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Abstract

With advances in solid-state power electronic devices
and  microprocessors,  various  pulse-width-
modulation (PWM) techniques have been developed
for industrial applications. For example, PWM-based
three-phase voltage source inverters (VSI) convert
DC power to AC power with variable voltage
magnitude and variable frequency. This paper
discusses three PWM techniques: the sinusoidal
PWM (SPWM) technique, third-harmonic-injection
PWM (THIPWM) technique & Digital PWM
(DPWM) technique along with the analysis of Sensor
less close-loop vector control of Induction motor
drive. These PWM methods are compared by
discussing their ease of implementation and by
analyzing the output harmonic spectra of various
output voltages and their total harmonic distortion
(THD). The simulation results show that THIPWM
techniques have lower total harmonic distortion than
the SPWM & DPWM techniques & hardware
implementation scheme for SPWM Inverter is
discussed. The simulation results for Sensor less
vector control are also discussed.

Keywords: SPWM Inverter; Sensor less Indirect
vector control; Third harmonic injection; Three-
Phase

1. Introduction

Pulse Width Modulated (PWM) voltage source
inverters (VSI’s) are widely utilized in ac motor drive
application. Many PWM-VSI drives employ carrier
based PWM methods due to fixed-switching
frequency, low ripple current & well-defined
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harmonic spectrum characteristics. But a pulse width
modulated inverter employing pure sinusoidal
modulation cannot supply sufficient voltage to enable
a standard motor to operate at rated power and rated
speed. Sufficient voltage can be obtained from the
inverter by over modulating, but this produces
distortion of the output waveform [1]-[2]. In recent
past, Third-Harmonic injection Pulse Width
Modulation (THIPWM) switching technique is
developed and widely used for three phase PWM
inverter and the multilevel inverters [3]. It has been
generally reported that third-harmonic injected
modulation strategies offer superior performance
compared to regular sampled pulse width modulation,
in terms of reduced harmonic current ripple,
optimized switching sequence and increased voltage
transfer ratios. The voltage can be generally
increased by harmonic suppression for the rectifiers
as well as inverters. This can be mainly done by
injecting the third harmonic component with
fundamental in balanced three phase loads. At
present, induction motors are the dominant drives in
various industries. In recent years, demand for power
converters that operate in high switching speed, low
voltage with high power efficiency has become very
high [4]- [7].

The aim of this paper is to develop a vector
controlled induction motor drive operating without a
speed or position sensor but having a dynamic
performance comparable to a sensored vector drive.
Vector control of induction motor is based upon the
field-oriented co-ordinates aligned in the direction of
the rotor m.m.f. However, there is no direct means of
measuring the rotor flux linkage position ¥ and
therefore an observer is needed to estimate W for the
implementation of sensorless vector control. With the
help of synchronous reference frame model the
indirect field oriented vector control, which is very
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popular and convenient method in real time
implementation was developed [8]-[11].

2. General Theory of Voltage Source
Inverter

Voltage source inverters as the name indicate, it
receives dc voltage at one side and convert it to ac
voltage on other side. According to the type of ac
output waveform, these topologies can be considered
as voltage source inverters (VSIs), where the
independently controlled ac output is a voltage
waveform. The ac voltage and the frequency may be
variable or constant depending on the application. A
voltage fed inverter should have a stiff voltage source
at the input i.e. its Thevenin impedance should be
ideally zero. A large capacitor can be connected at
the input if the source is not stiff.

Three phase bridge inverter are widely used for ac
motor drives and general purpose ac supplies. Fig 1
shows the inverter circuit suppling a star connected
load. The circuit consist of three half bridge , which
are mutually phase shifted by 2n/3 angle to generate
the three phase voltage waves.

g
—-»

3 h K3
C

b

-
E)

S C

=
Yl
7

a —»

I J@ I

Fig 1: Circuit configuration of VSI.

Load

The three phase bridge inverter is basically a six step
bridge inverter. A step means firing of next SCR in
the sequence. Thus in a cycle (360°), firing of six
SCRs in a particular sequence forms six steps.
Therefore, each firing is delayed by 60° from earlier
firing. It means that the SCRs are fired at regular
interval of 60° in a particular sequence to synthesize
three phase voltage at the output terminals. The
diodes used in the circuit are feedback diodes. The
capacitor at input terminals helps to maintain
constant dc supply voltage to inverter. This capacitor
also helps to suppress harmonics resulting from
inverter operation and prevent them from reaching to
DC source. The three phase load connected at output
terminals a, b, ¢ is assumed to be a star or delta
connected purely resistive load.

3. Different Pulse-Width Modulation
Techniques

Up to date, due to the improvement of fast-switching

power semiconductor devices and machine control

algorithm, more precise PWM (Pulse Width

Modulation) method finds particularly growing

interest. The used PWM techniques are:

1 Sinusoidal pulse width modulation (SPWM)

2. Third Harmonic Injection pulse width modulation
(THIPWM)

3. Digital pulse width modulation (DPWM)

4. Sensorless Indirect Vector Control of Induction
motor drive

3.1 Sinusoidal Pulse Width Modulation

The sinusoidal pulse-width modulation (SPWM)
technique produces a sinusoidal waveform by
filtering an output pulse waveform with varying
width. A high switching frequency leads to a better
filtered sinusoidal output waveform. The variations in
the amplitude and frequency of the reference voltage
change the pulse-width patterns of the output voltage
but keep the sinusoidal modulation. As shown in
Figure 2, a low-frequency sinusoidal modulating
waveform is compared with a high-frequency
triangular waveform, which is called the carrier
waveform. The switching state is changed when the
sine waveform intersects the triangular waveform.
The crossing positions determine the variable
switching times between states.

\/ Comparator[—> Output Pulses

o
Carrier Signal

Fig 2: Block diagram for generation of SPWM
pulses

The gating signals can be generated using
unidirectional triangular carrier wave as shown in the
figure 3. But a pulse width modulated inverter
employing pure sinusoidal modulation cannot supply
sufficient voltage to enable a standard motor to
operate at rated power and rated speed. Sufficient
voltage can be obtained from the inverter by over
modulating, but this produces distortion of the output
waveform. The linear output range of SPWM is
restricted to 0.785 compared with six step inverter.
The non-linear region operation (over-modulation) is
leading to large amounts of sub carrier frequency
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harmonic currents, reduction in fundamental voltage
gain and switching device gate pulse dropping.
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Fig 3: Carrier & Reference Waveform along
with the pulses of Sinusoidal Pulse Width
Modulation

3.2 Third-Harmonic Injection Pulse Width
Modulation

The third — harmonic PWM is similar to the selected
harmonic injection method & it is implemented in the
same manner as sinusoidal PWM. The difference is
that the reference ac waveform is not sinusoidal but
consists of both a fundamental component and a
third-harmonic component. As a result, the peak-to-
peak amplitude of the resulting reference function
does not exceed the DC supply voltage V,, but the
fundamental component is higher than the available
supply V. The block diagram for Third Harmonic
Injection is shown below in figure 4.

Modified Signal

¥
e N
® (—

Output Pulses

Zero Sequence
Waveform Generator

Fig 4: Block diagram for generation of
THIPWM pulses

The reference voltage V. is added with signal
having frequency three times of fundamental
frequency and the magnitude is 1/6th of the
fundamental amplitude. The resultant is then passed
through comparator which compares the modified
signal with the carrier signal of frequency 2 KHz.
The presence of exactly the same third-harmonic
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component in each phase results in an effective
cancellation of the third harmonic component in the
neutral terminal, and the line-to-neutral phase
voltages are all sinusoidal with the peak amplitude.
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Fig 5: Carrier & Reference Waveform along
with the pulses of Third Harmonic Injection
Pulse Width Modulation

By injecting the third harmonic into the reference
voltage signal, the fundamental of the phase voltage
can-be increased. The voltage can be increased by
harmonic suppression for the rectifiers as well as
inverters. This can be mainly done by injecting the
third harmonic.

3.3 Digital Pulse Width Modulation

In recent years, the interest on digital control for
switching power converters has grown considerably.
In order to reduce limit cycle oscillations, high
resolution digital pulse width modular (DPWM) is
mandatory for the system implementation especially
for the applications with high switching frequency
and tight output regulation.

Square Wave  Modified Signal

Output Pulses

Carrier Signal

Zero Sequence
‘Waveform Generator

Fig 6: Block diagram for generation of DPWM
pulses

DPWM scheme is used to improve resolution while

keeping relative low cost. For the method of dithering

DPWM, it increases the resolution by averaging

several adjacent switching periods’ duty cycle values;
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hence, a large magnitude output ripple is resulted
although the limit-cycle oscillation could be reduced.
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Fig 7: Carrier & Reference Waveform along
with the pulses of Third Harmonic Injection
Pulse Width Modulation

3.4 Sensor less Indirect Vector Control of
Induction Motor Drive

Sensor less vector control induction motor drive
essentially means vector control without any speed
sensor. A speed signal is also required in indirect
vector control in the whole speed range and in direct
vector control for the low speed range, including the
zero speed start up operation. Speed encoders
undesirable in a drive because it adds cost and
reliability problems, besides the need for a shaft
extension and mounting arrangement. Controlled
induction motor drives without mechanical speed
sensors at the motor shaft have the attractions of low
cost and high reliability. To reduce total hardware
complexity, costs and to increase mechanical
robustness, it is desirable to eliminate speed and
position sensors in vector-controlled drives. To
replace the sensor the information on the rotor speed
is extracted from measured stator voltages and
currents at the motor terminals. The operation of
speed controlled ac drives without mechanical speed
or position sensors requires the estimation of internal
state variables of the machine. The assessment is
based exclusively on measured terminal voltages and
currents. Speed estimation is an issue of particular
interest with induction motor drives where the
mechanical speed of the rotor is generally different
from the speed of the revolving magnetic field. The
schematic diagram of control strategy of induction
motor with sensorless control is shown in Fig 8.

International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 2 Issue 5, May - 2013

CosBe Tas Ly Va
™ Decou- | 4 Vector [ T v [
i Rotator | —»{ PWM —I°—’; erte
PME 177 dqtoabe (> T
143
{77 ldx
m ' Sin 6
T Flux
Estimator
ve* oo
- T IM
PID —’O'— Speed

Estimator

(073

Fig 8: Block diagram of Sensorless control of
Induction motor

The inherent coupling of motor is eliminated by
controlling the motor by vector control, like in the
case of as a separately excited motor. The inverter
provides switching pulses for the control of the
motor. The flux and speed estimators are used to
estimate the flux and speed respectively. These
signals then compared with reference values and
controlled by using the PI controller. The controller
output is give to the decoupler which in turn is
connected to vector rotator, which converts 2-phase
to 3- phase quantities and these signals are given to
PWM converter. The dynamic model for the three-
phase induction machine in a rotating reference frame
can be described by the following equations:

gz = Lalg: + ]-rr-!-ql']

@a: = Lilgs + Linige . 1
i — . . f - - - - — — 1}
Pgr = ]-l'-ql'_ ]-rr_-qEJ

@ar = Lelar + Lnia:

. — |"-: - "I'\I

Pam = ]-rr.'\-qs L o ey

Pam = Ly (fas + Lgp

From equation (1) & (2) we get,

R.i d
vgs = Rig.+ —o..
ds zhds de Tds
R.i d
Vgog — glgg ™ T @
qs EE dt "as 7
. d =y
Var = Rplge I:\jl'r:‘;:]r_ Eodr
. d
Vg = Rplgr— 0,04+ 3 Car

From stator voltage equation (3)

d
va: = BRilg: + E Paz — — — — — — — (4]
With equation (1) & (2) the equation (4) will be
, d . d
Vg = Ry ]-I:E'N'-;ﬂ:fI _E"-Pdn'. _______ LAl

Equation (1) is
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With equation (1) the equation (6) is modified as

L, . o
Par = ]__'-P::lr’ - Lylgs ——————— ()
m
Rearranging the equation (7)
_ _ Ln@ar + Liplila: -
Fdm = L. T T~ (8)
r
Substituting equation (8) in (5)
s (R, + oSL,) 9
Vi, = ——@a + R, + o5l Hy—————— — (7
ds ]-r dt LPdr 8 5-+ds n
whereg=1— — is the linkage coefficient,
r~z

]-Is: ]-s_ ]-rr. J;""-]-Ir: ]-r_ ]-rr.

Rearranging the above equation

: b (R, + o5L.)ig] 10
. = —lvgg— (R, + o5l Mgl - ————-—- (107
dt“Pdr ]-P- d= 3 34 hds S s
Similarly,

d' = Lr [ [ \ ] -
E‘-qu = ]__ qs — (Rp; + o5l )ig ] ——————— (11}

m

The PI speed controller is designed in order to
stabilize the closed-loop sensor less speed control.
Closed-loop speed control with slip regulation adds
some performance improvement to open-loop
volts/Hz control. Here, the motor speed is compared
with the command speed, & the error generates the
slip frequency (w;) command through a P-I
controller & limiter. The slip is added to the feedback
speed to generate the frequency. Because slip is
proportional to torque at constant air gap flux, the
scheme is considered as torque control within a speed
control loop.

4. Simulation Results

The simulation of Sensor less control of induction
Motor is done by using MATLAB-SIMULINK.

Table 1. Inverter parameters

DC Bus Voltage 800 V

Carrier frequency 2 kHz
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Table 2. Induction motor parameters

Rated Power 2.2 KW
Rated Voltage 415V
Rated Frequency 50Hz
Number of Pole pairs 4
Stator resistance (Rs) 11.1Q
Rotor resistance (Ry) 2.2605 Q
Stator Inductance (LIs) 0.018189 H
Mutual Inductance (Lm) 0.71469 H

4.1 Simulation results for SPWM

In the fig.9 (a) the current and the voltage waveforms
obtained from the inverter when fed with the SPWM
pulses are shown.

Cuirent (Amps)

Line Voltage (Volts)

0.1 0.2 0.3 0.4
Time (sec)

Fig.9 (a) Machine Line voltage and current
with Vpc= 800 V for SPWM

The current waveform contains some harmonic
distortion in the form of spikes i.e. overshooting of
the magnitude. The frequency of both current and
voltage is 50Hz that can be observed from the
waveform.

Fig. 9(b) shows the waveforms of torque & speed of
an Induction motor varied for 25N-m to 50N-m for t=
0.18 & 0.25 sec respectively.
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Fig. 9 (b) shows speed & Electromagnetic
Torque of SPWM

4.2 Simulation results for THIPWM

In the fig 10 (a) the current and the voltage waveform
of the inverter fed induction motor drive is shown:-

Current (Amps)

Line Voltage (Volts)

-1000 L L L
0.1 0.2 0.3 0.4
Time (sec)

Fig.10 (a) Current and Voltage waveforms of
THIPWM

The corresponding torque generated by motor
(electromagnetic torque) and speed of induction
motor are shown in Fig. 10(b).
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Fig. 10 (b) shows speed & Electromagnetic
Torque of THIPWM
4.3 Simulation results for DPWM

In the fig 11 (a) the current and the voltage waveform
of the inverter fed induction motor drive is shown:-

Current (Amps)

Line Voltage (Volts)

-1000 . . .
0.1 0.2 0.3 0.4
Time (sec)

Fig.11 (a) Current and Voltage waveforms of
DPWM

The corresponding torque generated by motor

(electromagnetic torque) and speed of induction
motor are shown in Fig. 11 (b)
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Fig. 11 (b) shows speed & Electromagnetic
Torque of DPWM
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4.4 Simulation results for Sensor less

Control of Induction Motor Fig 13(a) Direct and Quadrature axes

currents (lgs & lgs)
The simulation of Sensor less control of induction

motor is done by using MATLAB-SIMULINK. From the graph it is observed that both currents are
The results for different cases are given below. dIiSP|aceddby 90°. Hence the coupling effect can be
eliminated.

Case-1: No-Load Condition

600
Reference speed = 100 rad/sec 400} 1
120 o 200 g
c
100 = 0 J
T s0 ~ 200 ]
&
L3
z 60 400| | | 1
b
& 40f
z 600 . . . .
0.002 0.004 0.006 0.008 0.01
20 Time (sec)
600
0 . . .
[] 0.1 0.2 0.3 0.4
120 400 B
100+ 200 ]
§ S0+ £ o 1
T 60r 1 ~ 00 E
;
E 40r 1 -400 | I -
20+ E
600 . . . .
0.002 0.004 0.006 0.008 0.01
[} L L L Time (sec)
0 0.1 0.2 0.3 0.4
Time (sec)

Fig 13(b) Direct and Quadrature axes
Fig 12. Shows that the reference speed of voltages (Vgs &Vgs)
induction motor and estimated speed

Fig 14 Shows the no load line currents and torque
waveforms.

Fig 13 (a) Show direct and quadrature axes currents
(Ids & Iqs)-
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Fig 14 (a) Line currents in Amps (b) Torque
in N-m on no load

It can be seen that at starting the values of currents
and torque will be high. The motor reaches to its
final steady state position within 0.05 sec. Hence it
has fast dynamic response.

Case-2: Variation in Load

Reference speed = 100 rad/sec; Load torque of 25
N-m to 50N-m is applied at t=0.18 & 0.25 sec.

Tabc (Amps)
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Fig 15 (a) Line currents, (b) speed and (c)
torque waveforms under load condition.

First the motor is started under no load and at

t = 0.18 sec a load of 25 N-m is applied. It can seen
that at 0.18 sec, the values of currents & torque will
increase to meet the load demand and at the same
time speed of motor slightly falls. Similarly, at 0.25
sec the same observations can be done.

5. Hardware Results for SPWM
Inverter

Experiments were carried using SPWM as resistive
load. The frequency of the inverter is 1 KHz. The
MOSFET IRF 840 is used as switching devices.
The dead time in the inverter is as 25ps.

Table 3. Lab Model (Hardware Details)

Switching Frequency 1KHz

MOSFET (IRF840) 8A,500V

DC Link Voltage 10v

A. Carrier Waveform Generation

The carrier waveform obtained from the
operational amplifier circuit is shown in the fig 16.
The frequency and the amplitude of the triangular
wave are set as 1 KHz and 8V (peak to peak)
respectively. The same carrier signal is used for the
pulse generation in SPWM.

Telo LI r Pos: 0.000s

P 2.50ms CH2 .~
Current screen display savwed to &% TERKOOOT.TIF
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Fig. 16 Carrier waveform of 1 KHz
frequency

B. Three-Phase Sine Wave Generation

Three-Phase sine waves are generated which are
120° displaced from each other as shown in figure
17. Its peak-peak voltage is 3.20V.

Tel P iy Trig'd P4 Pos: S.400ms
-+

CH2 5,004 P4 Z5.0ms

CHS S.00W 22—apr—13 14496

Phase R

— Phase B

Fig. 17 Three-phase Sine wave generation
of 50Hz frequency

C. SPWM Pulses

The gating signals for turning on the switches are
generated by comparing a high frequency carrier
signal with a sinusoidal reference signal of desired
frequency and it is shown in fig 18. It is generated
by comparing 1 KHz carrier wave and 50 Hz
referencesinewave.

b

il
i

L
T ALV

Fig. 18 SPWM Pulses for Phases R, Y & B
respectively
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D. Line voltage waveform for SPWM
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In the figure 19 the voltage waveform obtained
from the inverter when fed with the SPWM pulses
is shown. The maximum value of Line voltage =
10V

L1 11 11

Fig. 19 Line voltage waveform (Vg,)

Table 4 shows the values of the THD for output
voltage for SPWM, THIPWM & DPWM
techniques.

Table 4. Total Harmonic Distortion for
Voltage at different Modulation index for
SPWM, THIPWM & DPWM techniques
(Carrier frequency= 2 kHz)

Voltage (THD value)

Modulation

Index SPWM | THIPWM | DPWM
M=1 68.3 54.2 59.6
M=0.8 91.5 785 80.3
M=0.6 120.4 109.6 110.8

It is been observed that the THD for THIPWM
technique is better than the SPWM & DPWM

6. Conclusion

The Voltage source inverter operation with SPWM,
THIPWM & DPWM is simulated and their
performance has been presented. The effectiveness
of THIPWM technique in this operation improves
the inverter output rms voltage for a given DC bus
voltages as compare to SPWM & DPWM. Thus it
gives effective utilization of the inverter and
enhancement of rms content of the output voltage.
From the simulation results of Indirect vector
control of Induction motor drive, it can be observed
that, in steady state there are ripples in torque wave
and also the starting current is high. The main
results obtained from the Simulation, the following
observations are made.

i) The transient response of the drive is fast, i.e. we
are attaining steady state very quickly.
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ii) The speed response is same for both vector
control and Sensor less control.

iii) By using Indirect vector control, we are
estimating the speed, which is same as that of
reference speed of induction motor.

Thus by using sensor less control we can get the
same results as that of vector control without shaft
encoder. Hence by using this proposed technique,
we can reduce the cost of drive i.e. shaft encoder’s
cost, we can also increase the ruggedness of the
motor as well as fast dynamic response can be
achieved.
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