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with Induction Motor taking Core loss and Stray Load
|_osses into Account
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Abstract — In modern technology electrical differentials to
design Electrical Vehicle (EV) are getting popular for its
simplicity, faster response, accurate control capability and other
facility. The controller design for the distinctive motors is a
captivating and challenging work to acquire sought execution
appropriately. For this different kind of controller is used to get
accurate results. For Induction Motor (IM) it is very important to
control the speed and torque to get smooth control application.
Field Oriented Control (FOC) aids the factor and empowers
independent control of speed and torque by building up an
autonomous relationship is created due to consideration of core
loss and stray load losses while modeling Induction Motor which is
neglected at most of the works. Here, Induction Motor is modeled
with the Fuzzy Logic Controller for more accuracy and simplicity
and the Sinusoidal Pulse Width Modulation (SPWM) is utilized as
a part of the structure to investigate the performance of IM under
various source parameters such as diversity of voltage, frequency
and so forth. MATLAB/Simulink is used to execute the simulation
results.

Keywords— Electrical Vehicle; Induction Motor; Fuzzy Logic
Controller; Sinusoidal Pulse Width Modulation; Field Oriented
Control;

I. INTRODUCTION

With the height of technological headway in current time, the
automotive engineering faced a lot progressive dealing of side
by side innovations. The developing concern with the unfriendly
impacts of hydrocarbon-related vehicle, electronic vehicles have
benefitted prominent position in cutting edge time. Over the time
progression in innovation has occurred; manufacturers
incorporate more and more attractive than before [1]. So the
attention concentrated on autonomous driving wheel engine on
the back wheel to supplanted Mechanical Differential (MD) into
Electrical Differential (ED) in EV [1, 2]. ED constitutes an
innovative advancement in vehicle design decreasing the vehicle
mass and improving the overall system reliability and efficiency
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[2, 3]. ED's principle feature is the robust improvement against
system uncertainties and street conditions. ED can control both
the driving wheel independently to turn at different speed in any
curve and distribute the power to each motor according to the
steering angle [3].

Induction Motor is very popular in the industrial
applications because of its low maintenance and cost, simplicity
of design, robustness, good self starting, high efficiency, small
inertia and absence of the controller brooms system [4-6]. Field
Oriented Control (FOC) accompanies the state of legitimate
modeling of IM. Induction motors are modeled from various
perspectives. Each of it has claim favorable position and
burden. In any case, to acquire a consummately working control
scheme, it is vital that the system under supervision is modeled
appropriately so that maximum of its behavior can be
anticipated.

Induction motor models are considered without taking the
core loss and stray load losses into account in most of works [6-
9]. Therefore, greater portion of the speed controllers designed
so far could not achieve expected performance and hence failed
to produce satisfactory output. However, some recent work
takes core loss and stray load loss into account [10-13]. These
are so far the most effective models of induction motor which
can be expected to work with accuracy.

In order to achieve the same performance of DC machine
from 1M, the rotor flux and torque are decoupled in terms of
stator current components neglecting the core loss and stray
load losses. These losses of induction motor are very common
and may not be negligible to achieve precise industrial
application. To design the precise control strategies of an 1M
considering core loss and stray load losses different
mathematical model based on the equivalent circuit has been
reported in literatures. Core loss was represented by an
equivalent resistance in parallel with the magnetizing branch
[10-13] and stray load loss was represented by a resistance in
parallel with the secondary leakage inductance [10-13]. The
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Fuzzy-Logic Control (FLC) is seemed to be a suitable controller
in terms of high dynamic response under the variation of load
torque and parameters [12, 13]. The FLC get its popularity due
to its simple linguistic rules like human thinking. It does not
need any precise mathematical explanations to obtain a decision
inference. The FLC requires only a qualitative knowledge
which not only makes to controller easy to use but also easy to
design. So it eases obtaining speed controller for an IM.

This paper proposes a fuzzy logic control application of an
electrical differential system for an EV propelled by two IM
(One for each rear wheel). Overall system including FLC with
IM taking core loss and stray load losses into account is
implemented in MATLAB Simulink.

I1. DY NAMIC & STATE SPACE MODEL OF INDUCTION
MOTOR

The dynamic modeling of an IM taking core loss and stray
load losses into account in synchronously rotating d-q axis
reference frame is shown in Fig. 1. The reference frame is
rotating of an electrical angular velocity w,.. Hysteresis loss and
eddy current loss are the two components of core loss but for
simplicity, the components of core loss are represented by a
single quantity with a constant value of R, and stray load losses
are shown with a constant value Rg;as shown in Fig. 1.

R, = Lyp®m + jwgLyim ... (5)

Tat
Rgise = Lrl% + jwsiLyiy ... (6)
s+ i, = i+ iy .. (7N
3 . .
Te = (E) Pn(cl)qudr - Cl)drlqr) .. (8)
Ip = I — iy .- (9)

In the above equations, V5 and v, are d and q axis stator
voltages; [sq and i, indicate d and g axes stator currents; , i,
and i, indicate d and g axes rotor currents; and ¢4, and ¢ ;-

indicate d and g axes rotor fluxes; wg and wy; indicate primary
and slip angular frequencies; Rs, Rr and Ry indicate stator, rotor
resistances and stray load loss resistance; Ls, Lm, Ly indicate
stator leakage, mutual, rotor leakage inductances respectively;
Te and T, indicate electromagnetic and load torques; J, D and Py,
indicate moment of inertia, friction coefficient and number of
pole pair.
Using equations (1-9) the first order state space equation

can be written as:

dig

dat

JK23Wrelm + K19Vs — KpaVy

= —Kyols — Kp1im — Kpp®p — jwgels —

... (10)

R;;
A di 8 8 . .
I, ( W i d_;n = Kiuis + Kisiy + K16 + JK170pelym —
(g =~ Wrg )Ll
iy Ly O ’ jwseim + KigVy .. (11)
r DreLombng ao . . . .
dtr = Kysis — Koelm — Ko7 P — jKzgwrim —
ja)leDr + Ki9V, ... (12)
dw
Ry Tre = —K3owre + K31 (Te — T1) .. (13)
@y Lo f—%
sty -
(a}se 'a}re)['mfr.’d 3 . B
fr.’q L,; /—\ . Te = (—) Pnllrdq)rq - qu cDTdJ (14)
<)L 2
R R¢ ReLyi— Rstlm Rst
oLl r Kg = ; K= ——————; Ko =
w"EL i 8 Rysc 9 RyscLy 10 RyscLyl
_ Lm | _ (Rrsc=Rc)Rc |
(b). g-axis Kll B Rrsc’ K14 B Rpsclm '’
Fig. 1: Equivalent Circuit of IM model. K15 — (RCL” — RSth — RT‘SCLTI)RC
i i ; Rrschle
According to Fig. 1 the d-q axis stator voltage of an IM as
RcRst R.
follows: Kig = Rl L. ; K17 = R_;
vS = RSiS + (LSlpLS +ij€LSliS) + (melm +jwseLmlm) r;éc rl m 1 rsc
... (D) Ko = ¢ . - .
. . . . 18 — ) 19 — )
Ur = Rplp + (Lypiy + j(wse — Wre) Lriivg) Rysclm Ly
+ (Lyppim + jWseLmimLs) Ky = (RsRysc + R-R:. + RGR.) .
- jwreLmimpir Rrscle
. (2 Koo = & ReLy — Ryl _1)-
For squirrel cage motor,. . 271y RyscLyy ’
s = Lgis + Lyip )
br = Ly + Lyin - (4)
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i _ _ReRe _ Relm
22 Rrschlle e Rrscle '
R, R.R.
Kyy = ——; Kbg = ——;
24 Rrscle 25 Rrsc
K., = Rr(Rchl _Rsth) . _ R, Ry .
26 Rrschl R Rrschl '
RyLm Ry Bm
Kyg = Rrec ; Koo =1— ailﬁozmi K31 =
Pn

-

3
—; K3y = EPnK31

I11. ELECTRICAL VEHICAL MECHANICAL LOAD

Here, the load is the vehicle and it is characterized by different
resistive torques. The vehicle torques are given below [14, 15]:

The rolling force and torque can be given as:

{ Frou = Mgf; . (15)

Trou = MgfiR,

The aerodynamic force and torque is:

{ Faero = %pAf Ca v% (16)

Taero = %pAdevilew
The slope force and torque can be given as:

{ Fslope = Mgsinf 17

Tslope = Mgsin R,

The total resistive torque can be defined as:
Tres = Troll + Taero + Tslope (18)

Fig. 2: Forces Acting on a Vehicle along a Slope Path.

IVV. ELECTRONIC DIFFERENTIAL MODELING

The proposed control system principle could be
summarized as follows: 1) Speed control is used to control each
motor torque; 2) The speed of each rear wheel is controlled
using speed difference feedback. Here, the two rear wheels are
driven by two separate motors.

For Steering condition, when the vehicle need to turn right then
the left wheels speed will be higher than the right wheel and
vice versa.
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Here, the Ackermann-Jeanutaud steering model driving
trajectory is used for the vehicle systems model analysis [15].
vy, is the linear speed of the left wheel drive; vy is the right
wheel drive. The linear speed of each wheel drive is
expressed as a function of the vehicle angular speed and the
radius of the curve, according to Fig. 3.

Electromic
differential

Fig. 3: (a) Structure of Electronic Differential. (b) Design Model for Vehicle
Structure Driven in a Curve

v, = w, (R +d7‘*’) .. (19)

do
ve = o0 (R=5)

The curve radius is related to the wheelbase and steering angle:
_ Lo

P ... (21)

Substituting Eq. (18) into Egs. (16) and (17), we obtain the

angular speed in each wheel drive:
Ly+ % dgytand

.. (20)

W, = Sy ... (22)
Ly— Y% dgtand
W = Sy ... (23)

The difference between the angular speeds of the wheel drives

is expressed by the relation:
Aw = Wigp — Wyep = va
Ly
The direction of turn of an EV can be determined by the applied
steering angle (&) as follows:
6 > 0=Turnright
6 = 0= Straightahead

6 < 0=Turnleft

.. (24)
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When the steering angle is applied the speed of inner wheel
is reduced and the speed is increased of outer wheel. The driving
wheel reference angular speeds are calculated by:

Aw
Wig = Wy +7 ... (25)
Aw
w;R=wv—7 ... (26)
The speed references of the two motors are:
Wim = Kgear@ir .. (27)
Wi = Kgogrws (28)
™™m gear“*“rR
Where, kgear is the gearbox ratio.
Wy, wfR
w, + A_a) ? Kgear IS
2
6" N wTRef + wTRef
1 a0 H- 2 @y
Ll »
Aw
> Wy — T kgear >
P wTR w;R

Fig. 4: Block Diagram to Show the Use of the Electronic Differentia.

V. Fuzzy LoGiC CONTROLLER

One reason for the ubiquity of Fuzzy Logic Controllers (FLC)
is it’s logical similarity to a human operator. Not like other
control systems, this is less difficult as there is no complex
mathematical learning required. The FLC requires only
qualitative information of the framework subsequently making
the controller simple to use, as well as to design.

Fig. 5 shows the simplified block diagram of FLC. Three
essential parts of FLC are:

A. Fuzzification:

The fuzzification step converts the numerical input variables
into linguistic variables by the fuzzifier. The controllers input
linguistic variables available are the difference of the actual
speed from the desired or reference speed, e,(k) and the
difference of speed error, Ae,(k) and the first difference of
magnetizing g-axis current,diy,,, is considered as the output
linguistic variable. To ease the equations, the input and output
are scaled with different coefficients these are: K, error of
speed; K, change of error of speed and K; first difference of
magnetizing g-axis current. Here the scaling factors are
considered as constant and are selected by trial and error.

B. Rule Base:
The fuzzy mapping of the input variables to the output is
represented to fuzzy IF-THEN rules of the following form:

If {ec; is N) and (deg; is N) Then (4iy,, is S)
If {e¢y is P) and (deg; is Z) Then (Aiy,, is B)

The entire rule base is given in Table I. There are total 49
rules to achive desired speed trajectory.

C. Interface and Defuzzification:
The Inference system provides fuzzy values of Ai,*nq from the
rule base in Table I and then crisp numerical value of Aiy,, is

obtained by using defuzzification procedure. Here it is done
with the most popular method of inference and difuzzification
Mamdani’s max-min (or sum-product) composition with center
of gravity method.

e}’l
@

A-”

Ing Az}:

Standard

Fig. 6: Scheme structure of the proposed FLC.

NB NM NS zo PS PM PE

Fig. 7: Fuzzy sets and their corresponding membership function.

TABLE I. FuzzY RULES
Aep
Air NB [ NM | NS |ZO |PS |PM | PB
lmq

NB NB NB NM | NM | NS | NS | ZO

€ [NM [ NB [NM [NM [ NS | NS | zO | Ps

NS NM | NM | NS NS Z0 | PS PS

Z0 NM | NS NS Z0 PS PS PM

PS NS NS Z0 PS PS PM | PM

PM NS Z0 PS PS PM | PM | PB

PB Z0 PS PS PM PM | PB | PB

The 49 rules shown in tabular form are written in the program

i Fuzzification ||—. s IN prm— L according to the syntax provided by MATLAB. The document
i Y + 1 : is saved with the extension °.fis’
i i/p membership Rule Base o/p membership E
i function function i V1. SPWM INVERTER DESIGN
o o : In the Sinusoidal Pulse-Width-Modulation (SPWM)
Fig. 5: Simplified Block Diagram of Fuzzy logic Controller. modulation technique, the width of pulse is varied in proportion
to the amplitude of a sine-wave evaluated at the center of the
same pulse [16]. The gating signals are generated by comparing
AJSE Vol:17, Issue:l, pp 7 — 12 © AJSE Page |10



a sinusoidal reference signal of frequency, with a triangular
carrier wave of frequency. Here, the reference voltages U,, Uy,
U. were taken from the controller to compare with triangular
signal according to the Sinusoidal Pulse Width Modulation
(SPWM) Techniques. Fig. 8 shows the pulses Sa, Sp and S¢
which generated by comparing the voltages U,, Uy, Uc with
triangular wave.

The desired Voltages Va, Vb, V. can calculated based on
the generated gate pulses using following equations:

Val , [2 —1 —1][S
Vpl==21-1 2 —1f[Se| .29
V. -1 -1 21ls.

In this paper Matlab/Simulink in used to solve those
equations to get desired voltages.

—> S,

Sinusoidal wave (Us,)

—> S

Triangular wave
Sinusoidal wave (Up)

> S,

Sinusoidal wave (Uc)

Fig. 8: Block Diagram of Pulse Generation for SPWM Inverter.

VII. SIMULATION & RESULTS

The performance of the proposed control system is
simulated using Matlab/Simulink software. The used
parameters for simulation are shown in Appendix 1 and
Appendix 2. For this simulation the sampling time is chosen to
be 100ps. the desired goal of this proposed scheme is to see the
performance for slope road condition.

A. Slope (up-hill and down-hill) Road Condition
Fig. 9 and Fig. 10 show the transient simulation results of
speed (Load) and torque (Electromagnetic Torque) for the slope
condition. Here, the vehicle is considered to be running on up-
hill and down-hill condition. When the vehicle runs in up-hill
condition then the slope torque is positive and overall torque is
increased. In the Fig. 10 (a) and (b) at t = 2.5s, the vehicle is
running uphill so the both motors torque increases. Again when
the vehicle runs in down-hill condition then the slope torque is
negative and overall torque is decreased. Like the Fig. 10 (a)
and (b) shows at t = 6s, the vehicle goes down-hill so the torque
of the both motor decreases. When the vehicle goes to up-hill
direction, the load torque increased as shown in Fig. 10 (a) and
AJSE Vol:17, Issue:l, pp 7 — 12
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(b), and due to the increase of load torque the speed is fall down
as shown in Fig. 9 (a) and (b) at t = 2.5s. Similar to that when
the torque is decreased means the vehicle is going down-hill the
speed of the both vehicle increased at t = 6s.

Speed of Left Side Motor
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Fig: 9. a: Transient Response of Left Motor Speed for Sloped Road Condition
b: Transient Response of Right Motor Speed for Sloped Road Condition

Torque of Left Side Motor
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Fig. 10. a: Transient Response of Left Motor Torque for Sloped Road

Condition
b: Transient Response of Right Motor Torque for Sloped Road Condition
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VI111.CONCLUSION
This paper has discussed about the model of an Electrical

Vehicle, including model of IM taking core loss and stray load
losses with a Fuzzy Logic Controller. The whole simulation is
done incorporate with SPWM in Matlab environment. The
proposed method shows the results for slope road condition
only. The proposed controller is skilled to give a superior
performance both at transient and steady state condition. It
overcomes the problem of overshoot and load torque change
that was present in case of Pl controller. Also it comforts the
designer since it is free from tiring mathematical expressions.
More works should be done to simulate the other road
conditions on this proposed method.

APPENDIX 1. RATINGS AND PARAMETERS OF INDUCTION
MOTOR

3 hp, 1430 rpm, 14.96 N-m, 4 pole, 50 Hz,
Rs=85.1mQ, Rr=65.8 mQ, Rc =812 Q, R= 52 Q

Lsl=2.3mH, Lrl =1.5 mH, Lm =29.1 mH,
J=0.23 Kg-m?

APPENDIX 2. EV MECHANICAL AND AERODYNAMIC
PARAMETERS

M= 1300 kg; A=2.6 m?; Ry=0.32 m;
Cad= 0.32; 1g=0.98; v=22.2 m/s;
g=9.81 m/s% p = 1.2 kg/m?

(1

[2]

(3]

(4]

(5]

(6]
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