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Abstract- Multilevel inverters with various pulse width
modulation strategies have established their importance in high
power high performance industrial applications, as they can
synthesize output waveform with improved harmonic
spectrum. This paper presents the performance analysis and
comparison of different PWM strategies for cascaded H-bridge
three-level inverter in terms of line voltage and motor current
THD with their fundamental components. It is shown that
harmonic loss minimized optimal-SHEPWM strategy gives
better results in terms of voltage THD compared to SPWM,
SVPWM and SHEPWM strategies.

Index Terms- Harmonic distortion, Pulse width modulation,
Pulse width modulated inverters, Three-Level inverter.

I. INTRODUCTION

In high performance, high power and medium voltage
induction motor drive applications the three-level (Pulse
Width Modulation) PWM Inverters has drawn very much
interest in industry. As they have many benefits such as
sophisticated PWM strategies, reduced energy consumption,
and the elimination of lower order voltage harmonics. In
three-level inverter the total harmonic distortion (T7HD) is
low and also less voltage stress on switching devices
compared to two- level inverter [1-6]. The most common
three-level inverter topologies are the diode-clamped or
neutral point-clamped (NPC), capacitor-clamped or flying
capacitor-clamped and the cascaded H-bridge inverter [1]. In
this paper the cascaded H-bridge inverter as shown in fig.1
is considered for analysis. The cascaded inverter uses series
connection of single-phase full bridge inverter called H-
bridge cell to construct multilevel inverter with separate dc
source. Each single-phase full-bridge inverter generates
three voltage levels at the output +V,., 0, and —V,. as
shown in Table. I. The main features of this topology are the
modular structure results in high reliability, requires least
number of devices to realize multilevel inverter [1-4]. Each
cell requires separate dc source, hence a multiple winding
transformer is required at the input stage. This will add to
system cost but improves the input waveforms. The
performance of a three-level inverter depends on the type of
pulse width modulation strategy used. In the literature
various PWM strategies [20] have been reported and only
sine-triangle PWM (SPWM) [8-10], harmonic loss
minimized optimal-SHEPWM (HLM-SHEPWM) [25],
selected harmonic elimination PWM (SHEPWM) [16-22]
and space vector PWM (SVPWM) [11-12,14-15] are
presented in this paper.
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Fig. 1. Three-level cascaded H-bridge inverter topology

The PWM strategies for three-level inverter are explained
in section II. Simulation results and performance analysis
are presented in section III. The performance is studied in
terms of THD and magnitude of fundamental voltage of the
line voltage. The outlines are concluded in section I'V.

TABLE I
SWITCHING STATUS AND VOLTAGE LEVEL OF THREE-LEVEL CASCADED H-
BRIDGE INVERTER

Switches Switching state Voltage level
St Saz ON + Ve
Susz Saa ON Ve

Su1, Saz0r Sas, Saz ON +0 or -0

II. PWM STRATEGIES FOR THREE-LEVEL INVERTER

Based on switching frequency of the multilevel inverter
PWM strategies can be classified into various schemes [1,
20]. In this paper we have considered SPWM, HLM-
SHEPWM, SHEPWM and SVPWM for performance
analysis. A very popular method in industrial applications is
the triangular (carrier) based SPWM that uses the phase
shifting technique to reduce the harmonics in the output
voltage. The sinusoidal PWM is easy to implement in
hardware by analog as well as digital controllers. However,
due to the variation of the values of the reference wave
during a PWM period, the relation between the reference
wave and carrier wave is not fixed and results in loss of
synchronization between reference and carrier wave and
hence loss of symmetry as well. As a result of this sub
harmonics may introduce in the output voltage due to which
the speed of the motor may suffer from low frequency
pulsations. SVPWM is a space vector control based PWM
strategy that gives lower THD with higher voltage. The
hardware implementation of this strategy is simple and can
be done either by using digital signal processor (DSP) or by
using Field Programmable Gate Arrays (FPGA) based
controllers. Also SVPWM symmetrically splits dwell time
of the zero vector which helps in reducing the THD [11, 12].
These features make it suitable for high-voltage high power
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(;=5.2538") and Fig. 4 (8,=23.5835" f,= 32.6015" p;=
45.6433" f,=68.4980" Bs= 76.0978") respectively are
calculated using Newton-Raphson method for five iterations
with initial switching angles are assumed as a;=5° for HLM-
SHEPWM and f,=23" = 32" p= 45" p,= 68" p= 76" for
SHEPWM. In order to keep the number of harmonics which
are climinated at a constant level the switching angle of
these strategies must be less than z/2. In spite of that, these
@) schemes are invalid if the switching angles are not less than
/2.

I1I. SIMULATION RESULTS AND PERFORMANCE
ANALYSIS

‘ ‘ ‘ ‘ PWM strategies for three-level inverter are simulated
0.02 0.03 004 0.05 using MATLAB/SIMULINK with solver ode45 (Dormand-
Time (s) Prince) of variable-step type, relative tolerance of le-3 and
applied to a v/f drive consists of a 440V, 3.75KW, 1450rpm,
(b) three phase rpm induction motor powered from a three level
IGBT based inverter. The results of line voltage and motor
current THD along with the fundamental components are
tabulated in Table II for different PWM strategies. The
switching pulses for phase A is shown from Fig. 2 (a) to (d)
for SPWM, HLM-SHEPWM, SHEPWM and SVPWM
respectively for two cycles.
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Fig. 2. Switching pulses of phase A (a) SPWM (b) HLM- 0 10 20 30 40
SHEPWM (c¢) SHEPWM (d) SVPWM Harmonic order

applications. In SVPWM, instead of uSing a separate Fig. 3. Waveform of (a) Line voltage V5 (b) Harmonic spectrum
modulator for each of the three phases, the three phase of SPWM

quantities are transformed to equivalent two phase quantity
either in stationary reference or synchronously rotating
frame. It has been shown, that SVPWM generates less
harmonic distortion in both output voltage and current 5F
applied to the phases of an induction motor and provides a =0
more efficient use of the dc bus in comparison with SPWM b ! ! !
strategy. The switching pulses for SPWM and SVPWM are Rl —
shown in Fig. 2 (a) and (d) respectively. In HLM-SHEPWM 2 201 202 733 5)204 2.05

and SHEPWM strategies the basic idea is to minimize

harmonic distortion bg;/ removing the desired harmonics Fun,aamemal (50HZ) _‘5‘673’ TI_{D_N‘M%
presenting in the waveform and to achieve variable 20
amplitude of the fundamental component. But usually the
lower order harmonics (all odd lower order harmonics in
case of single phase and all odd non triplen lower order T

harmonics in the case of three phase) are chosen for

elimination by properly selecting the switching angles of

multilevel inverters. The number of harmonics elimination 0 10 20 30 40
depends on the number of chopping per quarter-cycle. If Harmonic order

there are C chopping per quarter-cycle then (C-1) odd
harmonics can be eliminated [16]. The switching angles for
HLM-SHEPWM and SHEPWM as shown in Fig. 3

% of i,
=)

Fig. 4. Waveform of (a) Motor current i, (b) Harmonic
spectrum for SPWM
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Fig. 6. Waveform of (a) Motor current i, (b) Harmonic spectrum for SVPWM

spectrum for SHEPWM
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TABLE II
THD AND FUNDAMENTAL COMPONENT OF LINE VOLTAGE AND MOTOR
CURRENT FOR DIFFERENT PWM STRATEGIES

PWM Vg THD of iy THD of
Strategies fundamental | V5 (%) fundamental | i, (%)
SPWM 497.8 34.41 5.673 27.40
HLM- 612.2 23.57 5.252 44.55
SHEPWM
SHEPWM 407.9 51.95 3.702 42.46
SVPWM 559 27.95 4.4 21.48

The harmonic plots are plotted and THD are calculated using
integral cycle data for both line voltage and motor current.

Iv. CONCLUSIONS

In this paper the performance of various PWM strategies
in terms of line voltage and motor current 7THD along with
their fundamental components are studied and compared.
The simulation results for different strategies with their
harmonic spectrums are presented. In all these cases,
symmetry and synchronization, is maintained. This is
essential for high power low switching frequency
applications.  From the results, it can be shown that the
HLM-SHEPWM strategy gives improved results for line
voltage but it gives poor motor current 7HD compared to
other PWM strategies. The reason for poor motor current
THD is that HLM-SHEPWM does not guarantee the
elimination of lower order harmonics and it only results in
optimal harmonic loss. SVPWM strategy is a better choice
in terms of motor current THD but gives lesser line voltage
and slightly higher line 7THD than HLM-SHEPWM. Also
SVPWM gives better performance than SPWM and
SHEPWM strategies.
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