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# ABSTRACT- An easy sensor-less scalar control algorithm is described in this article as a method for controlling the speed
of an induction motor. For developing a closed-loop v/f control of the induction motor drive, a torque controller with PI is
implemented. The torque command was estimated by utilizing the voltage command, the feedback current, and a torque estimator.
Additionally, a torque reference was provided for the Torque PI controller. Considering this, the purpose of this work is to investigate
the closed-loop Pl-based torque control of an induction motor drive that applies DPWM. In addition to this, it provides a description
of a Pl-based closed-loop torque control that works in conjunction with v/f control and tries to discover the most effective method
for driving an induction motor based on an examination of Total Harmonic Distortion (THD) and torque ripple. To evaluate the
performance studies of open- and closed-loop strategies with DPWM techniques for induction motor driving, the

MATLAB/Simulink environment has been deployed. Experimental results have been validated.
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#1. INTRODUCTION

Several industrial applications make numerous uses of three-
phase induction motors. This motor is commonly used due to
its adaptability to various load conditions, simple and durable
structure, and affordable acquisition and maintenance [1] — [3].
Due to the vector control system's improved dynamic response
[4] — [11], numerous studies in this area have been performed.
Scalar control [12] — [14], however, produces the same results
with low steady-state error. Due to its widespread industrial
application, the (v/f) scalar control system is therefore taken
into consideration in this work. The constant V/f control
technique for induction motors frequently uses proportional-
integral (PI) control [15].

#2. CONTINOUS (CPWM) AND
DISCONTINUOUS PWM (DPWM)

In the past 20 years, several pulse width modulation (PWM)
techniques have gained popularity. All those PWM are grouped
as continuous PWM (CPWM) and discontinuous PWM
(DPWM) [16]-[17]. Unlike DPWM, which uses a
discontinuous time-varying signal, in CPWM, the modulating
wave would be a continuously varying signal, which indicates

that the modulation stops at some point because of the
modulating waves being clamped or connected to the +ve or -
ve DC bus for specific clamping durations, referred to as bus
clamping PWM. The positioning of a zero (+++ or ---) vector
and the division of the zero-vector duration influence both
continuous and discontinuous modulation. The popular CPWM
methods include space vector PWM and sinusoidal PWM. The
sine wave signal is compared to a triangular carrier wave, which
is of higher frequency than the reference carrier sine wave; sine
triangle PWM is yet another term for sinusoidal PWM (SPWM)
[18] — [20]. A significant benefit of SVPWM is that it uses the
DC bus 15% more efficiently than sinusoidal PWM. Even
though numerous studies [21] compare the performance of
SVPWM, sinusoidal PWM, and DPWM, by comparing and
evaluating the results of continuous and DPWM using
experimental and simulated analysis, it is suggested that 30°
DPWM outperforms all currently available DPWMs.
Therefore, the focus of this article is on closed-loop torque
control of an induction motor drive using 30° DPWM.

7 3. SPACE VECTOR PULSE WIDTH
MODULATION (SVPWM)

A 3-¢ system can distinctly be described by 2-¢ system. As they
allow for the use of the vectorial rotation attribute in a complex
plane, the 2-¢ quantities can be called as vector. The SVPWM
is supposed to be a 3-¢ sinusoidal waveform with three axes that
are 120° apart in time, yielding a space vector with a constant
amplitude that revolves at a constant speed. With 2 zero vectors
(+++ or ---) and 6 active vectors, the two-level inverter
SVPWM method creates the Vrer reference voltage, that is
sampled for each sub-cycle Ts. The switching sequence used in
traditional SVPWM distributes the zero-vector duration (To)
evenly between the two zero states i.e., either +++ or --- in each
sub-cycle. SVPWM can achieve a maximum control voltage of
(1/3) VDC. Figure 1 depicts the voltage vectors associated with

Website: www.ijeer.forexjournal.co.in

A New Closed Loop Constant v/f Control of Induction

652


https://www.ijeer.forexjournal.co.in/
mailto:nandhini3189@yahoo.com
https://doi.org/10.37391/IJEER.110302
https://ijeer.forexjournal.co.in/archive/volume-11/ijeer-110302.html
https://orcid.org/0000-0001-7129-8885
https://orcid.org/0000-0002-4005-1270

FOREX

Publication
Open Access | Rapid and quality publishing

two-level inverter containing six sectors | to VI. As shown in
Figure 2, the Vrer (reference vector) is generated by two active
vectors as well as two zero vectors (+++, ---) in traditional
SVPWM. For illustration, in Sector I, Vger is achieved by
employing Vi and V- vectors for T;and T, duration, Vo for the
To duration of the sub-cycle.

Here, Magnitude Vggr = /de + V2

Where, the two-phase quantities are,

2
Vd = § (Van - 1/2(Vbn - Vcn))

2 V3
V =3 (T(Vbn_vcn)

= tan ’Vd/VI;
VREFTS = V]_T]_ + V2T2 + VOTO
T,=T+T,+T,

V(-+-) Vy(++-)

Vo (+++)

Vo(--)
v

Vay(--+) <

Vs(-+) Ve(+-+)

Figure 1: Switching states of SVPWM

T, = VVRDECF sin Sf}:’(';;) T, €]
T, = VVR;CF sin Sm‘;o) T, )
2= (L =Ty = Ty) @)
:74.30° DPWM

In the conventional SVPWM each sector is divided into 60° but
in 30° DPWM the 60° sector is divided into two intervals, that
are fundamentally different from one another, such as it could
be divided into width Y"during the first quarter cycle and (60-
Y) in the following quarter cycle. Since the clamping duration
is splitinto two intervals, in the inverter states this is also termed
as “Split Clamping PWM” in literature [22]-[25]. R phase is
continually clamped to the +ve DC bus for a 30° duration as
shown in figure 2. And it is explained for sector I in figure 3.
Since one of the zero vector is removed, switching is reduced,
which causes reduced switching losses as well as inverter losses
along with the increase of switching frequency 1.5 times
compared to SVPWM, as a result, it is frequently employed in
high-frequency applications [26]-[28]. However, conduction
losses are higher than those of SVPWM for high modulation
indices and higher switching frequencies.
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Vg(+-+)

Vi(+--)
Figure 3: 30cDPWM explained for Sector I

5. ANEW CONSTANT V/F CONTROL
OF INDUCTION MOTOR DRIVE

The induction motor's speed is regulated by linearly changing
the voltage at the designated frequency using the v/f control
approach to maintain the air-gap flux constant. The block
diagram of the new v/f control of induction motor drive is
shown in figure 4, where the torque error goes through the Pl
controller and generates the slip speed, which would be added
to the feedback rotor speed. The voltage command is generated
by a v/f function. The two main characteristics of this
configuration are the inclusion of a speed tachometer, which is
necessary to get the feedback rotor speed to adjust for slip
frequency, and sensor-less torque estimation, which is different
from the former speed-based v/f control shown in figure 5. The
torque estimation is explained in the subsequent sections

DPWM
Generation

Torque _ ., I
reference e+ QZ: PI control 1 L Induction
- Vvif control
(Torque) i2n | jocutec motor
%l * "
N, .

| Torque "<—| Concordia s

b
L. [ a [:c:
l—l T

Figure 4: Block Diagram of 30°DPWM-based Closed-Loop v/f
control of Induction Motor Drive with torque PI control

DPWM
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Inducti nn\

motor

Speed .
Reference Nr +

VIf control

Inverter

Figure 5: Block Diagram of 30°DPWM-based Closed-Loop v/f
control of Induction Motor Drive with Speed PI control
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5.1 Torque Estimator

The two-phase model given by the reference (o, £) [29]-[30] is
the most appropriate model to examine the dynamic behavior
and control algorithm design of the three-phase IM. The
machine's three-phase representation (a, b, and c) is less
complex with the help of this model. The following
formulations provide the electromagnetic torque equations:

T, = p[Psa isﬁ - Qa/s\ﬂ lse]
t

Psa ZJ- (Vsq — Rsigq)dt
0
t

o = f (Weg — Ry isp)dt
0

The transformation known as Concordia; the three-phase
reference (a, b, c) can be transformed into two-phase reference
(o, p) using the below transformation:

2 1 1
Xa = § [Xa _EXb - EXC]
2 V3 V3
Xp= |3 [5 X — 5 Xl

With: X could be the machine's voltage, or current.

6. SIMULATION STUDIES AND
RESULTS

Under varied operating circumstances, the performance of the
novel constant v/f control for the IM drive based on Torque Pl
control has been closely reviewed. For the same 30°DPWM, the
results have been compared with Speed Pl controller. Kp = 14
and Ki =5 are the PI controller simulation parameters. To attain
the optimal performance in terms of reduced speed overshoot
and undershoot, lower settling time, and no steady-state error,
the PI controller was tuned using trial-and-error method. The
motor is first operated in an open loop to see what must be
modified so that it can reach the target speed. The values of Kp
and Ki are initially assumed to be 1 and 0, respectively. The
steady-state error has been eliminated after setting the value of
Kp, with the optimization of rising time and overshoot, then the
value of Ki has been increased which optimize steady-state error
and settling time, then the value of Ki is fixed. Table 1 lists the
empirical outcomes acquired by the FFT analysis from
MATLAB/Simulink for different control techniques. It
demonstrates the efficacy of the suggested torque control
technique since it gives lesser THD compared to prior Pl speed
control. The motor starts with no load for 1.5 seconds prior to
getting applied with the rated load torque of 26.89N.m for 4AKW
induction motor are shown in figure 6. The simulation results
are for 50Hz fundamental frequency and reference speed RPM
of 1200RPM. Figure 9 and 10 depict the stator current THD of
2.23% and voltage THD of 0.65% with their FFT waveforms
for 30° DPWM based torque control, respectively. The torque
smoothing waveform for torque control approach demonstrates
the least torque ripple figure 7. The addition of torque control
can improve the closed-loop v/f control scheme's dynamic
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response. The base value of the stator voltage magnitude is
determined by the first Pl speed using the desired V/F
characteristic, and the rotor flux regulator provides the
incremental voltage needed to follow the intended rotor flux
without error. The second gives the slip's base value, which is
calculated using the required torque and the expected rotor flux.
The slip is then corrected using the torque regulator so that the
desired torque is followed exactly which in turn it also reduces
the THD% of current. Figure 8 depict the torque speed
waveforms for Pl-based speed and torque control. The RMS
(Root Mean Square) torque ripple is determined by using
equation RMS torque ripple [31]-[32] and Ta is the average
torque value.

N
1
Tripple = NZ(Te @ - Toy)2
1=1

Y

1000 uwr
= 11 —
00 Tas 18 s

200

Speed inRPM
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L I 1
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Figure 6: Reference and actual speed responses of 30° DPWM
closed-loop constant v/f control with torque PI control

 Table 1: Current (THD%) and Voltage (THD%) at
fundamental frequency = 50 Hz and switching frequency =
10 KHz (Outcomes obtained in simulation)

Control Observed Current Voltage RMS-
Strategy output (THD%) | (THD%) | Torque
(Constant voltage Ripple
v/f control )
With PI speed 396.3 4.65 5.72 0.007N-
control based m
on 30 DPWM
With PI 396.4 2.47 0.77 0.005N-
torque control m
based on 30
DPWM

(50Hz) = 4.118, THD= 2.23%
T T T

Mag (% of Fundamental)
~ ) =
T T T

0 I I | I | ] [

0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 9: Obtained stator current FFT waveform for a 30° DPWM
with torque PI control
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Il With Closed loop Speed Pl control
I With Closed loop Torque Pl control

Torque(N-m)
n -A = v
l Bmn
-
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Figure 7: Torque comparison waveform of a 30° DPWM-based
closed-loop v/f control with speed PI and torque PI control
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responses with inverter’s output voltage figure 11a. Figure 11c
and 11d show the speed and torque responses for Pl torque and
speed control. Torque Pl control based constant v/f control
gives extremely better torque responses with lesser torque
ripples.

Squirrel- cage Induction motor — 0.75KW (1.6A)
Inverter -3¢

Fundamental frequency -50 Hz
Refspeed-1411RPM

Line —to- Line Voltage — 415v

QIP Speed Sensor

FPGA Board - Spartan 6

Switching Frequency -10 KHz

| 1nverte'r outp%t’s voltage ‘ ‘

Time in secs.

Figure 8: Torque, Current & Speed responses of a 30° DPWM
closed-loop constant v/f control with torque P1 control

(50Hz) = 396.1 , THD= 0.65%
T T T

02
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) |

0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 10: Obtained stator voltage FFT waveform for a 30° DPWM
with torque PI control

7. EXPERIMENTAL RESULTS AND

DISCUSSIONS

Using the SPARTANG6 FPGA board and a 3-phase inverter, the
experiment is carried out for both PI based speed and torque
control with 30° DPWM for a 0.75KW induction motor. Figure
12 snapshot shows the summary of the hardware setup. The
implementation was developed in the Xilinx ISE environment
and then downloaded to an FPGA board, where the pulses were
fed into a 3-phase two-level inverter. The QIP sensor is
employed to measure the induction motor's speed.

The torque is estimated from feedback on three phase current
parameters. The drive system is initially run in an open loop for
a variety of speed commands at rated V/f and no load; Figure
11b illustrates the open loop speed, torque, and current
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Figure 11: Observed waveforms at a 50 Hz (fundamental frequency)
and 10Khz (Switching frequency) for 30° DPWM with v/f control
during the experimentation (a) Two level inverter output voltage (b)
Open loop torque and speed responses (c). Torque and speed
responses with Torque PI control (d) Torque and speed responses
with Speed PI control

Figure 12: Photography of hardware setup

# 8. APPLICATIONS

Across the nation, electric utility vehicles are becoming more
prevalent on farms, pastures, and other terrain. The closed-loop
v/f control for the IMD (Induction Motor Drive) makes the
suggested speed control approach reliable, simple to use, and
ideal for applications requiring minimal precision. Moreover,
compared to other vector control techniques, the proposed
torque control technique's ease of implementation and
affordable cost make it more adaptable to vehicles that do the
same task, such as electric mini trucks and quad bikes, in any
hilly terrain.

9, CONCLUSION

This paper shows 30° DPWM implementation for new closed-
loop v/f control of an induction motor with torque control. The
speed PI and torque PI controller based on constant v/f control
models have been simulated using the MATLAB/Simulink
environment. In comparison to the speed Pl based constant v/f
control, the analytical, simulation, and experimental findings
for the torque PI based constant v/f control represent a better
reduction in torque ripple and harmonics in stator current.

International Journal of

Electrical and Electronics Research (IJEER)
Research Article | Volume 11, Issue 3 | Pages 652-657 | e-ISSN: 2347-470X

Torque is estimated with an estimator in a sensor less way,
which brings about better control of torque. As a result, the
performance objectives of the drive system are well met. For
future scope, it is also proposed to try and implement the
interval type 2 fuzzy (IT2F) method replacing Pl based control,
as the IT2F type phenomenally reduces torque ripples to
achieve better results, as cited in contemporary articles.
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