;”r+Fad+ic+Fla+Fwa (6)

The tractive torque corresponding to the tractive force with
wheel radius r, is given by:

T = Fexr ()

The speed and torque at the axle of the wheel are given by:

Waxie = % ®)

Toxie = GngTe  (9)

The vehicle equations are used to understand the vehicle
dynamics for different force inputs [10]. The mathematical
model of the speed-toque equation of the vehicle at the axle of
the wheels is given by:

1
Waxle = IW[Taxle - TR] dt (10)

mr2+—
ne

The specifications of the vehicle chassis chosen for the
simulation are given in Table 1.

TABLE L. VEHICLE CHASSIS SPECIFICATIONS
Parameter Quantity
Net mass, m 1200Kg
Area of frontal surface, A 2.2m2
Gear ratio, G 2
Rolling coefficient, W, 0.01
Gear efficiency, ¢ 0.9
Wheel radius, r 0.2m
Drag coefficient, Cy 0.26
Slope angle, ¥ 0°

III. MATHEMATICAL MODEL OF THE PERMANENT MAGNET
SYNCHRONOUS MOTOR

A three-phase salient-pole sinusoidal wave shape back
EMF PMSM with 87.75Nm, 560Vdc, and 3000rpm preset
model parameters was designed mathematically. The model
specifications are given in Table II. The mathematical model of
the PMSM is given in (11)-(22). The rotor reference frame is
chosen because the rotor magnet's position will be determined
independent of the stator phase voltages, instantaneous induced
phase EMFs, stator phase currents, and torque of the machine
[11]. For synchronous motors, the rotating speed of the rotor
and the space vector of the rotor flux are both equal to the
rotating rate of the reference frame w, = w, = w [12-13].

In the rotor reference frame, the stator q and d axes voltage
equations in terms of flux linkages are:

. de
Vgs = Rgigs + F‘”+ wrPgs  (11)

. d
Vas = Raigs + % — Wy Pgs (12)
The stator flux linkages are given by:

Pgs = Lqiqs (13)

Qas = Lalgs + Ly (14

TABLE II. PMSM SPECIFICATIONS
Parameter Value
Stator phase resistance, R, (Rs =R, = R,) 0.05Q
d-axis inductance, L, 0.0007552H
g-axis inductance, L, 0.0008348H
Flux linkage, @, ¢ 0.192 Wb-turn
Inertia, J 0.011Kgm’
Viscous damping, B 0.001417Nms
Pole pairs, P 4
Static friction, Ty ONm

The stator voltage equations in terms of electrical
parameters are obtained by substituting the flux linkages in the
stator voltage equations as:

qu . .
Vqs] _ R, + e wyLg lqs] n [ermlf] (15)
Vas —w;Lg  Rq+ 22|las 0

The electromagnetic torque is given by:

3P . .
T, = 22 (Qodslqs - Qoqslds) (16)

The torque equation in terms of inductances and currents
upon the substitution of flux linkages is given by [14]:

3p , L.
Te = T {goaflqs + (Ld - Lq)lqslds} (17)
where @, is the rotor flux linkage that links the stator and is
given by:
Par = Lmif (18)

The angular speed w, and the instantaneous angle of the
rotor 8, of the machine are given by:

we =7 [=|[T. = Tal (19)

2 ljs+B

t
6, = [, w.(t) dt + 6,.(0) (20)
The stator q and d axes currents for a balanced three-phase
operation are given by:
[iqs] _ p|cos 6, cos (Gr - 23—“) cos (Gr +
las 3 [ sin 6, sin (Or - 2?11) sin (9, +

2T i
) H
3 21
el

The abc-to-dq transformation equations for stator voltages
are given by:

[Vqs] _g|cos 0, cos (Br - Z?T[) cos (Gr + ?:;] [Z:] @)
EPALL

Vasl  3lsing, sin (Hr - 2?“) sin (Hr +
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IV. PROPOSED SYSTEM MODEL WITH PI AND PID
CONTROLLER

For applications in control theory, the Proportional (P), the
PI, and the PID controllers are the most commonly used
controllers. As illustrated in Figure 1, the PI controller will
affect the performance of the system by increasing the system's
order by one and by reducing steady state error, disturbance
signal rejection, and relative stability. The system's sensitivity
with respect to parameters also decreases [15]. The transfer
function of the PI controller is given by:

Ge(S) = K+ (23)

The PI controller reduces rise time and minimizes the
steady-state error [16]. Peak overshoot, settling time, order, and
type of the system will be increased [15]. It functions as a low
pass filter. The output equations of the PI and PID controllers
are given by:

u(t) = Kye(t) + K; [e(t) dt  (24)
u(t) = Kpe(t) + K; [ e(t) dt + Kq == e(t)  (25)

A command speed o is compared with the motor's speed
w, and provides the change or error in speed Aw, which is
given to the PI or PID controller to obtain the command torque
component of stator current I, . A limiter is used ahead of the
controller to avoid decreased stability.

Ao K + ® J_ Ia*

+ . .
Limiter

PI controller block diagram.

Ki L
S

Fig. 1.

The complete model block diagram of the PI controller of
the PMSM-based BEV is illustrated in Figure 2. The command
speed has been compared with the actual speed of the PMSM.
An error speed signal is given to the PI controller to tune the
signal with K;, and K; values and provide the torque-producing
current reference component Iq*, which is essential to control
the error speed by calculating the three-phase reference
currents I, , I, I.". A Li-Ion battery with 100C capacity was
used as the supply, which is converted into a three-phase
supply voltage using a PWM inverter. The Li-lon battery is
operated with a current-controlled device with the feedback
current provided by the PMSM. A sinusoidal PWM approach
with the reference currents Ia*, Ib*, IC* corresponding to
command speed and the actual currents I,, I, I, produced by the
PMSM are collectively compared with a triangular reference
signal to produce the gate pulses. Such desired gate pulses
drive the three phase two-level inverter and will produce the
three phase voltages for the PMSM. The characteristic
equations of the PMSM building blocks are operated with
inverter voltages and produce the instantaneous current,
position, speed w,, and torque T, of the motor. The PMSM
will drive the vehicle's wheels through the transmission and
differentials by considering the vehicle's dynamic losses.

Vehicle
Dynamics

Fig. 2. Model analysis diagram of the speed control of the EV with
PMSM drive using a PI controller.
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Fig. 3. Simulink model of dq to abc reference signals.
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Simulink model of the PWM inverter.

Fig. 4.

2

Vb

;

Ve

v_abe o Vdq PMSM_Crt idq0-i_abe

Scope2

Simulink model of PMSM.

Fig. 5.
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Finally, the vehicle is operated smoothly with the required
speed and torque. The performance results are discussed below.

In MATLAB Simulink version R2017a, the proposed work
was simulated with the ode 23tb solver in continuous time
mode. The design sub models like dq to abc reference, PWM
inverter, PMSM model, and vehicle dynamic models are shown
in Figures 3-7.

iq
——pid ‘

P we iq > Ig we

G- -
v qadsat | (2)em

Tm Te
theta

? | torque _speed crt

g id > 1)

id

d_axis crt

Fig. 6. Simulink model of PMSM internal characteristics.
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Simulink model of vehicle dynamics (motor to wheels).
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Fig. 7.

V.  SIMULATION RESULTS

Simulations have been carried out with the PI and PID
speed controllers for a 3-phase, 550Vdc, 1500rpm, 97.96Nm
PMSM at a load torque of 80Nm and operating speed of
1500RPM or 157.079rad/sec. It can be observed that the rise
time (90% of the command speed) is attained in 50.1ms with
the PI controller, which is a better response than that of the PID
controller. The motor speed stabilizes at a reference speed
(with 2% tolerance) of 157.079rad/s in 70.1ms with the PID
controller, which is slightly better performance than the one of
the PI controller and with the steady state error of 0.0075rad/s
or 0.0716rpm in both PI and PID controllers, as shown in
Figure 8. The vehicle's acceleration (the speed at the wheels or
the axle) was measured, and the time taken to reach the speed
of 100Km/h is 48.1ms with the PI controller, which is superior
to the performance of the PID controller, as shown in Figures
11-12. In the steady state, for a command torque of 80Nm, the
torque developed by the PMSM is 80Nm.

TABLE III. PERFORMANCE RESULTS OF THE PROPOSED SYSTEM
MODEL
Motor side - speed Axle side -
speed
Rise time | Settling time .
. . Time to
Controller [Applied | required to | needed to get
. Steady reach
type and its| load |reach90% | steady-state
. . state error | 100Km/hr
gain values| (Nm) of final |value with 2%
(ms)
value (ms) |tolerance (ms)
PI 0.0075rad/s
(Kp=0.35 80 50.1 71.0 or 48.1
Ki=16) 0.0716rpm
(KPPS 35 0.0075rad/s
P 80 54.8 70.1 or 53.0
Ki=16 0.0716rpm
Kd=0.01) L
)
21507
=
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]
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Time (in Sec)
Fig. 8 Simulated speed responses with PI and PID controllers.
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Fig. 9. Simulated torque responses with the PI controller.
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Fig. 10.  Simulated torque responses with the PID controller.

The torque available at the wheel axle is 72.5Nm, with net
tractive resistance loss of 7.5Nm due to rolling resistance,
aerodynamic, and hill-climbing torque losses in both PI and
PID controllers. The initial transient is higher in the PID
controller than in the PI controller, as seen in Figures 9-10. The
pulsating ripple torques are noticed due to the residual flux
variation. The data of the mathematical model of the
performance of the PMSM-based electric vehicle with PI and
PID controller through MATLAB simulations are given in
Table III.
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Velocity or Axle Speed
(in Kmph)

0 0.1 0.2 0.3 0.4 0.5
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Fig. 11.  Simulated vehicle acceleration pointing at the top speed of
100Km/hr with the PI controller.
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Fig. 12.  Simulated vehicle acceleration pointing at top the speed of
100Km/hr with the PID controller.

VI. CONCLUSION

In this paper, the mathematical model of a vector controlled
PMSM drive with PI and PID controllers as a propulsion
system for an electric vehicle is developed, and its simulation
results are presented. The results demonstrate that the PI
controller achieves more robust tracking response of the
command speed with less steady-state error than the PID
controller. Good execution time and time are noted in the
performance analysis. The vehicle acceleration at the wheel
axle reached the desired value within a minimal time. The
overall output responses of the model show that the vehicle can
run smoothly with good static and dynamic performance
characteristics with the PI controller.
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