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Abstract: This paper presents the prototyping of a fuzzy logic-sliding mode control technique for
improved dynamics of induction motors. The proposed technique used the new fuzzy logic-sliding
mode control technique as the main drive control using indirect field-oriented control theory. A
simulation model was designed and implemented in a MATLAB/Simulink environment. An
experimental prototype of the proposed circuit topology was fabricated, with a 0.37 kW induction
motor fed from a quasi-impedance source inverter (g-ZSI) controlled by fuzzy logic-sliding
mode-based indirect field-oriented control. In the real-time control, a DSpace 1202 Microlab box
was used as a deployment module for the new control scheme on the g-ZSI-fed induction motor. The
performance was studied under various constant speed ranges and step/ramp speed responses, both in
simulations and experimentally. In this study, the proposed control method showed improved
dynamic behavior of the system under constant speed and forward speed operation. The impact of
FL-SMC in speed tracking with fast speed convergence was validated with experimental results.
Moreover, ripple-free voltage and the current of the induction motor were observed with the
proposed control scheme.
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1. Introduction

Recently, there has been a rapid increase in electric vehicle (EV) utility, which may also
increase exponentially in the near future. Most urban developing areas of all countries are opting for
EVs to replace conventional internal combustion (IC) engine vehicles. The EV drive is achieved by
different types of electrical motors, particularly alternating current (AC) motors, which display good
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performance. AC motors can be divided into two categories: permanent magnet synchronous motors
(PMSM) or induction motor (IM). The former is a common option for non-commercial vehicles. The
induction motor is extensively used in industrial applications due to its reliability, effectiveness, and
easy installation and maintenance. The availability of high-power electronic converters with mature
technology and the advantages of IMs makes it the most suitable choice for EV or hybrid EV (HEV)
applications. When compared with IM, the PMSM is an economical and efficient solution for
EV/EHYV, and e-vehicle manufacturers mostly use PMSM and IM motors in the propulsion drive
system.

The construction of PMSM and brushless DC motors requires a permanent magnet on the rotor,
which is expensive and needs to be imported. Also, there are viable substitutes that rely on rare earth
magnets for vehicle propulsion systems: induction and synchronous motors. A comparison, selection,
and review of different propulsion motors for EV/HEV are explained in [1,2], and there are several
available studies done on induction motor speed control and other machines, like PMSMs
(permanent magnet synchronous motor) and SRMs (switched reluctance motor). In [3], a speed
control was applied to the induction motor and connected to a quasi-z-source indirect matrix
converter. The voltage transfer ratio was improved, enhancing the performance of the induction
motor. The machine voltage was boosted to higher values during voltage sag conditions, maintaining
the speed of the machine. To control the quasi-z-source matrix converter, a space vector pulse width
modulation (PWM) was used. In [4], a vector control was proposed for controlling the speed of the
induction motor connected to a quasi-z-source direct matrix converter (QZSDMC). The QZSDMC
was controlled by a variable duty ratio shoot-through control method to adjust the voltage output of
the inverter. The QZSDMC could be operated in buck and boost modes by changing the duty ratio of
the shoot-through control. The induction motor was controlled with an indirect field—oriented control
algorithm, which performed better even during full-load conditions. The speed of the motor varied
dynamically at different instants of time, validating the performance of the machine by using a
simulation and an experimental setup.

In [5], the PMSM speed was controlled by a novel fuzzy fractional-order PID controller. The
membership functions were modeled as per the speed range requirement of the EV PMSM. An
optimization control technique was introduced for the estimation of parameters of the fuzzy logic
controller as per real time consideration. The proposed control module attained optimum speed
control of the PMSM, with reference signals generated by the fuzzy fractional-order PID controller.

In EV systems, the power converter plays a vital role in increasing the input and stage of
DC-AC conversion. Furthermore, it is required to achieve different speed ranges with speed
monitoring and battery-managing systems. The conventional voltage source inverter (VSI) requires a
high DC input voltage to accomplish the desired output voltage, causing the system to gain weight
and loose power if operated with less input voltage, hence reducing overall efficiency, which is
undesirable for EV systems. The quasi-ZSI (g-ZSI) can work with less input, as it has a built-in boost
converter due to its impedance network. The unique feature of g-ZSI—DC-DC and DC-AC
conversion in a single stage—makes it the most suitable converter for EV application, eliminating
the drawbacks of conventional VSI [6-8].

The g-ZSI combines the advantages of the basic ZSI and its unique abilities: It provides
continuous current and a reduced burden on the input source. Moreover, the reduced quantity of
components with lower ratings makes it cost-effective. The various applications of g-ZSl-fed IM
drives found in EV/HEV applications, fuel cells, photovoltaic panel, or PV arrays, among others, are
discussed in [9,10]. To an improved dynamic performance, propulsion systems require efficient
power converters along with an upgraded control drive. The g-ZSI shows flexibility in hybrid energy
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storage through a battery and supercapacitor for the IM-drive system. A hybrid control strategy
composed of two main basic control methods for EV systems was discussed in [11,12]. In [13,14], a
PMSM drive was controlled by a g-ZSI with a single current sensor control module. The speed range
of the PMSM was extended as the voltage range of the QZSI increased, which is very helpful for
electric vehicle applications.

In [15-17], the sliding mode control (SMC) was used in combination with direct torque control
(DTC) and indirect field-oriented control (IFOC) techniques. The SMC provides improved dynamic
transient response and displays an ability to sustain transients for parameter variation and external
disturbances. The torque ripple causes the vibration in the system that leads to the premature wear of
the drive components; the induction motor may then suffer from torsional oscillations due to torque
ripples. The fuzzy logic is easy to implement and, in combination with a PI controller, can overcome
the higher deviation and longer response time of the system. In [18], a novel control approach was
presented for IM speed control with g-ZSI. An electric power drive system is most suitable for an
EV/HEV system when appropriately chosen, as addressed by [19]; however, torque and flux ripples,
along with steady-state errors, can occur due to the use of a Pl speed controller. In [20], Al
techniques (FLC, ANN along with PI, and PI-SMC) were used in IM drive for EV/HEV applications.
The SMC controller will generate oscillations around the sliding-mode surfaces (chattering),
damaging the actuators. For this reason, a FLC-SMC speed controller was implemented in [21]. The
fuzzy logic, along with field-oriented control, were implemented to improve speed control, as FLC
shows better performance than a PID controller. Fuzzy logic control is easy to implement with any
control technique for performance improvement [22]. Important features required for speed control
are load variations and sensitivity to motor parameters. These advantages are guaranteed with the
SMC and the fuzzy logic algorithm to minimize the chattering phenomenon. The authors in [23]
showed the effectiveness of the SMC-FL combination in achieving fast response and good parameter
control through simulation results. A sensorless speed control scheme was implemented for the IM
drive, using SMC for sensorless speed control. With decoupled flux and rotor speed, it uses two
SMC controllers. Also, the author in [24] mentioned the stability, robustness, and tracking control for
the system. In both acceleration and deceleration modes of operation, the ZSl-fed IM is efficiently
used for electric vehicles (EVs) [25]. The author in [26] elaborated on the different rules of fuzzy
controller performance for speed control of induction motors, investigating a superior performance
with 49 rules of fuzzy logic.

The conventional techniques, which include only PI controllers, have a higher settling time and
slower response rates. Because of this, optimal control of the machine is not achieved, and the speed
of the machine has higher damping. In the hybrid control technique, the matured IFOC scheme is
used for decoupled control, with the IM fed from g-ZSI and FL-SMC. The proposed technique gives
an improved dynamic response with convergence of speed.

This paper is arranged as follows: The proposed test module is introduced in Section 1,
followed by the design of the proposed fuzzy logic-sliding mode module in Section 2. Section 3
includes the simulation results with different operating conditions. This simulation is validated by a
prototype experimental setup with lower rating, and the results are shown in Section 4. The final
Section 5 concludes the paper, determining the best control module for the operation of IM in
different operating conditions.

2. Proposed controller design

The indirect field-oriented control (IFOC) technique primarily requires a controlled motor speed
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and regulated 3-phase stator currents to generate pulses to the inverter. To achieve advanced optimal
speed control, the conventional PI current controllers in the traditional IFOC are replaced by a fuzzy
logic-sliding mode. One of the main advantages of SMC is its ability to maintain stability and ensure
tracking of the desired trajectory even in the presence of uncertainties and disturbances. The sliding
surface is designed in such a way that it is insensitive to certain types of uncertainties. The fuzzy
logic control adjusts the current at each step based on the current error and its rate of change.
However, the fuzzy logic control approach may suffer from ripples in the stator flux and torque, both
during dynamic transient and steady-state conditions. Hence, the combination of FL-SMC
overcomes these disadvantages.

In the FLC technique, the triangular membership function (MF) for the input variables is
necessary to decrease the computational load and speed up the process. Every input has seven
membership functions, so 49 fuzzy control rule possibilities. In Table 1, the negative big, negative
medium, and negative small are named NB, NM, and NS, respectively; zero is ZE; positive big,
positive medium, and positive small are PB,PM, and PS, respectively. The fuzzy logic produced two
controlled and optimized current values, iq4s g, and igqs g, , that help in ripple reduction and

eliminating chattering of SMC.

Table 1. Fuzzy membership functions.

e iqsref
NB NM NS ZE PS PM PB

€ lgs ref
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

The d-axis and g-axis current regulators need to be tuned. The control of these two currents is
done by FL-SMC. Two sliding surfaces are required, s; and s, ; one is for iz, control, and the
other one is for i,; control.

§1 = ids_ref - ids (1)

Sy = iqs_ref - iqs (2)

Where i4s .r and i .r are the reference values.

The control law is designed for the current regulator.

vgs = Vit + VL ©)
Vgs = Vot + Vi (4)

The voltage discontinuous control Vz; and Vs is defined as
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Vi = ky sat (—) (5)
¥1
n 2 (6)
Vqs = ky sat (_)
P2
N N
s [ ' i |_1| <1
sat (—1> -y sy %31 (7
1 sign (—) ;o 1Af |—| >1
P1 1
S S
S =2, if |—2| <1
sat (2)=4 P2 e ®)
P2 sign (—) ;o if |— > 1
\ ) ®2
Where k;, k, are positive constant, and the constant factor ¢;, ¢, are the “boundary layer
values”. The simplified current equations are used to get an equivalent voltage control law V™ and
Vs [17]
diy 1 _ L, 1 L _
dts = Ls o [Vds - Ra lgs + L_:n El/jdr + L_T () lpqr + Ls o welqs] (9)
di 1 _ L, 1 L ,
d_ZS = Ls P [Vqs - RU lgs +L_;n leqr _f Wy l/)dr - Ls o welds] (10)
Where R, = [R; + L’”Z] do = [1—L’"2] and t, ==
o s L, ando = L L, T TR’

Where Vs, Vis, las Lgs » Yas and i, are stator d-axis and g-axis voltage, current, and flux,
respectively. ¥4, , ¥, are rotor d-axis and g-axis flux. Ry, R,, L,,, L, and P are the IM motor
parameters stator resistance, rotor resistance, mutual inductance, rotor inductance, and pole pairs,
respectively.

The derivative of sliding surface s; and s, is given below
5:1 = ids_.ref - i(;is (11)
5.2 = iqs_.ref - it%s (12)

s; =0 and s, =0 forequivalent control law
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Figure 1. Proposed FL-SMC controller schematic.

In Figure 1, Z*is a MATLAB delay function. The proportional-integral (PI) compares the
actual and reference speed for controlling speed error signal. The final voltage equivalent control law
values are obtained with the help of fuzzy logic-controlled current values.

Vit = Ly o [igs, +—— Rgi L Lm1¢ Weigs] (13)
d = Lg ds olds — - Wdr - Welgs
s L. Lyo Lyo L, t, "T7ef 4
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Figure 2. Proposed control scheme block diagram.

In the proposed hybrid control technique, the speed PI controller is combined with FL-SMC for
speed control (Figure 2). The fuzzy logic (FL) is merged with SMC for direct and quadrature axis
current control. FL-SMC is applied to investigate the behavior of the IM drive with the proposed
control technique. The FL-SMC shows fast speed tracking and reduces ripple. Moreover, it ensures
that the system converges and stays on the desired trajectory, even if there are uncertainties affecting
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the system.

The IM drive is supplied by a g-ZSI. The g-ZSI addresses the issue of discontinuous input
current of traditional Z-source inverters (ZSI), which can adversely affect battery life and the
performance of EVs and HEVs. By rearranging the components of the Z-source network, the g-ZSI
is created, providing continuous input current. The g-ZSI performs two-stage DC-DC-AC conversion
in a single stage, offers wide voltage buck-boost capabilities, and is more advantageous than
conventional VSI. Its ability to extend the output voltage range and reduce component requirements
makes it an efficient and cost-effective solution for EVs and HEVs.

3. Software simulations and results

According to the system modeling and design of the proposed fuzzy logic-sliding mode-based
IFOC for the IM, the modeling is conducted using the MATLAB Simulink tool. A squirrel cage IM is
used for testing the proposed control method in MALTAB Simulink.

Table 2. Specification of IM for simulation.

Mutual inductance 0.172 H
Stator inductance 0.178 H
Rotor inductance 0.178 H
Stator resistance 1.405 Q)
Rotor resistance 1.395 Q)
Pole pairs 2

Rated power 4 kW
Rotor rated speed 1430 rpm
Rated voltage 400V

3.1. Performance analysis of the proposed system at constant speed operation

For the performance analysis of the proposed controller on IM drive with the specifications
mentioned in Table 2, it was operated at a constant reference rotor speed in rad/sec and constant load
toque in Nm. The analysis of the proposed system was observed through simulation waveform using
the MATLAB Simulink environment.
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Figure 3. Speed response under constant speed operation.

Under the constant speed operation, the proposed control system for the IM drive was simulated
from a standstill condition to a constant speed of 125 rad/sec (1200 rpm) with a 10 Nm load torque.
The MATLAB simulated results of the constant speed response are shown in Figure 3. It can be
observed from the speed response of the proposed control system that the actual rotor speed
smoothly reaches the set reference speed. The standstill condition lasts from 0 to 0.1 s, after which
the speed transitions to 125 rad/sec. It has been observed that after standstill condition, the speed
converges in less than 0.3 s (settling from 0.1 to 0.4 s). The speed curve shows good dynamic
response under the constant speed operation of the proposed control method.
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Figure 4. Speed PI controller output as Igref under the constant speed operation.
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Figure 5. Vds and Vgs response under the constant speed operation.

Moreover, it was also observed that the speed PI controller output gives a constant value, as
required by the controller, as shown in Figure 4. At standstill conditions, it outputs zero value, and at
switchover point, its oscillates and settles down to Iqref. The fuzzy logic-sliding mode controller is
used to provide direct and quadrature axis voltages, as shown in Figure 5. It was observed from the
voltage response of the FL-SMC controller that the chattering issue is reduced, and well-controlled
output voltages are achieved.

3.2. Performance analysis of the proposed system under the forward and reverse speed operation
Under the forward and reverse speed operation, the proposed control system of IM drive was

simulated from standstill conditions to different operating speeds. The MATLAB simulated result of
wide speed range response is shown in Figure 6.
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Figure 6. Speed response under the forward and reverse speed operation.
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The reference speed was initially set at standstill, followed by a step-up to forward speeds
ranging from O rad/sec to 104.7 rad/sec to 125.6 rad/sec in acceleration mode for the EV.
Subsequently, the speed decreased from 125.6 rad/sec to 83.7 rad/sec in deceleration mode for the
EV. The speed reversal condition was also set from 83.7 rad/sec to -83.7 rad/sec. It was observed
from the speed response that the actual rotor speed converges to the set reference speed under all
speed conditions: forward speed operation, speed decreased operation, and speed reversal operation.
Moreover, it took 0.3 to 0.35 s for convergence. A smooth dynamic response has been observed
during forward and reverse speed operation.

60 . | | | N | | .

20 —+ { H { { { { { —

Pl controller output Igref

-60 - I 1' 8 i i i i -

Time in seconds

Figure 7. Speed PI controller output as Igref under the forward and reverse speed operation.
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Figure 8. Vds and Vgs response under the forward and reverse speed operation.

Furthermore, a lgsref waveform in Figure 7 and the direct-quadrature axis voltage waveform
shown in Figure 8 were observed. From the waveforms, the Igsref was controlled to achieve different
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speed conditions. Similarly, the voltages of the IM drive were controlled by the FL-SMC controller.
During forward speed operation, both igs_ref and Vgs reversed polarities, while only the magnitude
changed in other parameters. During the transition from one speed condition to another, increased
and decreased magnitude were seen before convergence.

4. System prototyping and results
4.1. System description

To validate the simulation results from the previous section, an experimental setup was
fabricated with a prototype design (Figure 9). The controller was deployed to the external module
DSpace 1202 Microlab box. For prototyping, a small squirrel cage IM was used, with the following
specifications: Prateq = 0.37 KW, Viaeg = 220 V, Rs = 10.794 Q, Ls = 0.7238 H, Rr = 9.613 Q, Lr =
0.77109 H, Lm =0.6864 H, Naeq = 1430 rpm, pole pairs = 2.

The inverter receives firing signals from SVPWM pulses generated by the DSpace RTI 1202.
The 3-phase squirrel cage IM was equipped with a simple loading arrangement and speed encoder
placed at the shaft. Analog incremental encoder output pulses are input into the DSpace via digital
1/0 pins to capture speed. A 3-phase hall current sensor is used to capture the 3-phase current of the
induction motor. The output of the current sensor is input to DSpace via analog channels. The host
PC is equipped with MATAB software 2014b and DSpace control desk to monitor real-time output
results.

3 Phase. IM

Figure 9. Prototype model of proposed system.

The experiment was conducted for different speed references with slight loading conditions.
A. Performance of the proposed system at constant speed

A prototype model of the proposed system with IM was tested at a constant reference speed of
750 rpm (78.5 rad/sec).
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Figure 10. Result of speed response under constant speed operation.

A prototype result of the proposed control IM model was obtained using DSpace RTI 1202
control desk, as shown in Figure 10. It was observed that the proposed control method provides
smooth speed control. The results show that speed converges at set speed.
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Figure 11. Result Igsref under constant speed operation.

The PI controller outputs a constant result as Igsref, as shown in Figure 11, which is used as
input to the FL_SMC controller. The fuzzy logic works using if-else rules, employing two inputs and
seven membership functions, with 49 fuzzy rules implemented. A fuzzy logic control approach
suffers from ripple content in stator flux and torque under dynamic conditions. The FL-SMC reduces
this ripple and achieves fast speed tracking. Moreover, controlled firing pulses can be seen in
Figure 12. From the pulse zoom view, the generated frequency is observed to be 25 Hz.
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Figure 12. Result of gate firing pulses under constant speed operation.
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Figure 13. Result of FL-SMC controlled VVgs and VVds under constant speed operation.

The FL-SMC-controlled voltages are observed in Figure 13. VVgs shows reduced distortion in
the waveform; however, Vds shows an insignificant distorted waveform. These consistently
controlled voltages provide the required alpha-beta voltages, as shown in Figure 14. Upon closer
observation of the zoom view in Figure 14, voltages exhibit reduced ripple in the waveform. The
prototype model was tested across various constant speed ranges and consistently showed speed

convergence.
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Figure 14. Result of V_alpha and V_beta voltage under constant speed operation.

B. Performance of the proposed system under speed forward condition

The prototype model was tested for speed change response using a slider in control desk for
real-time speed change.

A L~ | S i - (MR - || @

Figure 15. Result for speed changes in forward (ramp) operation under forward speed operation.

For speed change, the set speed gradually increases from one speed to another using a slider
while the motor is running. It has been observed from the real-time speed change response that the
proposed system converges to the set speed, as shown in Figure 15. In the zoom view, both initial
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and final speeds are shown.

Figure 16 shows the real-time gate pulse waveform, where the pulse period (hence frequency)
changes automatically controlled by the FL-SMC control algorithm. It has been observed that the
control pulses from SVPWM are used to fire the g-ZSI switches, which provides the required voltage
and current to the induction motor. Zoom view 1 shows the initial stage of pulses, and zoom view 2
shows the final pulses after the set speed change.
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Figure 16. Result for firing gate pulses at ramp speed response under forward speed operation.
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Figure 17. Result of Igsref response under forward speed operation.

As the speed gradually increases, the same is reflected in the PI controller Igsref, which
increases slightly as shown in Figure 17. Furthermore, changes in the pulse period and frequency can
be observed for the inverter. From the zoom view in both parts, it is observed that a reduced ripple is
seen in the waveform.
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-~ Name Value Raster Platform Unit Downsam...
B vdsin1 6.05589 HostService Platform Automatic
B vasin1 114.451 HostService Platform Automatic

Figure 18. Result of FL-SMC-controlled VVgs and VVds under forward speed operation.
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Figure 19. Result of V_alpha and V_beta voltage under forward speed operation.

Moreover, the FL-SMC-controlled voltages are seen in Figure 18. At the initial stage, the Vgs
value ranges from 75 to 90 V and then from 95 to 115 V. It has been observed that speed control of
the quadrature axis voltage is crucial. These controlled voltages and the slip speed from Igsref are
utilized to obtain controlled alpha- beta voltages, as shown in Figure 19. Clear waveforms are seen in
the zoom view for both initial and change points. Moreover, smooth, and ripple-free voltages are
observed in Figure 19.

In the experimental analysis of the proposed control method for IM drive, a dynamic response
was observed. The prototype model operated under constant reference speed, constant load torque,
and speed change conditions. The DSpace RTI 1202 provided real-time results for the analysis of
FL-SMC-controlled IM drive. Under constant speed and forward speed operation, the proposed
control system improves dynamic responses in terms of speed tracking, fast speed convergence, and
reduction in ripple in both speed and voltage current of the induction motor.

5. Conclusions

In this paper, a new control technique was implemented for IM drive appropriate for EV/HEV
drive applications. The proposed FL-SMC control technique gives an improved dynamic response, as
seen on the MTALAB Simulink environment under constant speed and under forward reverse speed
operations. An acceleration, deceleration, and speed reversal mode has been investigated for speed
convergence and speed tracking in extensive speed ranges and load variations. The experimental
results using a prototype model validate the simulation results. Moreover, FL-SMC significantly
reduces ripple in speed, current, and voltage, as observed in simulation waveforms; however, in
hardware results, fast speed tracking and convergence were evident under constant speed and under
forward speed operations. The FL-SMC achieved smooth speed waveform and reduced ripple. Also,
the reduction in ripple in voltage and current responses revealed an improved dynamic performance
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of the induction motor.
6. Future scope

The hardware investigation may be carried out under acceleration, deceleration, and speed
reversal modes. Under load variation, it is necessary to observe the compatibility of the proposed
control scheme in real time. A comparative study can be suggested in hardware with conventional
IFOC method.
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