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ABSTRACT

The demand for very efficient and top-performing power converters and drives is rising, which requires a new controlling strategy for the drive system. The induction
motor (IM) and quasi-ZSI (g-ZSI) have elicited increasing interest in electric vehicle (EV) applications due to their unique features and benefits. However, it requires a
perfect controlling scheme to reduce torque ripple and achieve a fast and dynamic IM response. The study in this paper has been carried out on a g-ZSI (impedance
source inverter)-supplied IM drive. The Pl controller, together with a fuzzy logic controller (FLC), is used as a speed regulator. The FLC with speed regulation reduces
the torque ripple and SMC chattering of the IM. The sliding mode controller (SMC) replaces the two current Pl controllers of indirect field-oriented control (IFOC).
The proposed hybrid control strategy FLC-SMC-IFOC is implemented for the IM drive. The control system is implemented on the MATLAB/Simulink software and the
results are compared with the conventional IFOC control. The proposed system results in improved dynamic response, minimized torque ripple, and fast convergence.
Index Terms—tElectric vehicle, indirect field-oriented control, induction motor, Pl-fuzzy logic controller, sliding mode control.
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I. INTRODUCTION

Presently, the global drive toward the reduction of greenhouse gas emissions for protection of
the environment and to meet the advanced standards of fuel economy that have been proposed
conserve the limited energy sources have made the development of electric vehicles (EVs) more
crucial than ever. There is a lot of competition in the development of a propulsion drive motor for
EVs. Currently, the most suitable motors for EV application are mainly the Permanent magnet syn-
chronous motor (PMSM) and IM. Furthermore, the control technology with advanced power con-
verters offers an attractive opportunity for the IM drive in the EV propulsion system. The industry
faces more challenging technical conditions and restrictions, such as operating restrictions, which
need to be addressed by the controller arrangement. The construction of Brushless DC (BLDC) and
Permanent Magnet Synchronous Motor (PMSM) requires a permanent magnet (PM) on the rotor.
This is expensive and needs to be imported. The recent Mahindra Reva e2o, Tesla model S, Tigor
EV, Tesla Roadster, Mercedes Benz EQC, and the Toyota forklifts & buses use a three-phase IM in the
power drivetrain. The IM drive is economical and best suitable for EV applications. The electromag-
netic torque is kept close to its reference. The torque needs to be adjusted within a short transient
response time of a few seconds to achieve good dynamic performance during torque transients.
Such transients include torque changes of the load. If the machine’s rotational speed is to be kept
constant, the machine’s torque should match the changing load torque to avoid speed fluctua-
tions. On the other hand, the machine torque needs to be quickly adjusted to achieve fast changes
in speed.

The g-ZSI offers a single-stage DC-DC-AC conversion without extra DC-DC conversion
required like VSI. The g-ZSI has reduced the number of components, increased the efficiency,
and reduced the volume with cost [1-6]. The g-ZSI network topology has eventually displayed
its dominance over the ZSI on continuous current input, reduced stress on the source, and
lower component rating. It has an extensive range of boosting voltage capability and is suit-
able for the EV. It also has increased applications in hybrid EVs (HEVs), fuel cells, photovol-
taic panels, and PV arrays, discussed in [7-9]. In the traction motor for the EV/HEV propulsion
system, the drive requirements are reliability, power density, low maintenance, low cost,
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ruggedness, and mature technology. Permanent magnet rotors are
tough to handle due to large forces that inherit play when anything
ferromagnetic gets in contact with them. The PM motor magnet
is very expensive. Therefore, the IM will likely hold a price benefit
over PM machines. The IM seems to be the most adapted candidate
for the electric propulsion for urban EV/HEV [10]. A control drive
with the correct power converter is required for EVs to achieve
a fast dynamic response. The SMC gives improved transient-—
dynamic response, robustness to parameter variation and external
disturbances, and simplicity in implementation. The SMC decou-
pling controller-based IFOC IM drive for EV control gives a better
dynamic performance, as discussed in [11,12]. Various advanced
control techniques are presented in [13,14]. The electrical motors
without magnet are the induction and synchronous wound field,
which signify practical substitutes to PMSM or rare earth magnet
motors in electric traction applications. The comparison between
electric motors is addressed in [15,16].

Various literature shows the use of IM in EVs with different control
methods. Direct torque control (DTC) and IFOC, in combination with
SMC, fuzzy logic, genetic algorithm, and some observers, are pro-
posed in [17-20]. The authorin [21] presents a “self-governing motor”
control assembly used in a propulsion system by the SMC speed
regulator. Moreover, the SMC controls the driving wheel speed with
high accuracy and improves the performance of the motors. In [22],
a new control scheme of the four-wheel drive propulsion system
control is introduced through innovative studies of SMC applied on
EVs with four self-regulating wheels. The propulsion system contains
four IMs and the EV uses an electronic differential for speed reference
calculations of the four wheels. Different combinations of control
methods are used along with the SMC approach for speed track-
ing, and low torque ripple is explained in [23-26]; however, it faces
overshoot and high speed response time during load variations. The
only use of a Pl speed controller leads to a ripple in torque and flux
with steady-state errors. In [27-29], advanced methods such as the
conventional control techniques and advanced control techniques
such as FLC and artificial neural network (ANN), PI-FLC, PI-SMC, and
the ANN technique used for the control of IM for EV applications
are presented. The IM has proved an appropriate solution for most
industrial applications. Additionally, the control strategies offer the
future of the sustainable automotive industry. The FLC is suitable for
applications like electric vehicles, and industrial-purpose robotics.
The FLC ensures the stable and improved operation in the IM drive
with FLC. Some authors also report that FLC gives more vigorous
and fast response and reduces the torque and flux ripples. Moreover,
the FLC speed controller improves the overall transient response
of the system [30-33]. Field-oriented control plays a vital role in IM
control, which fulfills the power requirements of the EV power drive
requirements. The FLC can minimize ripple contents in torque and
flux. FLC can easily be tuned by fuzzy rules. Moreover, FLC with dif-
ferent rules can be introduced and FLC with 49 rules gives better per-
formance. Different hybrid control strategies like MRAS-Fuzzy SMC
and adaptive SMC are presented. The fuzzy-SMC scheme is efficient
when compared to the SMC in eliminating the chattering phenom-
enon and improving response time. Adaptive SMC improves speed
tracking effectively and improves dynamic response, as explained
in [34-37]. In [38], a novel control approach for the speed control of
IM fed by a bidirectional g-ZSI using the IFOC method is presented.

A comparative study of the proper choice of the most appropriate
electric propulsion system for a parallel HEV is described in [39]. The
paper states that the advantages of the IM are maximum speed, high
range of field weakening, low current at no load, no necessity for rare
earth, robust design, absence of hazardous material, easy recycling,
better safety with low effort, and low production costs. However,
there are disadvantages like small torque density, higher weight
and volume, and high current at constant torque. The mathemati-
cal modeling of the Induction motor and a basic matured controlled
strategy with analysis are addressed in [40-42]. An EV requires a fast
dynamic response and a wide speed range, with constant torque
and constant power regions. Hence a new combined controller is
implemented to achieve the requirement for an IM used in propul-
sion systems.

In the proposed control technique, the FLC regulates speed,
reduces torque ripple, and eliminates the chattering phenomena
of SMC over the entire speed range. An FLC combined with a PI
speed regulator and an SMC-based IFOC produces a fast dynamic
response with speed tracking and torque ripple reduction for vari-
ous speeds and reduced load disturbances. The analytical calcula-
tion has also validated the finding. The results show a considerable
minimization in torque ripple percentage. However, the speed
convergence is fast and the overshoot is considerably reduced.
Unlike conventional inverters, the ZSI can simultaneously offer
boosting of input voltage applied and inversion action. The g-ZSlI
has voltage buck-boost abilities without an additional DC-DC
converter, and provides the required voltage for the IM drive. The
subsequent sections of the paper show the mathematical models
for the IM and about g-ZSI, FLC, SMC control laws, SMC-based IFOC
control strategy, and the MATLAB simulation results obtained with
an IM drive.

Il. DYNAMIC MODEL OF IM

The mathematical dynamic model of the three-phase IM represented
in the d®-g° synchronously rotating reference are shown below in
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where Vi, V., iy, ioe Ws, @and y are stator direct axis and quadrature
axis voltage, current, and flux respectively.y,, w,, are rotor direct
axis and quadrature axis flux. R, R, L, L, and P are stator resistance,
rotor resistance, mutual inductance, rotor inductance, and pole pairs
respectively of the IM motor parameters. Speed in rpm synchronous
speed, rotor speed, and slip speed w,, »,,, @, are represented respec-
tively. T,, T, B, and J represent electromagnetic torque, load torque,
viscous friction, and inertia respectively. With the help of indirect field-

oriented control (IFOC) theory and using (2), slip calculation is done:

&)

8

||
The traditional field-weakening technique based on |a) | is used:
m

[0
s _ref = ﬁids _base
'm

)

From iy, . direct axis rotor flux is calculated the using IFOC (8) as

Var =Lmigs (10)

ref *

11l. QUASI ZsI

The input current of the Z-source inverter (ZSI) is discontinuous,
which will curtail the lifespan of the source battery pack and weaken
the performance of the EV and HEV. The Z-source network com-
ponents are rearranged, and a new topology is formed, that is, the
quasi-ZSI (g-ZSI). The input current of the g-ZSl is continuous, while
at the same time evoking all the merits of the ZSI, which makes it
a good player for EV applications. The g-ZSI network contains two
inductors L1 and L2, two capacitors C1 and C2, and a diode D, shown
in Fig. 1. The g-ZSl is a power converter with a single-stage conver-
sion that can achieve voltage buck-boost abilities and draw continu-
ous input current from the battery source.

The g-ZSI modes of operation are categorized into three states. The
first one is active, the second null, and the third is the shoot-through
(ST) state. In the working of the active state, the g-ZSI works similar to a
conventional voltage source inverter (VSI). All upper switches or lower
switches of the inverter are conducted in the operation of the null state.
Additionally, the ST state occurs when the upper and lower switches
are turned on simultaneously on the same leg so that the inverter legs
are one, two, or three short-circuited. There are 15 possible switching
states in the g-ZSI. These states split into six active, two null, and seven
ST states. The advantages of g-ZSI over VSl are given below:

(1) The main benefit of this network topology is that it can function as
VSl or CSI, based on the use and requirements, and the output volt-
age of the g-ZSI can range from zero volts to any desired value.
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Fig. 1. Quasi ZSI topology [38].

(2) The ST state in ZSI offers a unique ability of buck-boost by
changing the time of shoot-through for the inverter.

It reduces the total component required and reduces passive
component rating.

It has continuous input current.

It reduces the electric motor ratings to deliver essential power.
It reduces in-rush and harmonic current when used in the
adjustable speed drive, and also offers ride-through throughout
voltage dips without any extra network and energy storage.

It reduces volume due to the fewer number of components
required and hence offers higher efficiency.

IV. SLIDING MODE - INDIRECT FIELD-ORIENTED CONTROL

(€)

4
(©)
(6)

@)

For IFOC, the direct axis and quadrature axis current regulators
that are required, which are responsible for flux and torque control
respectively, are to be attuned, and these two currents are controlled
by the sliding mode controller. Two sliding surfaces are required, s,
and s, of which the first is for i, current control and the second is for
is current control, as given below:

(11

S1=1ds _ref ~lds S2=1lgs_ref ~lgs

where iy ¢ and i, . are the values of the reference d-axis and refer-
ence g-axis stator currents, respectively, and iy, and i, are the values
of d-axis and g-axis stator currents respectively.

It is required to design a control law, as the output of the current
regulator is nothing but direct axis stator voltage and quadrature
axis stator voltage [22]:
Vs =Vo4 + Vg

equ n
VqS:Vqsq +Vqs

The voltage discontinuous control v} and V‘;’S is defined as

Vi =k sat[ij
P
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5—2; if 32 <1
% %
Sat[s—z} ’ ? (14)
%
2 sign[s—z]; if |22 51
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where k,, k, are positive constants and constant factors ¢,,
@, are the boundary layer values. To reduce the chattering prob-
lem which occurs due to the signum (signs) function, the saturation
(sat) function is used in voltage discontinuous control. The equiva-
lent voltage control law V;’S"“ is defined with help from mathemati-
cal modeling of IM and IFOC theory:

digs _ 1 ’

L
Vo —| R+ (15)
dt as {5 t,L

+L00,0gs

oLy 1
g+ —
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di 1 L2 L
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The derivative of sliding surface s, and s, is given below

Sy =lys _ref_ids

=i (17)

.qs _ref _'qs
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AR L2 1 Ly .
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|

The FLC is one of the controllers of Al techniques. The design of
FLC starts by assigning the expected input and output variables.
Fuzzification is the control method of changing a mathematical
variable to convert to a fuzzy variable (linguistic number). After
fuzzification, fuzzy rules apply with the help of fuzzy reasoning, then
defuzzification is done with the support of the centroid formula,
which gives a crisp value as output.

1
Vel =1 c{: +—
qs s ds,,
o Lo

m .
+ O dr _ref T Delds
Lo L,

tL,

V.FUZZY LOGIC CONTROLLER

For continuous membership function (MF), for example, the defuzzi-
fied value represented as a* using center of gravity (centroid) is
defined as follows:

*_faMF(a)da
B [MF(a)da -
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The triangular MFs are used to define fuzzy sets. In the fuzzy MF,
€y ety AN €*iy; .y are the two inputs. Every input has seven MFs.
Hence, the probable 49 FLC rules [29] are shown in the Table |, and
the FLC rules with reasoning are shown in Fig. 2. The negative large,
medium, small by NL, NM, and NS respectively, zero as ZE and posi-
tive large, medium, small by PL, PM, PS respectively are shown in
Table I.

Similarly, FLC is implemented for direct axis current control along
with the basic field-weakening method, so that proper control on
current change is achieved. The FLC provides more controlled sta-
tor current for further control action in the drive as shown in Fig. 3.
These two controlled current values are applied for achieving volt-
age equivalent control law values:

1 Lp? ;

Lo t,L, o

qusqu LO'|: gs _ FL+ |: }
Ls

L 2
1L, .
+ —— OnY g ref T Welgs
r

equ P
Vdsq _Lso-|:ld5_FL+

- clifl + el
Lo Lt Yar,, T Delgs

t,L,
Lo L

S

VI. PROPOSED SYSTEM

In conventional IFOC of IMs, the required proportional-integral (PI)
controller for regulation of speed and two more Pl controllers for sta-
tor current along the direct axis provides flux control, and stator cur-
rent along quadrature axis provides torque control, controller output
provides a controlled voltage which is applied to g-ZSI via the space
vector pulse width modulation (SVPWM) technique. The slip speed
calculation is done with the benefits of an IFOC theory. In the pro-
posed control scheme, the speed PI controller combined with the
FLC is implemented to achieve fast tracking, reduce torque ripple,
and reduce chattering action in the sliding mode controller. Similarly,
the traditional field weakening has been implemented to weaken

TABLEl. FUZZY MEMBERSHIP FUNCTIONS [26]

el qs_ref(k)

igs ref) NL  NM NS ZE PS PM PL
NL NL NL NL NL  NM NS ZE
NM NL NL NL  NM NS ZE Ps
NS NL NL  NM NS ZE Ps PM
ZE NL  NM NS ZE Ps PM pL
Ps NM NS ZE PS PM PL PL
PM NS ZE Ps PM PL PL PL
PL ZE PS PM PL PL PL PL
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PL then e igs ref is PL
J
Input are Fuzzification All the rules are evaluated Output
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numbers (Membership reasoning i} number
function)

Fig. 2. Fuzzy logic rules.

the flux for higher speeds, and also to get direct axis stator current
reference and more controlled value with the support of the FLC. The
fuzzy logic (FL) with SMC-IFOC control gives better performance and
a low ripple in torque, flux, stator current, and fast speed tracking. In
the SMC controller, the two-control laws are designed that give con-
trolled stator direct axis and quadrature axis voltages. The proposed
system diagram is shown in Fig. 4. The use of fuzzy logic-controlled
output currents and the chattering phenomena are not seen in the
sliding mode controller, and torque fluctuation of the IM is reduced.
The voltage control equivalent values have been obtained accurately,
and, hence accurate stator voltages have been obtained. The SMC-
IFOC-controlled stator voltages have been applied to space vector
pulse width modulation after inverse park transformation to obtain
pulses for g-ZSI. Here, a three-phase squirrel cage induction motor

with 4 poles, 4 kW, and a rated speed of 1430 rpm is used and the
applied pulses are of 5 kHz switching frequency.

VIl. COMPARATIVE PERFORMANCE ANALYSIS

A. Comparative Performance Analysis in Speed Operation

In this performance analysis, three case studies are analyzed using a
constant reference speed with constant load toque and step refer-
ence speed with constant load torque for both control methods with
the MATLAB Simulink, and the resulting simulation waveform.

1) Case | Constant Torque and Constant Speed
In this case, both techniques run for rated speed of 1430 rpm
and with 5 Nm load torque T, in simulation speed waveform,

ids_base —» Iwbl . ids_ref eids_ref
|w ILds_base
m Fuzzy
Wi, — + - - s :
z1 ." Logic >
igs € igs ref Controller |4 £y
eiqs_rgf iqs_FL
‘ v —
- -t
7 )
s
€ lqs_refl

Fig. 3. Proposed schematic of fuzzy logic controller.
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Fig. 4. Proposed control system.

as shown in Fig. 5. The rise time taken by the proposed control
method is less that is 0.22 seconds, with peak overshoot of 22 rpm
and undershoot of 7 rpm, and speed convergence is observed
at 0.3 seconds, whereas in conventional IFOC, the rise time
taken is 0.25 seconds with peak overshoot of 34 rpm and
undershoot of 51 rpm, and speed convergence observed at
0.6 seconds, as shown in Fig. 5. It is observed that the proposed
control technique achieved fast dynamic transient response by the
considering the above three factors. In torque waveform also,
the proposed control method converges faster when compared to
the IFOC control method, as shown in zoom view when torque at
0.25 seconds and at 0.45 seconds reaches 5 Nm respectively. Torque

ripple in the IFOC method is 17.91%, while in the proposed system it
is 9.72% respective to applied load torque of 5 Nm.

Itis observed from the current and flux waveform that the proposed
system gives smooth waveform with less ripple as compared to the
IFOC method shown in Fig. 6 and 7. By analytical calculation, the
percentage torque ripple at various speeds and torques is shown
in Table II, it is observed that torque ripple is significantly reduced
in the proposed control method as compared to the IFOC control
method. Also, speed and torque fluctuation are present in IFOC
control method at high speed and high torque, which are elimi-
nated by the proposed method.

T
1500 — wm smc )
f
E wre!
= 1000 wm PI
£
°
3 s00 A N ]
Z [V
0 0.3 04 0.5 0.6 7
! I ] ]
0.4 0.6 0.8 1 1.2
Time in seconds
150 T T T T T
10 Te smc
5 TL
g 100 - Te PI
= 0
£
g 50 .
g
o
[ 0 =
.50 | I 1
0.6 0.8 1 1.2

Time in seconds

Fig. 5. Speed and torque response at speed operation.
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Fig. 6. Stator current response at speed operation.

The results also revealed that the percentage reduction in torque starting from a low speed of 1000 rpm, increasing to the rated speed
ripples have been significantly lower with the proposed method for of 1430 rpm, and then to a higher speed of 1800 rpm, and further
rated and higher speeds, as summarized in Table II. decreased from the higher to the rated speed and to low speed
again. In simulation speed waveform, zoom view is shown at each
step to check speed tracking and fast speed convergence which is
considerably less in the proposed control method. In torque wave-
form, at each step response little more spike observed can been

2) Case Il Constant Torque and Step Speed
In this case, both techniques for the IM run for constant 5 Nm load
torque T, and the step reference speed input signal is provided

T T T T T T T
sflux SMC
sflux PI 7
2
; -
£
x
3 -
[~
1
=]
ko |
7]
0.1 .
0 | 1 1 | | | I 1 1
0.3 04 0.5 0.6 0.7 0.8 0.9 1 11 1.2
Time in seconds
Fig. 7. Stator flux at speed operation.
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TABLE Il. TORQUE RIPPLE PERCENTAGE IN CASE |

Percentage Torque Ripple

Speed in rpm Load Torque in Nm Proposed Control Method IFOC Control Method
1000 15 2.3096 26634
20 1.6979 1.8933
25 14105 2.3359
1430 15 3.2578 12.3086
20 3.145 9.5385
25 3.0554 7.5928
1800 15 7.5497 17.2238
20 6.7401 12.5638
25 5.9416 104107

seen in zoom view in case of the proposed control technique but
the convergence is fast as compared to the PI-IFOC method. The pro-
posed system shows the current smooth waveform, in Fig. 8 and 9
showing speed and torque dynamic response with time at differ-
ent speed ranges. Also shown is the corresponding stator current
response at speed operation.

It has been observed from the performed analysis that the conver-
gence of speed as well as torque is faster with the proposed method.
Moreover, the rise time and the overshoot in this case are also com-
paratively better. The results also reveal that the performance of the
proposed method is much better for the cases of constant speed and

step speed from rated to high speed. However, for the case of low to
rated speed, the performance is noted to be consistent with that of
the IFOC control method, as summarized in Table Ill.

It has been observed that the percentage of torque ripples is reduced
in further operating conditions, as shown in the analysis presented
in Table IV. However, the reduction in this case is comparatively lower
than that observed in case of constant speed operation. From the
performed analysis, in terms of the smoothness of motor operation
under variable speed and torque, the measured oscillations are more
in the IFOC method. However, the magnitude of oscillations is noted
to increase with the increase in the applied torque.

2000 T T
e Fo—-
wm SMC
wref
1500 - S
E = o |
g
£ 170 o
5 1000 s s //
‘é’. mﬁ%—‘ s /
»n 500 - 1200 4/ - 1412 1M 16 e 15
Y —
08 045 s 085
0 | | |
0.5 1 1.5
Time in seconds
T T
40
20 —
2 pom=d i
g 0
£ 20 :
@ 2
= a0
i
-60 14 e s e e 18
-80 | |
0.5 1.5

Time in seconds

Fig. 8. Speed and torque response at step speed operation.
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Fig. 9. Stator current response at speed operation.

B. Comparative Performance Analysis Under Torque Variation

In this performance analysis, a rated speed of 1430 rpm is used with
an initial load torque of 5 Nm.The step torque or variable load torque
gradually increases to 10 Nm and then to 15 Nm, and again decreases
gradually from 15 Nm to 10 Nm and finally to 5 Nm under constant
speed for both control schemes. The applied load torque T, and the
electromagnetic torque T, of both SMC-IFOC and PI-IFOC systems
are shown Fig. 10 and 11. It is observed from the speed waveform

time and less drop in speed during load changes as compared to the
PI-IFOC system.

1) Case lll Rated Speed and Step Torque

The comparative performance analysis during load variations is
summarized in Table V. The results reveal that drops in the speed are
insignificant with an increase in load, and are found consistent for
both of these methods. However, the speed convergence is faster in
the proposed method.

in SMC-IFOC system, that speed shows fast convergence with less

TABLE IlIl. SUMMARY OF COMPARATIVE ANALYSIS IN SPEED OPERATION

Case Dynamic Parameter Proposed Control Method IFOC Control Method
Constant speed 1430 rpm and constant torque 5 Nm Overshoot (rpm) 22 34
Undershoot (rpm) 7 51
Rise time (s) 0.22 0.25
Speed convergence time (s) 03 0.6
Torque convergence time (s) 0.25 045
Low speed to rated speed with load torque 5 Nm Overshoot (rpm) 48 48
Undershoot (rpm) 7 35
Rise time (s) 0.828 0.826
Speed convergence time (s) 1.15 1.16
Torque convergence time (s) 0.85 1
Rated speed to high speed with load torque 5 Nm Overshoot (rpm) 25 55
Undershoot (rpm) No No
Rise time (s) 1425 1.455
Speed convergence time (s) 15 1.7
Torque convergence time (s) 144 1.55
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TABLE IV. TORQUE RIPPLE PERCENTAGE UNDER DIFFERENT OPERATING CONDITIONS

Percentage Torque Ripple

Step Speed in rpm Load Torque in Nm

Proposed Control Method

IFOC Control Method

1000-1430 15 2.7310 3.2289
20 2.0622 26115
1430-1800 15 3.8737 43059
20 3.5822 3.6766
1800-1430 15 2.5630 2.7238
20 14153 1.4360
1430-1000 15 1.9638 22514
20 1.3127 1.5941

TABLE V. SUMMARY OF COMPARATIVE ANALYSIS AT RATED SPEED

Case Dynamic Parameter Proposed Control Method IFOC Control Method
Load torque from 5 Nm to 10 Nm with rated Drop in speed (rpm) when load changes 20 19
speed

Speed convergence time (s) 1.14 1.23

Torque convergence time (s) 0.95 1
Load torque from 10 Nm to 15 Nm with rated ~ Drop in speed (rpm) when load changes 26 23
speed

Speed convergence time (s) 1.8 1.85

Torque convergence time (s) 177 1.8
Load torque from 15 Nm to 10 Nm with rated ~ Drop in speed (rpm) when load changes 26 25
speed

Speed convergence time (s) 23 25

Torque convergence time (s) 2.15 2.2
Load torque from 10 Nm to 5 Nm with rated Drop in speed (rpm) when load changes 19 22
speed

Speed convergence time (s) 293 2.95

Torque convergence time (s) 272 28

The performance analysis during no load to full load under different
speed conditions is presented in Table VI. The analysis is considered
for three different constant speed operations with the zero to rated
load. It has been observed that in a case of low speed with zero to
rated load, the drop in speed is considerable along with the better
convergences of speed and torque.

For the cases of rated and higher speed, the drop in speed has been
noted to be significant. However, for the higher loading conditions
of the motor, the speed and torque are found to be oscillatory in
nature. The findings of the performed analysis with both the control
methods are summarized in Table VII.
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VIIl. CONCLUSION

In this paper, the hybrid control method is proposed for the induc-
tion motor drive. It has been shown from MATLAB/ Simulink results
that the proposed control scheme gives robust and better dynamic
transient responses suitable for EV /HEV application. The proposed
control technique attained fast speed convergence to different
signals of reference speed and exhibited good robustness to load
variations. The SMC doesn’t show chattering problems due to the
use of FLC. The desired voltage range obtained due to the g-ZSlI-fed
system also optimizes cost. The performance analysis of the IFOC of
the IM drive and SMC-based IFOC with PI-fuzzy logic of the IM drive



Electrica 2022; 22(1): 70-83
Tidke and Chowdhury. Q-ZSI-Fed SMC-IFOC of IM with PI-FL Speed Control

Speed in rpm

T T T T T
1500 [z -
[ i —_—
’ "o
1000 iae] W i
mnr‘\ P ‘m\}/k_,_::‘—u—a
3y - wm SMC
500 09 0% 1 108 11 m)‘s " 7 TR wref =
wm Pl
0 1 1 1 1 1
0.5 1 1.5 2 25 3
Time in seconds
25 T T T T T
Te SMC
E 20 A TL
£ 15 i TePI
g |
z 10
—
o
- 5
1 1 1 1 1
0.5 1 1.5 2 25 3

Time in seconds

Fig.

10. Speed and torque response at load variation.
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Fig. 11. Stator current response at load variation.

TABLE VI. PERFORMANCE ANALYSIS DURING NO LOAD TO FULL LOAD UNDER DIFFERENT SPEED CONDITION

Case Dynamic Parameter Proposed Control Method IFOC Control Method
1000 rpm with step torque 0 Nm to 25 Nm Drop in speed (rpm) when load changes 60 80
Speed convergence time (s) 0.8 09
Torque convergence time (s) 0.6 0.7
Rated speed with step torque 0 Nm to 25 Drop in speed (rpm) when load changes 70 110
N Speed convergence time (s) 0.8 Not converged
Torgque convergence time (s) 0.6 Not converged
1800 rpm with step torque 0 Nm to 25 Nm Drop in speed (rpm) when load changes 34 80
Speed convergence time (s) 0.8 Not converged
Torque convergence time (s) 0.7 Not converged
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TABLE VII. PERFORMANCE ANALYSIS SUMMARY

Sr. No. Dynamic Parameter Proposed Control Method Conventional IFOC Method
1 Speed convergence time Fast Slow

2 Rise time Less Moderate

3 Overshoot Small High

4 Speed response time after load applied Fast Slow

5 Drop in speed when load applied Less Moderate

6 Torque response time at speed change Fast Slow

is evaluated based on various dynamic parameters like rising time,
overshoot, speed convergence, and speed drop when load variation
and torque ripple occur. The proposed system achieved a consider-
able reduction in percentage torque ripple. Moreover, it achieved fast
speed convergence over a wide range of speed and load variations.
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APPENDIX A Rotor resistance R, =1.395 Q; Pole pairs P=2
Squirrel cage Induction motor parameters Output power P, =4 kW; Line voltage V, =400 V;
Mutual inductance L =0.172 H; Stator inductance L,=0.178 H; Supply frequency f, =50 Hz; Maximum load torque T, =25 Nm

Rotor inductance L,=0.178 H; Stator resistance R,=1.405 Q; Rotor rated speed N, = 1430 rpm; Inertia J=0.0131 kg m?



