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Abstract

In recent years, inverters have been the most popular part of electrical drivers in variable voltage and frequency applications. Also
multilevel inverters have gained interest in high power applications because of their advantages in high voltage and high power
levels with low harmonic content. In this paper, basic structure of three-level inverter is introduced and its two modulation strategies
are compared. One of the modulation algorithms is SPWM (Sinusoidal Pulse Width Modulation) technique where a sinusoidal
modulation signal is compared with two triangle signals to obtain the three-level at the output phase voltage of the inverter. A
simple SVPWM (Space Vector Pulse Width Modulation) algorithm is also realized. In this technique, three nearest vectors can be
selected easily and switching sequence and switching times are calculated by using the vector position. Both techniques are
simulated by using MATLAB/Simulink package program and applied to the RL and motor loads. Comparative results are given.
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1. Introduction

In industries, where variable speed drives are required,
induction motor drives are important. There are
vairous strategies for control such as scalar control,
vector control or field oriented control. In the
literature, the inverters with having three levels or
more than three levels on their output phase voltages
have been named as multilevel inverters [1-3].
Multilevel inverters (MLs) have been usually applied
to high power medium voltage applications due to
their low switching frequency and less total harmonic
distortion (THD) [1, 4]. Voltage stress of the each
switching device is reduced because of the voltage
share on the circuit. Besides, their harmonic content is
reduced in higher levels. For example, three-level
structure has less harmonic content than that of two-
level structure at the same switching frequency [4, 5].
A schematic diagram of an H-Bridge multilevel
inverter is shown in Fig.1. Three-phase output voltage
waveforms are generated by various switching
combination of the switches in the H-bridge inverter.
As a result, three-level at the output phase voltage
waveforms is obtained as +E/2 V, 0 V, -E/2 V.
Number of H-bridges of each phase can be increased
for getting higher levels. Number of H-bridges for
each phase can be calculated using Eq. (1). (where; m
is number of the output voltage level).
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Figure 1. Three-phase three-level H-bridge inverter
circuit

m is always an odd number in H-bridge multilevel
inverter structure. The numbers of H-bridge are
determined by considering the desired output voltage
and harmonic contents [1, 6, 7].
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In this paper, modeling and simulation of an H-bridge
three-level inverter have been performed applying
Sinusoidal Pulse Width Modulation (SPWM) and

Space Vector Pulse Width Modulation (SVPWM)
techniques with R-L and motor loads using Simulink/
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MATLAB package program. Comparison results of
two methods are given respectively.

2. Analysis of SPWM Technique For Three-Level
Inverter

In SPWM technique, Pulse Width Modulation (PWM)
signals are generated by comparing a sinusoidal signal
(reference signal magnitude is Vrerand frequency frer)
with a triangle signal (carrier signal magnitude is
Vearier and frequency fc) [8]. To increase the number
of output levels, number of carrier signal is increased
keeping the reference signal. Number of carrier signal
(Ncarrier) and modulation index (M;) are given in Eq. (2)
and (3), respectively.

Ncarrier =m-1 (2)
M= G
(a-D)Ve,

The carrier signals and reference signals are compared
as shown in Fig.2 in three-level SPWM.
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Figure 2. Three-Level SPWM

Analog implementation of this technique is hardly
used now. Because, pulse widths are solutions to
transcendental equations so that it is not suitable for
microprocessor applications. Instead regular sampling
is used where the reference signal is sampled and held
at a frequency of fc or 2 fc. The sampled signal is then
compared with the carrier signal. Interest in other
PWM techniques has been also increased. Selective
Harmonic Elimination PWM (SHEPWM) [9],
minimum current ripple PWM, third harmonic
injection PWM (THIPWM) [10] are some alternatives
of the PWM techniques. However, space vector PWM
(SVPWM) technique is recently showing popularity
for inverter applications [1, 11-14].
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3. Analysis of SVPWM Technique for Three-Level
Inverter

Main aim of modulation techniques is to get less
harmonic distortion, less switching losses and large
modulation ratio. For this reason, many modulation
techniques have been improved. Recently, SVPWM
technique has become more popular because of
achieving the goals mentioned above. Besides these
advantages of SVPWM, it has some disadvantages
such as complex calculation procedures [15, 16].
Switching states and active voltage levels can be
calculated by using Eq. (4) and (5).

A=m’ )

m-1

AActivc :1+6Zl (5)
i=1

In each phase, there are four switching devices each
having anti parallel diodes as shown in Fig.1. There
are 33 = 27 switching states for three-level H-bridge
SVPWM. Every switching states can be represented as
a voltage level by using Eq. (3). Three of them (111,
000, -1-1-1) are zero voltage vectors and they are
centered in the middle of the space vector hexagon.
Other switching states are active voltage vectors and
they are located in the different part of hexagon.
Possibilities for all switching states are given in Fig.3.
Also switching states of the three-level inverter is
listed in Tablel. x represents u, w and z phases,
respectively [15-17].

Table 1. Switching States of Three-Level Inverters
(x=u, w, z phases)

SXO SXI SX2 S’Xl S’X2
+E/2V on off off on

ov on on off off

ov off off on on
-E/2v | off on on off

Fig.3 shows space vector diagram of the three-level
inverter. As can be seen, the hexagon is divided into
six portions and every portion is divided into four
different parts. The portions are named as Sectors
(Sector A, Sector B,..., Sector F) and four parts are
named as region (Region 1,..., Region 4) [14, 18, 19].

Output voltage is produced by using three adjacent
vectors. Eq. (8) shows how to calculate the output
voltage, V*.



T, Vy +T, Vy +T, V,, =T,V ©
T, +T, +T,, =T,

where; Ts is the sampling time, Vy, Vy, and Vyw are
three adjacent vectors and Ty, Tv and Tw are vector
duration times. Vector, V* falls into one of the six
sectors depending on the vector angle, 0 and it is
calculated by using Eq. (7) and (8). V, and Vp are used
to determine the reference vector. The three-phase
variables transforms to equivalent two-phase
variables. Table 2 defines the sectors and their regions.
[20-22].

j2n j4n

* . 2 H “a A
\Y :Vu+JVﬁ:§(VUeJO+VVe 3 4V,e ) (7)

f=arctang™ (ﬁ) (8)
\Y

o

The other important issue is to estimate position of the
voltage vector (V*) correctly. To achieve this, some
geometrical equations illustrated in Fig.4 and given
with Eq. (9-10) are used.
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Figure 3. Space Vector Diagram of Three-Level
Inverter

Table 2. V* Position in Three-Level SVPWM

Diagram
Angle(Q) Sector
0°<®<60° Sector A
60° <O <120° Sector B
120° <O < 180° Sector C
180° <@ < 240° Sector D
240° <O < 300° Sector E
300° <@ < 360° Sector F
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Figure 4. Estimating position of V*
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It is important to notice that only one switching device
is at any time. The switching sequences for each
region located in Sector A are given below using all
switching states. "1" represents +E/2 V, "0" represents
0V, and "-1" represents -E/2 V output voltage levels.
Therefore, switching signals for Sector A are [14, 23,
24];

Region 1:-1-1-1, 0-1-1, 00-1, 000, 100, 110, 111,
Region 2:0-1-1, 1-1-1, 10-1, 100, Region 3: 0-1-1,
00-1, 10-1, 100, 110, Region 4:00-1, 10-1, 11-1, 110,

Fig.5 shows switching states and times for Sector A
[1, 14, 25].
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Figure 5. Switching signals of Sector A for all
regions

For three-level SVPWM, space vector diagram and
equations for switching times in Sector A is given in
Fig.6 and Table 3, respectively.

Figure 6. Space vector diagram of Sector A

Table 3. Switching Times and Equations of Sector A
For Three-Level SVPWM

Sv,‘;it;hel:g Region 1

T, n*T*sin((n/3)- )

T, Ty/2(1-2*n*sin( @+n/3))

Tw n*T*sin ©
Region 2

T, T(1-n*sin( O+x/3))

T, Ts*n*sin ©

Tw Ty/2((2*n*sin(n/3-0))-1)
Region 3

T. Ty/2(1-2*n* sin O)

T, Ty/2(2*n*sin(w/3+ ©)-1)

Tw Ty/2(1+2*n*sin( ©-1/3))
Region 4
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T, TJ/2(2*n*sin( ®)-1)
T, n*T*sin((1/3)- ©)
Ty T(1-(n*sin( O+7/3))

where n is constant. msypwwm is @ modulation index of
SVPWM and it is defined as;

BV a1
SVPWM 2 VE )
4. Modelling and Simulation
Fig.7 shows MATLAB/Simulink model of the whole
system for both SPWM and SVPWM techniques. "A
Phase", "B Phase" and "C Phase" blocks in Fig.7
contain H-bridge inverter structures. In these blocks,
output voltages are synthesized. "E Source", "E
Sourcel" and "E Source2" blocks are independent DC
voltage source blocks. They are input to each H-bridge
inverters and they are all isolated from each other.
"Switching Signals of Phase A", "Switching Signals of
Phase B" and "Switching Signals of Phase C" blocks
produce switching signals using SPWM and SVPWM
techniques as explained in the previous sections.

Figure 7. Simulation model of the whole system
In Fig.8 (a) and (b), basic structure of "Switching

Signals of Phase” blocks applying SPWM and
SVPWM techniques has been shown, respectively.
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Figure 8. Producing Switching Signals (a) SPWM
(b) SVPWM

Simulation results for both SPWM and SVPWM
methods have been taken for various operating
conditions. A passive load of R=100 Q and L=0.1 H
and motor load are used to demonstrate the
performance of the inverter controlled by SPWM and
SVPWM algorithms. The motor parameters are given
in Appendix. Switching frequency of 1 kHz is used in
the model. DC link voltage of the cascade inverters is
taken as 500 V.

Simulation results shown in Fig.9 through Fig.11 have
been obtained for modulation index of 0.2 and 0.8 and
output frequency of 10 Hz, 30 Hz and 70 Hz for
SPWM and SVPWM with passive load.
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Figure 9. Simulation results of V, output line voltage
and i, phase current (x100) a) =10 Hz and m=0.2
using SPWM,b) f=10 Hz and m=0.8 using SPWM, c)
=10 Hz and m=0.2 using SVPWM, d) f=10 Hz and
m=0.8 using SVPWM for R=100 Q, L=0.1 H passive
load.
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Figure 10. Simulation results of Vg output line
voltage and i, phase current (x100) a) =30 Hz and
m=0.2 using SPWM,b) =30 Hz and m=0.8 using
SPWM, c¢) f=30 Hz and m=0.2 using SVPWM, d) =30
Hz and m=0.8 using SVPWM for R=100 Q, L=0.1 H
passive load.
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Figure 11. Simulation results of Vg output line
voltage and i, phase current (x100) a) =70 Hz and
m=0.2 using SPWM, b) f=70 Hz and m=0.8 using
SPWM, c) =70 Hz and m=0.2 using SVPWM, d) =70



Hz and m=0.8 using SVPWM for R=100 Q, L=0.1 H
passive load.

As can be seen from the results that the output voltage
wave forms have three-level in lower modulation
index of 0.2 and five-level in higher modulation index
of 0.8.

As can be easily noticed that current waveforms with
SVPWM have better sinusoidal shape for all
conditions comparing to the current waveforms with
SPWM. It can be also observed that operating range of
SVPWM is higher than that of SPWM. As a result,
SPWM uses bigger modulation index to get same
output voltage as SVPWM. This is given in Eq.(12)
as;

Mgpyy zgmsvam (12)

In Fig.12 and Fig.13, simulation of SVPWM has been
repeated for an induction motor load. The results have
been taken at no-load conditions. Fig.12 shows motor
phase current of phase-u fed by the three-level
SVPWM inverter at 10 Hz output frequency.
Modulation index (msvewwm) is taken as 0.2 to provide
constant v/f operation in steady-state.

1@
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(b)
Figure 12. (a) Motor current waveform for phase-u,
(b) Motor speed and electromagnetic torque for m=0.2
and =10 Hz using SVPWM technique.
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Fig.13 illustrates phase motor current and motor speed
and torque waveforms for an output frequency of 70
Hz.
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Figure 13. (a) Motor current waveform for phase-u,
(b) Motor speed and electromagnetic torque for m=0.8
and =70 Hz using SVPWM technique.

5. Conclusions

The space vector PWM method (SVPWM) and the
sinusoidal PWM method (SPWM) for three level
inverter using H-bridge topology have been modelled
and simulated. Simulation results have been taken for
R-L passive load and motor load for both methods. A
proposed method (SVPWM) has shown better
performance than classical conventional method
(SPWM). From the results it is clear that, SVPWM
gave less current ripple, THD than the SPWM
modulation scheme. The proposed algorithm can be
easily applied to multilevel inverters. It is more
difficult to realize both digital and analog applications
of SPWM method to multilevel inverters comparing to
the SVPWM method. The proposed control algorithm
given for the three-level inverter can be easily applied
to multilevel inverters. It has been shown that high
quality waveforms at the output of multilevel inverters
can be reached by using proposed method.
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Appendix

Ratings of the three-phase, 4-pole, 380 V, 50 Hz
squirrel cage induction motor are:

Frequency range: 0-70 Hz, Stator resistance (Rs): 7 Q,
Rotor resistance (Rr): 6 Q, Stator leakage inductance
(Los): 0.52 mH, Rotor leakage inductance (Lor): 0.52

mH,

Magnetizing inductance (Lm): 0.5 mH, Rotor

inertia (J): 0.0085 kgm?, PN: 1.1 kW, TN: 7.62 Nm.
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