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Abstract: In electric vehicles (EVs) and hybrid EVs, energy efficiency is essential where the energy storage is limited. Adding to
its high stability and low cost, the induction motor efficiency improves with loss minimisation. Also, it can consume more power
than the actual need to perform its working when it is operating in less than full load condition. This study proposes a control
strategy based on the fuzzy logic control (FLC) for EV applications. FLC controller can improve the starting current amplitude
and saves more power. Through the MATLAB/SIMULINK software package, the performance of this control was verified through
simulation. As compared with the conventional proportional integral derivative controller, the simulation schemes show good,
high-performance results in time-domain response and rapid rejection of system-affected disturbance. Therefore, the core
losses of the induction motor are greatly reduced, and in this way improves the efficiency of the driving system. Finally, the
suggested control system is validated by the experimental results obtained in the authors’ laboratory, which are in good

agreement with the simulation results.

1 Introduction

The weighty consumption of fossil fuels continues to rise
significantly, particularly in the last few decades which led to
increasing the concentration of CO, in the atmosphere. Worries
about climate change and rising sea levels caused by global
warming are becoming more serious and global efforts to reduce
carbon dioxide have become a urgent need. A significant
improvement in the fuel efficiency of vehicles is essential, as the
transport area accounts for about 20% of total carbon dioxide
emissions [1-6]. Electric vehicles (EVs) have several advantages
because they are more efficient, more environmentally friendly,
quiet, and commonly reduce the energy dependence [7]. The
choice of the electric machine has an important effect on the
efficiency and cost of the drive. However, electric machines are an
essential part of any drive such as those that can be integrated into
EVs and hybrid EVs [8]. The synchronous motors and induction
motors (IMs) are the main types of machines that can be utilised in
EVs [9]. The EV-drive motor should feature the following
propulsion [7, 10-12]:

(1) high torque density to give enough driving force during startup,
climbing and acceleration;

(i1) high efficiency to increase driving distance;

(iii) good flow regulating ability to extend the static power speed
range.

The IM is more common to use for the traction drive and is the best
candidate for EVs because of its strength, lower cost and low
maintenance need [13—16], but its’ losses are significantly higher
in the EV application [17, 18] and this leads to a drop in the
machine efficiency. The most restrictive barriers to accepting such
vehicles in the transport system are low energy density, heavier
weight, longer charging times and longer battery life [19]. Thus,
the optimal use of energy is critical to the operation of EVs [20—
22]. Due to their effectiveness and simplicity of implementation, it
is generally believed that proportional integral derivative (PID)
control which is used in many industrial drives is one of the most
common units. Also, PID controllers are involved in most existing
control loops and are used in industrial applications [23, 24]. While
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changing the operation conditions, significant performance
degradation may occur due to the obsolescence of components or
alteration of the working environment [25]. Due to the uncertainty
and difficulty of modelling the precise analytical model of a
controlled system, better performance can be provided by using
intelligent control techniques such as fuzzy logic control (FLC)
[26-28].

The FLC system offers many rules of strategy that use linguistic
tags more simply. This approach has been used in much other
energy demand management work in EVs [7]. FLC is a model-free
approach, it does not require a mathematical model of a controlled
system [28, 29]. Therefore, for improving the performance of the
EV traction, the FLC system controller should be designed with
adaptive properties when the system enters areas with fixed errors.
Finding suitable compromises between fast ascending time,
minimum steady-state error, and minimum overshoot are other
trends in FLC [30].

However, reducing steady-state losses is the point of interest in
the existing design methods [31, 32]. High and excessive current
peak losses in the machine can occur during transit with varying
flow links when conventional induction machines are designed for
high stability efficiency. Therefore, this paper focuses on the losses
of transient machines that occur during the very dynamic driving
cycle normally encountered by the EV traction motor drive.

In the literature, many different control structures have been
provided for EV applications. These include simple linear
techniques such as field oriented control [8, 33], direct torque
control [34, 35], and sliding mode control [36]. Reduce secondary
winding harmonic losses by using the finite element method [17],
using the model reference adaptive system with an optimised base
power scheme known as the golden section method [33]. Using
search controller (SC) which is based on adaptive quadratic
interpolation to optimise the loss of IM drive [20], and also using
the slip control that is carried out through a fuzzy controller with
nine rules, taking speed error change as input, to produced
frequency.

In this work, an FLC-based method is proposed for EV
applications. A comparison between each of the controllers (PID
and FLC) is then presented based on their impact on IM
performance. The main contributions resulting from this work can
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Fig. 3 Block diagram of the conventional PID controller

be summarised as follows: the main issue is to minimise the cost of
the drive life cycle, at estimated speeds and above, and efficiency
is an indicator of the cost of energy. The efficiency of the inverter
is affected by the total drive efficiency.

The rest of the paper is organised as follows: In Section 2, the
circuit description is presented, and the control principle is given in
Section 3. Power losses calculations and efficiency of IM drive are
analysed in Section 4. In Section 5, the simulation results and in
Section 6, experimental results are carried out and presented and
finally the conclusion is given in Section 7.

2 Circuit description

As shown in Fig. 1, battery EV is electrically operated vehicle
alone and consists of three main parts: firstly, an electric motor
system, often there is only one electrical machine, usually, a three-
phase AC. Connected to the wheel via the gearbox and differential.
Secondly, a battery that acts as a power store, and the energy is
stored chemically in the battery, which is plugged into the device
by an electronic DC/AC power adapter accompanied by the control
system. Lastly, the three-phase frequency and voltage control
system applied to the electric machine, depending on the current
driver's request, which is connected by the accelerator pedal and/or
brake pedal.
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In Fig. 1 the three-phase electric machine provides traction
power for wheels. The differential with gear ratio for high-speed
adjustment of the electric motor shaft to the low speed of the
wheels will provide torque for the left and right wheels. The speed
of the machine is controlled by an inverter that converts the battery
voltage DC to the three-phase AC voltage. It is important to
include losses from components when analysing the power
consumption of an EV that is not part of the power chain from the
grid to the wheels. To push the EV system into the required
operation, our commitment is to create suitable controllers for
feedback. The inadequately adaptable, flexible and powerful
controller can be implemented by adopting FLC techniques for
EVs applications.

3 Control principle
3.1 Conventional PID control

A classical PID controller is introduced in the first design approach
for applying to an indirect field-oriented IM order to control its
speed and also starting situation is investigated. As illustrated in
Fig. 2 the proposed control system includes a (direct—quadrature—
zero) conversion equations, and a phase-locked loop algorithm that
synchronises with the utility current regulator. The phase currents
(ia, ib, ic) are converted from a—b—c coordinates to a d—q frame.
The components of d—q can be described using the following
conversions:

. 2n . 2n i

iy > sin(w?) sm(a)t - T) sm(a)t + T) 'w

[i ] - \E 2 e

q cos(w1) cos(a)t - T) cos(a)t + T) i
The active and reactive power calculated now includes oscillation
and average components. However, two outer PID control loops
are utilised to acquire the average components to the outputs of the
active power and reactive power. A block diagram of the
conventional PID control is given in Fig. 3. This PID produces
active current reference (i;*) and reactive current reference (i;*),
as given in the following conversions:

igzkp(Pref_P)+ki/(Pref_P)dt @)

l; = P(Qref - Q) + ki/(Qref - Q) dr (3)

where k;, is the proportional constant and k; is the basic constant,
for the PID controllers used. Pef is the charging power reference
and Q,.r is the reference value of the reactive power required by the
AC source.

The control is designed by integrating the inner current loop
and the outer voltage loop. When comparing the current reference
with the actual current in the outer loop produces the current
reference, and it is used to control the inner loop. Consequently, the
internal PID loops are generated by comparing the measured line
currents obtained using the Park conversion. The results (e, and e,)
are first summarised by the disengagement conditions and then
normalised by the DC voltage to obtain the operating ratios in the
d—q coordinates as follows:

da _ 1
dq Vdc

Inverse matrix transformation can be used to obtain the duty ratios
in (a—b—c) frame coordinates, which can be expressed as follows:

e + Vi + 3wl X I
eg + v, — 3wL X iy

“4)
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3.2 Description of suggested FLC

Due to the non-linear characteristics of AC motors, especially the
squirrel cage induction motor (SCIM), controlling this problem
remains a difficult problem because many factors (mainly rotor
resistances) vary with operating conditions. Therefore, traditional
control technology (PID) must be changed using the effective
intelligent FLC [37] for EV applications. The most important
considerations in the design of any fuzzy system are:

(1) generation of fuzzy rules for some control issues, which are
created by experts in the area;

(i1) selecting the membership functions and adjusting;

(iii) selecting the scaling factors.

In the second design approach, the basic FLC was developed for
EV applications, which serve as a type of variable structure control
unit that is well established for stability and durability. Fig. 4
shows a typical FLC.

A new approach to improve adjustable speed drives voltage,
frequency, and current control is provided using the mathematical
technique called fuzzy logic. It can be applied to problems that
make non-linearity and its dynamic nature intractable by
conventional control methods in for EV applications. Motor control
has all the characteristics of this type of problem.

3.3 Speed control using FLC

Two input variables for FLC in the case of motor speed control are
needed, which are the motor speed error (we) and its derivative that
represents the speed variation error (Awe). Speed error and speed
variation error could be described as follows:

we = Wiep — Wyt (6)

where w*.r and w, denote the reference motor speed and the
actual/or measured motor speed, respectively:

dwe Awe
T, )

The controller output is the incremental change of the control
signal Au. The control signal can be obtained by

Au=At; =k, -we +k, - Awe ®)

where ki and k, represent the current and previous states of the
system, respectively. The universe of discourse in all membership
functions of the controller inputs, i.c., we and Awe, and the output,
i.e. Au, are defined on the normalised domain [—1, 1], as shown in
Fig. 5.

Five membership function (MF) for inputs and five MF for
output fuzzy sets have been used to partition the fuzzy logic
membership functions as shown in Fig. 5.

To relate two input variables to one output variable, a Mamdani
fuzzy inference system is used in this system. The two input
variables are the error (we), which are the differences between the
desired (set-point) and measured speed, and the change of error
(Awe). The scaling factors Ge, Gde, and Gu, in Fig. 4, which
perform the normalisation process and denormalisation of the
specific variables of a conventional control gain. When Ge, Gde,
and Gu are the error measurement, error variation, and FLC output
factors respectively, the value of these measurement factors is
based on the initial error. Limited models are used to reduce the
error and variation in the error between (1, —1) the input and output
functions of the FLC as shown in Fig. 5, while the FLC rules are
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Fig. 5 Membership function of FLC (we), (Awe), (Au)

Table 1 Rules of the FLC

Awe we

NB NS Z PS PB
NB NB NB NS NS Z
NS NB NS NS Z PS
z NS NS Z PS PS
PS NS Z PS PS PB
PB A PS PS PB PB

outputt

input2

Fig. 6 Crisp in./out. map

registered in Table 1. This feature gives a hint of using the
interpolation of the basic table of rules to create a more precise
continuous control rule than simply taking NB, NS, Z, PS, and PB
stand for negative big, negative small, zero, positive small, and
positive big, respectively. Here except for two obscure groups at
the outer ends (trapezoidal MFs are chosen), symmetrical triangles
are selected with an equal base and 50% overlap with adjacent
MFs.

As shown in Table 1, there are five fuzzy subsets for each
variable, which gives 25 possible rules, where the typical rule is:
‘If e is NB and de is PB Then u is Z’.

Speed correction control is a need because the motor speed and
output power are altered by the perturbation approach. The motor's
output rotor speed should be maintained as constant as possible.
The input/output mapping of the FLC is shown in Fig. 6.

Smooth torque and improvement in the system performance can
be produced for EV applications by using this fuzzy controller in
the outer loop by taking the speed error and variation of error as
input signals to create the equivalent control terms.
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Calculated Efficiency Vs. Percent Load

Table 2 Given and calculated parameters

90

—o—FLC ltem Symbol Value
85| —e— PID l voltage (line-to-line) 7 460V
80l 1 frequency F 60 Hz

7 sl 3 number of poles P 4 .

g \ power factor PF 0.85 lagging

§ 70 | three-phase IM is drawing (PID) I 62.6 A
é 65 3 three-phase IM is drawing (FLC) I 60 A
- | stator copper losses (PID) PscL 2 kW

% | stator copper losses (FLC) PscL 1.8 kKW

55 3 rotor copper losses (PID) PrcL 700 W

501 5 2‘0 = P 5*0 =5 7‘0 =5 9‘0 1(‘)0 rotor copper losses (FLC) PrcL 500 W

Percent Load [%] core losses PCore 1.8 kW

friction and windage losses Prgaw 600 W

Fig. 7 Efficiency of the IM drive using PID versus FLC
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Fig. 8 MATLAB model of three-phase IM

4 Power loss calculations and efficiency of
induction motor drive

The following power losses of the proposed control scheme at full
load for a worst-case scenario are estimated to verify the measured
efficiency.

4.1 Parameters

This section shows the entire given and calculated parameters in
Table 2. The parameters come from the typical values listed in the
datasheets. Next, some calculated parameters will be shown, and
the stray losses are negligible in [38].

4.2 Input power losses

Three-phase IM is drawing 62.6 A at 0.85 PF lagging using PID,
and 60 A at 0.85 PF lagging using FLC. The input power losses
can be estimated as

P =3 X ViIicos 0 = 3 X Viylppcos 0 9)

4.3 Air-gap power losses

The stator copper losses are 2 kW, and the core losses are 1.8 kW,
which is taken into consideration. The air-gap power losses can be
estimated as

Pag = Pra — (PscL + Pcore)

P, 10
=PC0nv+PRCL=3I§%=% ( )
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Table 3 Results of power losses analysis under full load
and efficiency estimation of IM drive using PID and FLC

Item Power losses calculation  PID FLC
Pn=+3xViicosd  42.395KkW 40.634 kW

=3 X Vpnlpncos @
Pag = Py — (PscL + Poore)  38.595 kW 37.034 kW

input power

air-gap power

losses

converted power Pcony = Pag — PreL 37.895 kW 36.534 kW

losses

output power Pou = Pcony — (Prgw + Psiray) 37.295 KW 35.934 kW
el 0, 0,

efficiency )y = I;;m % 100 87.97%  88.43%

4.4 Converted power losses

To calculated power converted, the only rotor copper losses are
700 W, is that taken into consideration. The converted power losses
can be estimated as

Pcony = Pag — PrcL

_3pRU =9 _ Pral=9) (11)
DR - S

Pcony = (1 = $)Pac (12)

4.5 Output power losses

The calculation assumes that stray losses are negligible and thus
the friction and windage losses are 600 W, which is that taken into
respect. The output power losses can be estimated as shown in
Table 3

POut=PConv_(Pf+w+Pstray) (13)

Fig. 7 shows the efficiency of the IM drive versus per cent load.
From this figure, the energy efficiency increases when the IM runs
at optimal performance. By comparison between the results
obtained by the controller tuned using some known tuning rules
and the results obtained by the suggested rules, a worthier
performance is achieved by the proposed.

5 Simulation results

Simulink and power sum toolboxes of MATLAB software are used
in the simulation, where two cases have been considered as shown
in Fig. 8. In the first case study, a 50 hp IM is powered using a PID
controller. Three-phase voltage and current are measured and
planned in the first 5 s of operation. Also, the probe is made in the
acceleration curve and the resulting torque. In the second case, the
motor itself is operated using FLC. PID controller response is
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Fig. 14 Speed response comparison for PID and FLC when the reference
speed is 1432 rpm

compared with the FLC response and the results are shown in
Figs. 9-11.

From the given figures, regarding the magnitude of starting
currents, an improvement has been achieved for the outputs and
time response of acceleration. The phase current with the suggested
method contains fewer loss components in the same order of
components. This shows that the system produced actual torque
smoother and reduces the speed variation [30]. Figs. 12 and 13
show the harmonic speed waveform of the PID model and the FLC
model, respectively.

Several simulation tests were done using both PID and FLC to
control the IM speed. The performance results of the control unit
were tested by a gradual variation of the speed reference at a
constant load torque as shown in Figs. 14—16. Table 4 shows a
comparison between the performance of PID and FLC, in terms of
peak overshoot, settling time and rising time, when the multistep
speed input.

It is clear from Table 4 that except for the rise time at 1145
(rpm), FLC compared with PID response for multistep speed input
provides a faster response in both settling and rise time. So FLC
compared with PID showed better performance. Also, FLC showed
a better ability to control the speed of the three-phase IM and
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Fig. 16 Speed response comparison for PID and FLC when the reference
speed is 859 rpm

provide an accurate and fast response with relatively no steady-
state error and no overshoot.

Several simulation tests were done using both PID and FLC to
control the speed of IM for EV applications. Simulations were
carried out using various operating conditions such as reference
speed and applied load. The performance of PID and FLC was
analysed and compared. The speed response of FLC for selected
reference speeds and its performance during load disturbance are
shown in Figs. 17a and b.

Fig. 18 shows the results of a 20 s simulation. At time =0, the
vehicle is completely stopped and the accelerator is suddenly
pushed to 70%. The car starts in electrical mode until the power
required by the vehicle reaches 10 kW (at 1=0.8 s). At the time 1=
12 s, the brakes are pushed to 70%. This turns on the electric motor
to transfer the brake energy to the battery and charge it for 4 s. At
the time #=16s, the accelerator is suddenly pushed to 70% again
[39].

6 Experimental results

The experimental circuit setup treated here is shown in Fig. 19. The
control system is given in a block diagram in the same figure. The
insulated gate bipolar transistor (IGBT) power modules
CMO900CU-24NF are each IGBT with reverse conducting diode in
the six in one IGBT power modules is used for switches Q1(S/D,),
05(82/Dy) and Q3(S3/D3) and the upper IGBT with reverse
conducting diode in the six in one IGBT modules is used ad diode
while two IGBT is not in use. The obtained experimental results of
the proposed FLC control scheme provide very good stability and
better performance over the conventional PID controller in total
harmonic distortion. Also, the experimental results were in good
agreement with the simulated results.

Three-phase inverter: The inverter is very important
electronical equipment, and the function of the inverter is to
convert the DC signals to AC signals as shown in Fig. 20. The
generated voltage of the inverter has two forms, the first form is the
(AC) voltage (e.g. sine wave and square wave) and the second
form is the sine modulation (modulation sine wave). The
semiconductor industry is commonly used in the power devices
like the inverter, MOSFET, IGBT, transistor or thyristor.

Level shifter: Level shifter IC (40109) is used to drive pulses
that come from the Arduino controller to the inverter from the low-
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Table 4 Comparison of FLC and PID performance in multistep speed response. The sampling time is Ts=2e7®s

Reference speed, rpm Rise time, s Settling time, s Peak overshoot, %
FLC PID FLC PID FLC PID
1432 0.731 0.681 1.982 2.584 0.501 10.55
1145 0.630 0.543 1.910 2.679 0.496 13.06
859 0.547 0.402 1.868 2.419 0.489 18.45
E 1500 . . . . . , , .
=
§ 1000 1
2
500 ———FLC|
‘2. 0 ! ! 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Time (s)
a
‘£ 1500 : : - - - - . -
1=
5 1000 o
2
500 | — }
Q. 1 1 L i ! I I I
2 oo 2 4 6 8 10 12 14 16 18 20
Time (s)
b
Fig. 17 Speed response comparison for PID and FLC
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Fig. 18 Shows battery performance during charging and discharging modes

Fig. 19 Experimental prototype of the system circuit diagram

level VCC (5 V) to high-Level Vo (15 V). Fig. 21 shows the design
diagram of the level shifter.

Arduino: The Duemilanove board features an Atmel
ATmega328 microcontroller operating at 5 V with 2 Kb of RAM,
32Kb of flash memory for storing programs and 1Kb of
EEPROM for storing parameters. The clock speed is 16 MHz,
which translates to executing about 300,000 lines of C source code
per second. The board has 14 digital I/O pins and 6 analogue input
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Fig. 20 Three-phase inverter device

pins. There is a USB connector for talking to the host computer and
a DC power jack for connecting an external 620 V power source
as shown in Fig. 22.

Voltage sensor: To estimate the voltages generated in the motor,
three voltage sensors are required. The sensors used are the hall
effect sensors manufactured by life energy motion (LEM). Fig. 23
shows the design diagram of the voltage sensors and how to
connect them.
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Fig. 24 Current sensor board

Current sensor: Three current sensors are used to measure the
current injected into the motor. Each current sensor can measure up
to 25 A. Sensors are hall effect sensors and are manufactured by
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LEM. The circuit of the current sensor card implemented is shown
in Fig. 24.

Fig. 25 shows the experimental waveforms of the gate control
signal (Q;, Oy, 03). Fig. 26 shows the experimental validation of
the stator current of the PID model. Fig. 27 shows an experimental
validation of the stator current of the FLC model. Fig. 28 shows the
experimental validation of the harmonic speed waveform of the
PID model and Fig. 29 shows the experimental validation of the
harmonic speed waveform of the FLC model. By analysing the
total harmonic distortion (THD) in simulated and experimental
results, the resulting THD was 1.198% for the PID identifier, as
opposed to 0.4115% for FLC. Thus, there is a 35% increase in the
fundamental output with improvement in quality (i.e. THD lower
compared to PID) using the FLC. Experimental results show that
when IM operates at optimal flux, the energy efficiency increases.
Also, these figures show the superiority of the proposed controller
in reducing the losses during drive cycles in an EV.
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Fig. 29 Experimental validation of the harmonic speed waveform of the
FLC model

7 Conclusion

When IM operates in less than full load condition, it can consume
more power than needed. This excess power is in the form of heat.
By using the FLC the starting current amplitude can be controlled
and more power can be saved during this time. The inputs of the
fuzzy controller are the error of speed and change of error which
are used in the outer loop for producing an equivalent controller
term. In this paper, a simulation study was conducted on a 50 hp
IM-driven EV. Different performance indicators are tested such as
peak overshoot, steady-state error, rise time, and settling time. The
results showed that the phase current in the suggested system
includes fewer loss components (less amplitude) with the same
order components. The amplitudes of loss are reduced on the
average for the actual torque in the steady state. It achieves a
smooth torque and improves system performance. The simulation
results of the suggested FLC scheme showed very good stability
and better performance over the conventional PID controller in
rising time, settling time, and peak overshoot. The proposed
control system is validated by the experimental results which are in
good agreement with the simulation results.
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bidirectional interleaved hybrid converter with coupled inductors for electric
Table 5 Circuit parameters
Item Parameters Symbol Value Unit
battery DC input voltage Vi 780 \%
inverter snubber resistance Rs 1000 Q
forward voltages Vs 0.8 \Y
switching frequency Fsw 10 kHz
IM nominal power P 37.3 kVA
voltage (line-line) L 460 Vrms
frequency Fn 60 Hz
number of poles P 4 —
mutual inductance Lm 34.7 mH
stator resistance Rs 0.087 Q
rotor resistance Ry 0.228 Q
stator and rotor leakage inductance L= L 0.8 mH
moment of inertia J 1.662 kg m?2
rated speed N 1780 rpm
friction coefficient F¢ 0.1 Nms
rated power Pqo 50 hp
Table 6 Controller parameters
kp/k1/Ge ki/kz/Gde kd/k3/GU
PID 5 30 1
FLC 1/120 2500 1
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