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ABSTRACT

A voltage source inverter is commonly used to supply a three-phase induction motor with variable frequency and
variable voltage for variable speed applications. A suitable pulse width modulation (PWM) technique is employed to
obtain the required output voltage in the line side of the inverter. The different methods for PWM generation can be
broadly classified into Triangle comparison based PWM (TCPWM) and Space Vector based PWM (SVPWM). In
TCPWM methods such as sine-triangle PWM, three phase reference modulating signals are compared against a common
triangular carrier to generate the PWM signals for the three phases. In SVPWM methods, a revolving reference voltage
vector is provided as voltage reference instead of three phase modulating waves. The magnitude and frequency of the
fundamental component in the line side are controlled by the magnitude and frequency, respectively, of the reference
vector. The highest possible peak phase fundamental is very less in sine triangle PWM when compared with space vector
PWM. Space Vector Modulation (SVM) Technique has become the important PWM technique for three phase Voltage
Source Inverters for the control of AC Induction, Brushless DC, Switched Reluctance and Permanent Magnet Synchronous
Motors. The study of space vector modulation technique reveals that space vector modulation technique utilizes DC bus
voltage more efficiently and generates less harmonic distortion when compared with Sinusoidal PWM (SPWM) technique.
In this paper first a model for Space vector PWM is made and simulated using MATLAB/SIMULINK software and its
performance is compared with Sinusoidal PWM. The simulation study reveals that Space vector PWM utilizes dc bus

voltage more effectively and generates less THD when compared with sine PWM.

Keywords: PWM, SVPWM, three phase inverter, total harmonic distortion.

INTRODUCTION

AC drives are more predominant than dc drives.
Ac drives requires high power variable voltage variable
frequency supply. The research in Pulse width modulation
schemes has been intensive in the last couple of decades.
PWM techniques have been used to achieve variable
voltage and wvariable frequency in ac-dc and dc-ac
converters. PWM techniques are widely used in different
applications such as variable speed drives (VSD), static
frequency changers (SFC), un-interruptible power supplies
(UPS) etc. The main problems faced by the power
electronic design engineers are about the reduction of
harmonic content in inverter circuits. The classical square
wave inverter used in low or medium power applications
suffers from a serious disadvantage such as lower order
harmonics in the output voltage. One of the solutions to
enhance the harmonic free environment in high power
converters is to use PWM control techniques. The
objective of PWM techniques was to fabricate a sinusoidal
AC output whose magnitude and frequency could both be
restricted.

PWM switching strategies not only addresses the
primary issues viz, less THD, effective dc bus utilization
etc but also take care of secondary issues like EMI
reduction , switching loss, better spreading of Harmonics
over the spectrum. Real-time method of PWM generation
can be broadly classified into Triangle comparison based
PWM (TCPWM) and Space Vector based PWM
(SVPWM).

In TCPWM methods such as sine-triangle PWM,
three phase reference modulating signals are compared

against a common triangular carrier to generate PWM
pulses for the three phases. The frequency of the carrier
signal is very high compared to the modulating signal. The
magnitude and frequencies of the fundamental component
in the line side are controlled by changing the magnitude
and frequency of the modulating signal. It is simple and
linear between 0% and 78.5% of six step voltage values,
which results in poor voltage utilization. Voltage range has
to be extended and harmonics has to be reduced.

In SVPWM methods, the voltage reference is
provided using a revolving reference vector. In this case
magnitude and frequency of the fundamental component
in the line side are controlled by the magnitude and
frequency, respectively, of the reference voltage vector.
Space vector modulation utilizes dc bus voltage more
efficiently and generates less harmonic distortion in a
three phase voltage source inverter.

SPACE VECTOR PULSE WIDTH MODULATION

Space Vector Modulation (SVM) was originally
developed as vector approach to Pulse Width Modulation
(PWM) for three phase inverters. It is a more sophisticated
technique for generating sine wave that provides a higher
voltage to the motor with lower total harmonic distortion.
The main aim of any modulation technique is to obtain
variable output having a maximum fundamental
component with minimum harmonics. Space Vector PWM
(SVPWM) method is an advanced; computation intensive
PWM method and possibly the best techniques for
variable frequency drive application.
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A space vector PWM

The circuit model of a typical three-phase
voltage source PWM inverter is shown in Figure-1. S,
to S¢ are the six power switches that shape the output,
which are controlled by the switching variables a, a’, b,
b’, ¢ and ¢’. When an upper switch is switched on, i.e.,
when a, b or ¢ is 1, the corresponding lower transistor
is switched off, i.e., the corresponding a’, b’ or ¢’ is 0.
Therefore, the on and off states of the upper switch S;, S;
and S5 can be used to determine the output voltage.
SVPWM is a different approach from PWM modulation,

based on space vector representation of the voltages in the
o-B plane. The a-f components are found by Clark’s
transformation. Space Vector PWM (SVPWM) refers to
a special switching sequence of the upper three power
transistors of a three-phase power inverter. It has been
shown to generate less harmonic distortion in the output
voltages and/or currents applied to the phases of an AC
motor and to provide more efficient use of dc input
voltage. Because of its superior performance
characteristics, it has been finding widespread application
in recent years.

LN
| S5
81.«"'];., 4R s3 s S Y an T
_J"'"' | | E— [ x ( E—o— T
Vo2 —H ] ~ R s
we =
l, —»
. a Y e ——
—
AC # 0 b Y e— N
’ ; | —
Source C ¢ e
"‘Il:l:'lz T S4/‘|_ T SE - ™ 52 Fa T
(b5 (BH(5) (B(F)
- r o T
Diode Bridge DC-link ‘ Three phase inverter
Rectifier Capacitor )

Figure-1. Three phase voltage source inverter.

SPACE VECTOR CONCEPT

The space vector concept, which is derived from
the rotating field of induction motor, is used for
modulating the inverter output voltage. In this modulation
technique the three phase quantities can be transformed to
their  equivalent two-phase quantity either in
synchronously rotating frame (or) stationary frame. From
these two-phase components, the reference vector
magnitude can be found and used for modulating the
inverter output. The process of obtaining the rotating space
vector is explained in the following section, considering
the stationary reference frame. Considering the stationary
reference frame let the three-phase sinusoidal voltage
component be,

V,= V,.Sinot )
Vp= VpnSin(ot-27/3) 2)
V.= VuSin(wt-47/3) 3)

When this three-phase voltage is applied to the AC
machine it produces a rotating flux in the air gap of the AC
machine. This rotating resultant flux can be represented as
single rotating voltage vector. The magnitude and angle of the
rotating vector can be found by means of Clark’s
Transformation as explained below in the stationary reference
frame. To implement the space vector PWM, the voltage
equations in the abc reference frame can be transformed into

the stationary dq reference frame that consists of the
horizontal (d) and vertical (q) axes as depicted in Figure-2.
From Figure-2, the relation between these two reference
frames is below

f,0=K.E,. @)

q0 a

d axis A

: QE

axis

G

Figure-2. The relationship of abc reference frame
and stationary dq reference frame.
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and f denotes either a voltage or a current variable.

As described in Figure-2. This transformation is
equivalent to an orthogonal projection of [a b ¢]' onto the
two-dimensional perpendicular to the vector [1 1 1]° (the
equivalent d-q plane) in a three-dimensional coordinate
system. As a result, six non-zero vectors and two zero
vectors are possible. Six non-zero vectors (V{-V) shape
the axes of a hexagonal as depicted in Figure-3, and
supplies power to the load. The angle between any
adjacent two non-zero vectors is 60 degrees.
Meanwhile, two zero vectors (Vo and V) and are at the
origin and apply zero voltage to the load. The eight
vectors are called the basic space vectors and are denoted
by (Vo, Vl, Vz, V3, V4, V5, VG, V7) The same
transformation can be applied to the desired output
voltage to get the desired reference voltage vector,V ¢ in
the d-q plane. The objective of SVPWM technique is to
approximate the reference voltage vector Vs using the

N

qu_ f quo] > abc_[f f f]

SWITCHING STATES

eight switching patterns. One simple method of
approximation is to generate the average output of the
inverter in a small period T to be the same as that of
Virin the same period

q axis 4
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Figure-3. Basic switching, vectors and sectors.

Table-1. Switching patterns and output vectors.

Switching Line to neutral . .

Voltage vectors voltage Line to line voltage

vectors AlB|c]|Vv, V. | v Vi v | v,
Vi olofo| o 0 0 0 0 0
Vi 110|023 | <13 | -13 ] 1 0 -1
V2 1 110 1/3 1/3 -2/3 0 1 -1
V3 0 1 {0 -1/3 2/3 -1/3 -1 1 0
v, o1 (1|23 |13 |13 |-1]0 1
V5 0 0|1 -1/3 1/3 2/3 0 -1 1
V6 1 0|1 1/3 -2/3 1/3 1 -1 0
V7 1 1 1 0 0 0 0 0 0

For 180° mode of operation, there exist six
switching states and additionally two more states, which
make all three switches of either upper arms or lower arms
ON. To code these eight states in binary (one-zero
representation), it is required to have three bits (2° = 8).
And also, as always upper and lower switches are
commutated in complementary fashion, it is enough to
represent the status of either upper or lower arm switches.
In the following discussion, status of the upper bridge
switches will be represented and the lower switches will
it’s complementary. Let "1" denote the switch is ON and

"0" denote the switch in OFF. Table-1 gives the details of
different phase and line voltages for the eight states.

SOFTWARE IMPLEMENTATION OF SVPWM
Space vector PWM can be implemented by the
following steps:

Step-1: Determine V, , V , V¢ and angle( ).

Step-2: Determine the time duration, T;, T, and T,

Step-3: Determine the switching time of each transistor
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(S, t0Sy).
Step-1: Determine V, V V.. and angle(cr )
From Figure-4, Vd,V V. and angle (&) can be

determined as follows:

V4=V, = Vi, -€0s60" =V, -cos60’
1 1
=Vyp——=Vi,—=V. 6
an 7 bn 7 cn (6)
V, =0+V,, -c0s30° =V, -cos30°
=V, +£-c0530° —£-00530° (7
2 2
A
. |:Vd:| = % . 2 2 V, (8)
: V - 3 bn

= Vi + V7 )

o= tan_1 [%} = wt=2nft , where f = fundamental

ref

frequency.

g axis 4

b -

Vas r Virer
da
-
Vy a, d axis

c

Figure-4. Voltage space vector and its
components in (d,q).

Step-2: Determine the time duration T, , T, and T,

From Figure-5 the switching time duration can be
calculated as follows:

Switching time at sector-1

T, T T+T, T,
j\éef = | Vidt+ j Hdt + I Vo (10)
0 0 T T+T,
T, T, T+T, T,
[ = [Vitts [ Vs [ 9, (1)
0 0 T, T+T,
T, V =(T;- V+T V)(lz)
p/a
oos(7)
_ 1
:>Tz'|V1ef|‘ o.os(a) :TI.E.VGC. +T2'2'Vd:' 3 a3y
sin() 3 0 3 T
sin(—)
3
sin(——a) o
T,=T,a 37[ (Where,0 <o £60°) (14)
sm(;)
T,=T, sin(a) (15)
sin( %)
3
STy =T,~(T+T)) where.T, = and a=1-1 R = e
fZ 7'Vdc
3
Switching time during any sector
BT,
ref sin(gn—aj (17)
Vie 3
\/7T ref .. n n .
Sin —7r- COSO-COS — 7T - Sin o (18)
Vi 3 3
V3T, ]
T, = V3T Vel (G (a—n—lnj (19)
Vie 3
\/7T ref [ n-1 n-1 j
-cosa.- Sin— 7r+sin o- cos—1
Ve 3 (20)

where,n=1 through 6(that is,Sector 1 to 6)
ST, =T,-T,-T,

0<a<60°
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1k

Figure-5. Reference vector as a combination of adjacent

vectors at sector-1.

Step-3: Determine the switching time of each transistor

(S1 TO Sep)
T, T,
12| T, | T, |Ty2|Ty2| T, | Ty |Ty2
PP >
Sl [ 1
S3
S |—|—|
Sy
Sg
Sz —
Vo V, V, V, V., V, V, V,
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TZ TZ
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e >
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S 4 I |
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Figure-6. Switching pulse pattern for the three phases in
the 6 different sectors.

RESULTS AND DISCUSSIONS

The main aim of any modulation technique is to
obtain variable output having maximum fundamental
component with minimum harmonics. The objective of
Pulse Width Modulation techniques is enhancement of
fundamental output voltage and reduction of harmonic
content in Three Phase Voltage Source Inverters. In this
paper different PWM techniques are compared in terms of
Total Harmonic Distortion (THD). Simulink Models has

Line Voltage

SR o puize R

PWM Generator

Continuous

powergui

been developed for Sinusoidal PWM (SPWM), Space
vector PWM (SVPWM), and Space vector PWM
switching Patterns. Simulation work is carried in
MATLAB 7.0/Simulink.

The simulation parameters used are:

Fundamental frequency 50 Hz
Switching frequency 10 kHz
DC voltage 600 Volt
ODE Solver ode23tb

Simulation of SPWM

In Sinusoidal PWM three phase reference
modulating signals are compared against a common
triangular carrier to generate the PWM signals for the
three phases. It is simple and linear between 0% and
78.5% of six step voltage values, which results in poor
voltage utilization. Frequency in conventional SPWM
output waves owing to their fixed switching frequencies.
Simulation has been carried out by varying the modulation
index between 0 and 1.Finally performance of chaos based
SPWM has been compared with SPWM. The block
diagram for Sinusoidal pulse width modulated inverter fed
induction motor is shown in Figure-7. The line voltage and
line current are shown in Figures 8 and 9, respectively.

Rotor speed (RPM)

&
.

= E.= <Rotor speed (wm)>

<Ela1ii@|etic torgue Te {N=m)>

Asynchronous Machine
5l Units

Figure-7. Block diagram of SPWM inverter fed induction motor.
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LINE VOLTAGE

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
TIME(SECOND)
Figure-8a. Response of line voltage in SPWM.
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T
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Figure-8. Response of line voltage in SPWM.

LINE CURRENT
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Figure-9a. Response of line current in SPWM.
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LINE CURRENT
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.1€
TIME(SECOND)
Figure-9b. Response of line current in SPWM.
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Figure-10. Response of rotor speed in SPWM.
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Figure-11. Response of torque in SPWM.
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Simulation of SVPWM

Space vector PWM is an advanced technique
used for variable frequency drive applications. It utilizes
dc bus voltage more effectively and generates less THD in
the Three Phase Voltage Source Inverter. SVPWM utilize
a chaotic changing switching frequency to spread the
harmonics continuously to a wide band area so that the
peak harmonics can be reduced greatly. Simulation has

Line Woltage

SVM p{pulse R
PWM Generator N v
d
A
aoov
T = =
v I

Continuous

PO ergui

been carried out by varying the modulation index between
0 and 1. Finally performance of SVPWM has been
compared with conventional Sine PWM.

The Block Diagram of Space Vector Pulse width
modulated inverter fed Induction Motor is shown in
Figure-12. The line voltage and line current are shown in
Figures 13 and 14, respectively.

Rotor speed (RPM)

Sl
T E

o - <Rotor speed (wm)>

e:EETiEIeH: torgue Te (N*m)=
e ——————

Asynchronous Machine
5l Units

Figure-12. Simulink block diagram of space vector PWM.
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LINE VOLTAGE
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Figure-13. Response of line voltage in SVPWM.
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Figure-14. Response of line current in SVPWM.
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SPEED vs TIME
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Figure-15. Response of rotor speed in SVPWM.
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Figure-16. Response of torque in SVPWM.
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Simulation results of SPWM and SVPWM
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MODULATION INDEX = 0.8:

FFT window: 2 of 20 cycles of selected signal
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Table-2. Comparisons between SPWM and SVPWM by varying modulation index.

Technique SPWM SVPWM

M. I. Output line voltage THD OL\J/t();)I;J;gI;ne THD
M) (peak) volt (%) (peak) volt (%)
0.4 180.80 162.11 192.70 154.07
0.5 266.50 123.35 312.20 108.78
0.6 289.40 117.12 318.10 105.69
0.7 369.20 94.52 436.60 81.19
0.8 396.10 89.73 442.90 78.56
0.9 472.90 70.69 552.30 53.62
1.0 502.40 64.83 567.90 49.15

CONCLUSIONS

Space vector Modulation Technique has become
the most popular and important PWM technique for Three
Phase Voltage Source Inverters for the control of AC
Induction, Brushless DC, Switched Reluctance and
Permanent Magnet Synchronous Motors. In this paper first
comparative analysis of Space Vector PWM with
conventional SPWM for a two level Inverter is carried out.
The Simulation study reveals that SVPWM gives 15%
enhanced fundamental output with better quality i.e. lesser
THD compared to SPWM.

PWM strategies viz. SPWM and SVPWM are
implemented in MATLAB/SIMULINK software and its
performance is compared with conventional PWM

techniques. Owing to their fixed carrier frequencies fC in

conventional PWM strategies, there are cluster harmonics
around the multiples of carrier frequency. PWM strategies
viz. Sinusoidal PWM and SVPWM utilize a changing
carrier frequency to spread the harmonics continuously to
a wideband area so that the peak harmonics are reduced
greatly.
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