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This paper presents the design of an indirect space vector control (ISVC) of electric
vehicle (EV) driven by permanent magnet synchronous motor (PMSM) utilizing the
fuzzy logic control (FLC) approach for personnel transportation. Regulating the power
flow in any vehicle is essential for optimal vehicle dynamics. A variety of propulsion
motors are used in the system for such transmission. But PMSM is most efficient in
terms of power density and torque. This study proposes a fuzzy controller based control
technique for speed and torque control of PMSM drive and the simulated outcomes are
compared with traditional PI controller under various motor loaded conditions. In this
paper, EV dynamics are considered and ISVC strategy for PMSM is implemented. The
PMSM is energized by space vector pulse width modulation (SVPWM) inverter. The
system is modelled and simulated in MATLAB \ SIMULINK environment for steady
speed-varying torque and varying speed-steady torque conditions. A wide range of
speed drive profile is suggested for EV, consisting of accelerating, constant speed,
decelerating, and rough road surface modes. Based on the results, the control technique
was confirmed to be effective. The results indicate that the control scheme used is

efficient throughout the wide range of speeds.

1. INTRODUCTION

In existing concerns of global warming, energy supply
sustainability, and environmental impacts caused by the ever-
increasing usage of internal combustion vehicles, EVs will be
a necessary mode of personnel transportation. Because of its
exceptional characteristics such as noiselessness, high
efficiency, high torque, low losses in rotor, robustness owing
to permanent magnets, high field weakening potentiality and
high power density, PMSMs are frequently employed in
electric vehicles [1-5].

Nonetheless, several experts and researchers have presented
alternative techniques for EVs in selection of motor, inverter
and control mechanism. The PMSM could be powered by
sinusoidal PWM inverter, Z-source inverter and multilevel
inverter [6, 7]. Due to less complexity in design and control
mechanism SVPWM inverter is employed in this study and
also the output voltage of SVPWM inverter is 15% greater
relative to sinusoidal PWM inverter.

Many controllers such as predictive controller, hysteresis
controller and adaptive controllers are developed and
employed in the speed control of EVs [8-10]. Because of fewer
complications in its operation and implementation fuzzy
controller is utilised in this research. Fuzzy logic fundamental
purpose is to develop easy adaptive and efficient regulation
[11].

This study focuses on development of an indirect space
vector control scheme and the implementation of fuzzy logic
to regulate the speed and torque of an electric vehicle. The
analysis mainly focused on modelling of EV and control
mechanism [12-14].
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The paper structure is, Section 2 contains all the EV
dynamic modelling formulations. In Section 3 indirect space
vector control scheme is to comprehend the operation of
PMSM. Section 4 is discussed about fuzzy logic controller.
Finally in section 5, the simulation results of various driving
circumstances are displayed and followed by conclusion in
section 6 at last.

2. MODELLING OF ELECTRIC VEHICLE

There is a mass-power relationship that must be met by
internal combustion engine vehicles, and this relationship
must be met by EVs as well. As a result, for the development
and evaluation of an EV to establish the size of motor, energy
capacity, as well as any other system components. Firstly, net
tractive effort must be computed [15, 16].

2.1 Tractive effort

Consider a vehicle of mass of M, (kg) with vehicle speed of
U (m.s™") as depicted in table 1. The vehicle's acceleration can
be written as:

dU  XF, —3F,
= M
dt 5M,

where total tractive effort is LF,, total resistance is XF,, and 6
is mass factor. The following is an expanded version of the
aforementioned equation is given in Eq. (2).
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The tractive effort (th + Ftr)(N ) on both tyres should be
greater for the vehicle to accelerate. Acceleration of vehicle is
achieved, when the net force imposed on body is not more than
the tractive effort generated. The opposing forces comprise of
rolling resistance on fore and rear tires F.r and F..
respectively, aerodynamic drag F,, and grading resistance Fy.
The friction between tyre and the road surface is known as
rolling resistance, given in Eq. (3).

F. = Pf.cosa

3)

Figure 1. Acting forces on the vehicle moving uphill

Here, Coefficient of rolling resistance f, is approximately
0.01 for EV, which depends upon tyre’s material, structure,
pressure and temperature, and also on liquid on the road
surface. P is the load acting normally to surface.

Aerodynamic drag is the force exerted on a vehicle by air
attempting to stop it from moving. Skin friction and shape drag
and are the two basic components of this resistive force. This
force depends upon air density p (kg.m), front area of the
vehicle Ay (m?).

1

where, C,; is drag coefficient, which can be reduced by smart
vehicle design. U,, is the wind speed direction in relation to
the direction of vehicle movement, with a negative sign when
the vehicle travel in the same way and vice versa. The force
for climbing the hill is given by:

F,=Mygsina (5)
For movement, total tractive force required is given by:
Fy = Fip + Fyy (6)

The net force generated by the vehicle's rear and front
wheels is given by:

_uMygcosa[Lg + fr(hy —14)]/L

F,

tmax 14+ ‘uhg/L (7)
P uM,g cos a[Ly, + f,(hy —14)]/L

tmax 1+ phy/L
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where, L is wheel base (m), /g is height of vehicle from its
centre of gravity (m). For the vehicle to operate safely, the
vehicle's power drive must not transcend the above mentioned
limits. Otherwise, the tyres may whirl and the vehicle's
functioning may become unstable. The load torque and
reference angular speed on the machine could be transmitted
from vehicle via power-train and gearbox as:

T,
T, =—2—(F +FE, + Myg sina)
lglorlt (8)
300y, Ures
Wy =———=
Ty

where, U,..¢ is driver speed reference, i, is transmission gear
ratio, i, is final drive gear ratio, rq is tyre effective radius (m),
1, is efficiency of drive and Ty, is load torque (N.m).

2.2 Power flow in electric vehicle

Figure 2 depicts the EV power flow. The power necessary
to propel the EV for every second is computed for the entire
drive period to predict the range. The procedure is continued
up to the battery is fully exhausted. As a result, the power
requirements must be calculated:

P, = F.U 9)

The previous calculation of the tractive effort F; given in Eq.
(7) is required for analysis of power flow. The efficiencies of
gear mechanism, propulsion motor and storage system is
considered. The efficiency of the controller and motor are
regarded for our convenience. The efficiency of a motor
greatly depends on its power, torque, and size. The equation
accurately models the efficiency. Pi, and Poy are the traction

motor and controller's input and output power, respectively
(W).

Pout — Pout

P, P,y + losses

_ Tw

S Tw+ kT2 + kjw + ky,w? + C

Nm =
(10)

Nm

k., k; and k,, are coefficients of copper, iron and windage
losses respectively. C denotes the constant losses. Knowing
the efficiency of motor (1), ), input power and output power of
the motor in driving and slowing conditions can be calculated.
Eq. (11) is the case EV operating in driving mode.

Pout
Pin - 1.
m
(1D
Pt
Pout - E
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Figure 2. Power flow in electric vehicle



Eq. (12) is the case of decelerating or reaching rest mode in
operating EV.

Py, =Pout*rlm}
12
Pour = Py ¥ g (12)
Power drawn by energy storage battery is given by:
PEZPin+Pacc (13)

In decelerating and braking mode of operating mode of
operating EV, energy is fed back to energy storage unit by
regenerative braking. The power flow block is modelled and
simulated under accelerating, decelerating and constant speed
modes.

3. MATHEMATICAL MODEL OF PMSM
3.1 PMSM d-q analysis

The dynamic mathematical model of PMSM is a
multivariable, non-linear, higher order system. In most studies,
the assumptions are made as follows:

(1) In the air gap, the magneto motive force has a sinusoidal
distribution. (2) Neglecting iron losses and saturation of
magnetic circuit. (3) Neglecting the effect of temperature and
frequency variations on winding resistance. (4) Neglecting
spatial harmonics. (5) Symmetrical distribution of three-phase
windings. Dynamic mathematical model of PMSM is
formulated under the following assumptions.

Analysing and solving of synchronous motor is difficult in
static coordinate system as they have a collection of non-linear
equations. So, in a synchronous rotating coordinate system, the
mathematical model of PMSM in accord to vector
transformation theory can be described by the following
equations. The flux linkages between stator d-axis and g-axis
windings are given in Eq. (14) [17, 18].

Ysq = Lsisq + Ypq
l/)sq = Lsisq (14)
where Ly = Lig + L,

where, L, L,,, and L, are stator self, mutual, stator leakage
inductances (H) respectively, ¢4 and ¥, are d- axis and g-
axis stator flux linkage (A.T) respectively, igq is stator d-axis
current (A), gy is the stator d-axis winding flux linkage
owing to flux produced by the permanent magnets of rotor.
Note that d-axis is lined up to magnetic axis of rotor. Stator d-
q winding voltages of stator is given by:

) d
Vsqg = Rsisq + Elpsd - wmll}sq

o
Vsq = Rsigqg + al/)sq + WmPsa (15)

_p
Wy = Ewmech

where, Vg, Vsq, isq) lsqr Rs) W AN Wppeep, are d-axis stator
voltage (V), g-axis stator voltage (V), d-axis stator current (A),
g-axis rotor current (A), stator winding resistance (£2),
instantaneous speed of d-q winding (electrical rad.s) and
mechanical speed (mechanical rad.s') respectively.
Electromagnetic torque Tgy (N.m) produced is given by:

Toww =5 (Bsaisq — Psgisa) (16)

On substitution of Eq. (14) in Eq. (16), for non-salient pole
machine,

p . , . p ,
TEM = E [(lesd + lpfd)lsq - lesqlsd] = Elpfdlsq (17)

The electro dynamic acceleration of PMSM is the difference
between the electromagnetic torque and total load torque
acting on cumulative inertia of motor and load, J (kg.m?).

d TEM - TL
awmech = f (18)

3.2 Relationship between d-q circuits and per phase
equivalent circuit in steady-state

Figure 3. Steady-state per phase equivalent circuit

In analysis of PMSM, the two d-axis and g-axis winding
equivalent circuits integrate to form the per phase equivalent
circuit under balanced sinusoidal steady state condition shown
in Figure 3. Under this condition, the d-q winding quantities
are DC and the derivatives with respect to time are zero.
Substituting flux connections from Eq. (14) for stator voltages
in Eq. (15) results in:

Vsd = Rglgqg — (*)m]-‘sisq } (19.1)
Vsq = Rsisq + 0mLsisq + WPy (19.2)

Multiplying both sides of Eq. (19.2) with j operator and
adding to Eq. (19.1). Then multiplying the resultant equation

by +/3/2 results in:

3
S 5 - J o
Vs = Rgls + jwm Ll +]j; m¥ra (20)

efs

. N 3 .
For other quantities, consider Vg = \/; (Vsd + ]Vsq) and so

on. Under balanced steady state conditions, phase-a stator
equation is given by v, = (3/2)v,, shown in Eq. (21).

2
_ _ _ | [z w
Vo = Rely + jorLsl, +]\/; mlpfd (21)
Erq
3
Efa =2 lpfdwm = Kpwy, (22)
s
K



3.3 Design of SVPWM power processing unit (PPU)

SVPWM is mostly utilised in vector-controlled drives. The
stator winding is connected in star, and assume negative of DC
and hypothetical neutral of stator as reference ground, as
illustrated in Figure 4 [17, 19-21]. At any instant, space vector
stator voltage is written as:

V0 = Vae (4207 + (D5 + 0,05 ) 23)

Consider for pole-a, g, is logic 1 if the switch is in the up
position otherwise 0. Accordingly, we assign 1's and 0's to g,
and ¢, that correspond to pole-b and pole-c, respectively. Now,
there are eight possible combinations of the ¢ , ¢, and g,
pattern 3-bit digital model. While we substitute all of the
possible combinations in Eq. (23), Superscript a represents
reference a-axis in three phase winding abc model. We get
eight stator space vectors ranging from v, to v;. vy, U, are
treated as zero vectors, while U] to v, are treated as basic
vectors.

a
Qa

Ve T [ )

®

Figure 4. SVPWM power processing unit internal circuit

At any instant, space vector stator voltage is written as:

0 = Ve (a0 + 0T +0.0T) 1)

The fundamental goal of this technique is to generate stator
output phase voltages that are proportional to reference signals.

vs = Vdce'r§
v,(010) E Vv, (01 1)
l" -“ —_ )Et
Sectpr-I| W\ Vs =V e
Sector-|.-
A Sector-1ll my ’V P! 7 )
= 37 ._
=4 AN % (00D)
SeANE -
ISR 4 v =1,¢e
. Real
\ Sector-IV
Sector-V
v,(100) v5(101)

Figure 5. Six basic voltage space vectors representation
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In order for SVPWM to achieve a constant switching
frequency and the optimum harmonic response, each pole
must only change its state once in each switching interval. For
instance consider sector-I. In Figure 5, v; and v; are applied
for time intervals of ITs and mTs, respectively, over a
switching period Ts. v, and v; are the zero vectors applied for
noTs and n7T respectively. Where n=no+n7,and |+ m+n=
1. The stator vector voltage with reference a-axis is given by:

T.

vé¢ = lv] + mv,

1
vE = = (IT,7; + mT,; +nT,.0))

S
(25)

; i
Wy.el® + mVy.es

= Vel

Vi
van
0% |y 7
< de <>
0 vbn ﬂy ’y
AN 1 > <>
Y I 7
L e
A
S

>

Figure 6. Sector-I pole voltages over time period (Ts)

In Figure 6, pole-a have the longest time interval for the 'up'
position, followed by pole-b, and finally pole-c. Thus
switching can be done for any other sectors. The comparison
of control voltages with the reference triangular voltage signal

V,,; is included in the generation of the stator output voltage
vector v¢ with phase voltages v, vy and v, for specified
V,. given in Eq. (26) The stator winding in PMSM is star

connected to with isolated neutral. As a result,
v, +v, (D) +v,.(6)=0.
Vcontrol(a) _ Va — Vk .
PN - V ’
Viri ( dC/Z)
Vcontrol(b) _ Vb — Vk .
P - Vd 1]
o (M) 6)

Vcontrol(c) _ Ve — Vk
Qtri (Vdc/z) .
max(vy, v, Vo) + min(vy, vy, Vi)
2

where vy, =

Join the extreme points of the basic vectors to build a
hexagon to set up the highest magnitude in output voltage of

stator voltage space vector v&. The maximum value is given in
Eq. (27).
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|V5(max) |L—L(rms) - \/? - E =() 707Vdc

3.4 PMSM drive with a d-q based dynamic controller

A hysteretic converter was usually used in the absence of a
dq analysis, with a non-constant switching frequency. Here
SVPWM inversion control scheme is implemented, where the
switching frequency remains constant for low speed and
medium speed operations. For high speed propulsion of
vehicle, the switching frequency of SVPWM inverter does not
remains constant. To minimise harmonics in the speed profile,
a low-pass filter is installed in series with the SVPWM power
converter unit. Such control system schematic is shown in
Figure 7. In Eq. (15), utilising the flux linkages of Eq. (14) and
considering that the derivative of the rotor flux produced Wy
is zero; the voltages can be stated in the follows:

d —wp Ll

Vsq = Rslgq + - sq + ——=2
dt compgy

W (Lsisd + 1I’fd)

compy,

i (28)
vsq = Rsisq +al/)sq +

In Figure 7, considering SVPWM PPU and utilising the
decoupling compensation terms in Eq. (28) in d and q channels,
PI controllers are being developed. The system is modeled in
Simulink.

4. DESIGN OF FUZZY LOGIC CONTROLLER (FLC)

PMSM Drive
. AE‘ . . Indirect Vecter System
s a Fuzy D[] % | Conolld
Dy 2 Logic _[ SVPWM
» controller Power Processing S
+ Uit ‘TJ
&)}H Position

Seasor

Figure 8. Fuzzy logic control functional block diagram
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FUZZY LOGIC CONTROLLER 1 -*

» BASERULE —»

INFERENCE
MECHANISM

ce

Fuzzification Defuzzification

Yy

Figure 9. Fuzzy logic control interior organisation

The process flow diagram of FLC based control system is
depicted in Figure 8. The error in speed is the primary input e,
and the variation of error in speed is secondary input ce,, at
sampling time #. At each sampling time, the two input
variables e, and ce,, are calculated and cig, will be output.
Here ¢ denotes error or change. The cig, signal is then sent to
an integrator to acquire q-axis stator current for necessary
speed control mechanism. The signal is then sent to ISVC
SVPWM power processing unit to generate the required
voltages to feed the PMSM drive for propulsion of EV. Thus
the control strategy was implemented.

€y = w;ef - Wy
_ d © (29)
ce, = (e

where, ce,, represents the error changes, wy,f represents the
reference rotor speed (rad.s™), w,, represents the actual speed
(rad.s™).

FLC is proposed in particular a control hypothesis for the
control approach of PMSM. Fuzzy control is straightforward
and easy to implement; it is appropriate for nonlinear networks
with varying and parametric change. FLC was developed and
used to attain an acceptable rising and settling time periods,
steady state error and overshoot. The suggested scheme
reduces the reference PMSM speed variation. Fuzzy logic has
a benefit above other control strategies in that it is not affected
by changes in operational parameters. A PI controller controls
the PMSM speed in the traditional space vector technique [22].
The suggested plan is to use a FLC instead of a traditional
controller.

The fuzzy logic controller, as shown in Figure 9, has three
phases: fuzzification, inference, and defuzzification [23, 24].
The primary input signal and its change for very small interval
were processed into fuzzy numeral in the fuzzification block



before being sent to the FLC. The fuzzy numeral of the
calibrated output signal was therefore determined using the
rule base. Lastly, the crisp values are transformed from the
resultant integrated fuzzy subsets providing the controller
output in defuzzification block [25, 26].

4.1 Fuzzification

=

=
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Figure 10. Fuzzy controller membership functions

At this stage utilizing triangular membership functions, the
variables of input e, and ce,, which are crisp in nature, are
converted to fuzzy variables E,, and CE,, as depicted in Figure
10. The input fuzzy variables E, and CE, have discourse
universes of [-12, 12] and [-1.4, 1.4] respectively. On other
hand, the output variable Clgq have discourse universe of [-10,
10]. To make things easier, the entire discourse universe is
normalized to [-1, 1].

The following linguistic labels are used by the proposed
controller: nh, nm, nl, z, pl, pm and ph. All seven linguistics
have a membership function for each input and output. Each
fuzzy variable belongs to one of the data groups, for p ranging
from zero to one. p is referred as membership degree.
Basically, fuzzy logic is a type of artificial intelligence
depending upon linguistic rules and knowledge. The following
format is used to write these rules.

Ifiis L AND j is M... then k is N, where L, M and N
represent membership functions, L and M are input fuzzy sets
and N is output fuzzy set in above rule.

4.2 Inference stage
A matrix fuzzy relationship is established in this stage to

determine the output of controller from the measured system
variables. The matrix shows how fuzzy set characterising
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controller inputs and fuzzy set characterising controller
outputs are related. As illustrated in Table 1, the inference
engine processes the fuzzy variables E,, and CE, that carries
out a set of programming rules from a rule base (7x7). These
seven inputs and output fuzzy sets were selected to provide
an ability to adapt during choice inference. Control rules are
developed based on knowledge of PMSM behaviour and
occurrence.

Every rule is instructed in the format shown in the example
below. IF (E, is pm) AND (CE,, is nh) THEN (CIg, is nl).
Various inference algorithms are used to generate Clgq. This
work uses the algorithm based on maximum and minimum
inference, and the membership degree of CIg, is given in Eq.
(30).

u [(Cls"q)k] = max [min {M(Ewi),u (CEa,j)}]

(30)
forl<isnl<j<n
Table 1. Rule base fuzzy control
eu)
nh nm nl z pl pm ph
cey
nh nh nh nh nh nm nl z
nm nh nh nh nm nl z pl
nl nh nh nm nl z pl pm
z nh nm nl z pl pm ph
pl nm nl z pl pm ph ph
pm nl z pl pm ph ph ph
ph z pl pm ph ph ph ph
nh=negative nm=negative  nl=negative z=nearly
high medium low Zero
pl=positive pm=positive p=positive
low medium high

4.3 Defuzzification

In this stage, the inference output variable Clg, is
reconverted into a crisp value cig;. Many defuzzification
algorithms were suggested in various literatures. In this case,
an algorithm based on Mamdani centroid defuzzification is
used, and the crisp value is determined by centre of gravity of
the Clg, membership function given in Eq. (31).

. Ju(cr,)cr,dcrg,
* u(Crzy)dcIg,

€20

Integrating Cig, renders the vector control system's
reference current i, given in Eq. (32).

i = fcis*q dt (32)

5. RESULTS AND DISCUSSION

To accomplish simulation results, MATLAB / Simulink
software is employed. To alleviate the PI controller's
shortcomings, we suggested a cascaded FLC-based vector
control in this study. The FLC provides a quick response in
terms of low start-up current and quick response in attaining
steady-state response. The indirect vector in rotor flux frame
of reference control method based PMSM powered electric
vehicle is developed and investigated in MATLAB / Simulink



environment using Simulink library blocks. Figure 7 shows the
architecture of PMSM fed by SVPWM power processing unit
with a cascaded fuzzy controller. The system is modelled in
Simulink is shown in Figure 11. In the d and q channels, the
proportional constant K, and integral constant K; are 8.127 and
6.769¢+03, respectively. The system is tested for both variable
torque and variable speed profiles. A wide range speed
command drive curve was of selected under various operating
scenarios such as stair-case, step, trapezoidal and rough
surfaces, the speed responses were observed.

The machine specifications influence the implementation of
indirect vector control mechanism. The control block
parameters are determined using the specifications in Table 2
and Section 4. Electric vehicle specifications are given in
Table 3.

In terms of implementation approach, the stator d-axis
quadrature current is kept at its rated value iz = 0, thus d-
component of stator current is open looped. The stator g-axis
quadrature current i is acquired from close loop fuzzy
controller. The reference d-component i, is estimated from
flux and torque relationship given in Eq. (17). The value of
torque is deduced using a fuzzy controller, based on error in
speed between command speed and mechanical speed
estimated with an encoder. The Simulink model is depicted in
Figure 11.

Figure 12 depicts the Simulink design of SVPWM power
unit block. The control voltages generated by the power
processing unit is shown in Figure 13.

Table 3. Electric vehicle parameters in this study

Table 2. PMSM and SVPWM inverter parameters study Value
Parameter, Symbol . .
(dimension)
Parameter, Symbol Value (dimension) Vehicle mass, M, 1500 kg
Rated Voltage 200V Radius of wheel, 74 0.28 m
Rated Current 31.6 A Frontal Area, Af 2.26 m?
Number of poles 4 Coefficient of Rolling Resistance, f;. 0.01
Rated frequency, f 60 Hz Aerodynamic coefficient, Cy 0.28
Rated Speed 6000 RPM Transmission Gear Ratio, i, 3.29
Peak Torque, Tpeak 12.9N.m Total Gear Ratio, i, 0.95
Rated Torque, Trqteq 3.25 N.m Air Density, p, 1.206 kg.m™
Stator Resistance, R, 0.145 Q Wheel Base, L 27m
Stator Inducta_nce, L, 1.366 mH Distance between the gravity centre and the 1134
Total Inertia, J 0.34x103 kg.m? front wheel centre, L, A134m
Voltage Constant, Kg 0.0958 V/(elec.rad.s™) Height from Gravity Centre, h 0.6 m
Battery Voltage, V, 300 V o NS '
attery 86 Vac Transmission Efficiency, 7; 0.9
Reference triangular voltage, Vi; SV Acceleration due to Gravity, g 9.8 m.s
Switching Frequency, fs, 10 kHz
= SOLVER
Theta_da fe— .
abe TO dq > > D| - Bl la D cuputf—
Transformation c
Machanical c’:I.GClIJCL:T'; GEAR VEHICLE
1] 1 _sierie ¥_sa* f——{v_sq . _Ltl [alva 1 Raforance SOURCE DYNAMICS
Isd=0 — Vg vm:--Evua ] num(fz) Vb 1
con-r::ou_gg Ve n: Ve ﬂ den®) VEHICLE SPEED
L »| Thota_ca X FI'I'.PTFE o (kmph)
%1 Signal 1 e Warror |_sq® —D@—b I brror W_sq* Tr:l::\‘?l’l’::;dn S‘LT:"
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Figure 11. Simulink model indirect vector controlled based PMSM fed electric vehicle
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Figure 12. Simulink model of SVPWM PPU
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Figure 13. Control voltages generated by SVPWM PPU



Operating the motor in accordance with the reference speed
is fundamental for any electric vehicle. Performing simulation
under both circumstances that is, steady speed varying torque
and steady torque varying speed assess the validity of the
specified system.

In the case of steady speed varying torque operation, the
system is simulated for a time period of 0.2 s. For a constant
speed command of 150 kmph, the initial value of command
torque is held at zero, and then a step command torque of 12.9
Nm equal to the peak value is applied at time 0.1 s. The
electromechanical torque generated by the PMSM motor
varies in response to step input, as shown in Figure 14, and the
motor speed curve drops at that point, rebounding to its
command value in less than 0.04 s. The vehicle speed follows
the motor speed in appropriate manner.

Figure 14. Torque and speed response for constant speed
mode of operation

HE
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Figure 15. Torque and speed response for constant torque
mode of operation
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Figure 16. Zoomed response for staircase speed input from
0.1sto0.4s

In the case of steady torque varying speed operation of the
system, the drive curve is defined for a wide range of speeds
for a time period of 1.5 s depicted in Figure 15. In this mode
torque is kept constant to zero for entire period of simulation.
The reference speed drive curve comprises of staircase speed
signal from time 0.1 s to 0.4 s for duration of 0.3 s, step speed
signal from time 0.5 s to 0.7 s for duration of 0.2 s, trapezoidal
from time 0.7 s to 1s for a duration of 0.3 s and irregular

surface from time 1s to 1.5 s for duration of 0.5 s. The zoomed
figures of staircase, step, trapezoidal and irregular surface
responses depicted in Figures 16-19 respectively. The motor
speed is observed to follow the command speed with steady-
state error zero and has a quicker time to settle at sudden
changes in speed. This is observed especially in case of stair
case and step speed inputs. The time to settle down is
approximately less than 0.03 s. The FLC performs better in
terms of fast response, low starting current, low overshoot, and
low undershoot comparatively [27, 28].

The PMSM drive dynamic response has been sighted under
these conditions. Figure 20 depicts the d-axis and q-axis
current waveforms. It can be spotted hat the g-axis current
[4s oscillates first and then sets to table when it reaches the
steady state condition, while d-axis current i, is nearly zero
for whole duration. This current peaking is observed only in
the stair case and step command speed when there are sudden
changes in speed signals. The three phase currents and
voltages fed to stator of PMSM for entire simulation period of
1.5 s are shown in Figures 21 and 22 respectively. The findings
suggest that the FLC can effectively manage rapid rise in
command speed with minimal overshoot and undershoot as
well as steady-state error. The recommended FLC was
considered to have best performance in both transient and
steady state conditions.
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Figure 17. Zoomed response for step speed input from 0.5 s
t0 0.7 s
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Figure 18. Zoomed response for trapezoidal speed input
from0.7sto1ls
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Figure 19. Zoomed response for irregular speed input from 1
stol5s
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Figure 20. d-axis and g-axis current waveforms of PMSM
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Figure 22. Phase voltages fed to PMSM stator from PPU

6. CONCLUSIONS

This paper gives us insight into the design of an electric
vehicle with variable speed drive system. The results of
Section 5 demonstrate that the effectiveness of an FLC based
electric vehicle is good in terms of performance. The findings
show that the responses were robust and the functionality of
an electric vehicle is solid, consistent, stable, and unaffected
by changes in parameters or operating conditions. Finally, it is
concluded that the electric vehicle drive has potency and
performance. In future research, the fuzzy logic concept can
be extended in the controller design of predictive, adaptive,

PID and neural network controllers utilized in electric vehicles.

Further, this concept can apply to asynchronous and reluctance
motors and speed responses are compared to the proposed
electric vehicle model.
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NOMENCLATURE
M, vehicle mass, kg
U vehicle speed, m.s™!
F tractive effort, N
g gravitational acceleration, m.s™
T torque, N.m
V,v voltage, V
1 current, A
f frequency, Hz
p pole number
Greek symbols
d mass factor
o} road surface elevation angle
n adhesion coefficient
p air density, kgm!
n efficiency
b4 flux linkages, wb
® angular speed, rad.s™!
0 electrical, mechanical angle, rad
Subscripts
a,b,c a,b,c phase windings
d,q direct, quadrature phase windings
S, T stator, rotor
1 leakage
ref reference
dc direct current
tri triangular
SW switching
max, peak maximum
mech mechanical
Superscripts
- space vector
a axis used as reference

*

reference





