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Abstract

Cascade multilevel inverter is a power electronic device built to synthesize a desired ac voltage from
several levels of dc voltages. Such inverters have been received increasing attention in the past few years
for high power application. A small total harmonic distortion is the most important feature of these
inverters. Cascade multilevel inverter is used in this work with proposed control circuit to control the
output voltage using sinusoidal pulse width modulation (SPWM). PD-like Fuzzy+l controller is used to
control this system to get the required output voltage. The results gained in this work prove the validity of
the proposed controller of having an output voltage with minimum distortion.
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1.INTRODUCTION

Power electronic inverters are widely used in
various industrial drive applications. To overcome
the problems of the limited voltage and current
ratings of power semiconductors devices, some
kinds of series and/or parallel connections are
necessary. Recently, the multilevel inverters have
received more attention in literature due to their
ability to synthesize waveforms with a better
harmonic spectrum and to attain higher voltages[1].
They are applied in many industrial applications
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such as ac power supplies, static VAr compensators,
and drive system, etc. One of the significant
advantages of multilevel configuration is the
harmonics reduction in the output waveform
without increasing switching frequency or
decreasing the inverter power output[2,3]. These
multilevel inverters, in case of m-level, can increase
the capacity by (m-1) times than that of two-level
inverter through the series connection of power
semiconductor devices without additional circuit to
have uniform voltage sharing. Comparing with two-
level inverter system having the same capacity,
multilevel inverters have the advantages that the
harmonic components of line-to-line voltages fed to
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load, switching frequency of the devices and EMI
problem could be decreased[4].

The output voltage waveform of a multilevel
inverter is composed of a number of levels of
voltages starting form three levels and reaching
infinity depending upon the number of the dc
sources[3]. The main function of a multilevel
inverter is to produce a desired ac voltage
waveform from several levels of dc voltage sources.
These dc voltages may or may not be equal to one
another. These dc sources can be obtained from
batteries, fuel cells, or solar cells. Conventionally,
each phase of a cascaded multilevel converter
requires ‘N’ dc sources for 2n + 1 levels in
applications that involve real power transfer[3,5-7].
These dc sources are assumed to have identical
amplitudes.

Cascade multilevel inverters can be used in
reactive power compensation without having the
voltage unbalance problem, and there are no extra
clamping diodes or voltage balancing capacitor[8].
These inverters have been the subject of researches
in the last several years[5,9-13]. Numerous
topologies and control strategies have been
proposed. A single dc power source with standard
cascade multilevel inverter where the other dc
sources are capacitors is proposed in[5,9]. While
[10] proposes a closed loop selective harmonic
compensation with capacitor voltage balancing
control of cascaded multilevel inverter for high-
power active power filters. A new cascade
multilevel inverter called zigzag inverter is
proposed in[11]. With this new inverter, only one
dc source is needed for multiple outputs. The dc
voltage of each cascaded cell can be balanced
without special control, and independent of load
type. A novel cascaded multilevel inverter topology
is proposed in[12], which is composed of any
number of H-bridge cells. The H-bridge cells may
be two-level ones, or any level of flying-capacitor
ones. Different separate voltage sources may be
used in different cells. 2-H/3-H cascaded multilevel
inverter topology is discussed. The topology is
composed of a 2-level H-bridge cell and a flying-
capacitor three-level H-bridge cell. Finally, a
genetic algorithm (GA) optimization technique is
proposed in [13] to determine the switching angles
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for a cascaded multilevel inverter which eliminates
specified higher order harmonics while maintaining
the required fundamental voltage. This technique
can be applied to multilevel inverters with any
number of levels.

In this paper, a single-phase cascade multilevel
inverter with three cells (H-bridges) is proposed.
Non identical dc sources are used in this inverter. A
new firing circuit is designed to generate the
switching pulses for the inverter switches. This
firing circuit satisfy the need of minimum low order
harmonics in the ac output voltage. Finally, a PD-
like fuzzy+1 controller is used to guide this inverter
to the required frequency and output voltage
magnitude. Matlab/Simulink softwares are used in
this work to simulate the power and control circuits.

I. TOPOLOGY AND SWITCHING ANGLES
CALCULATION

In the proposed inverter, each one of the non
identical dc sources is connected to its own bridge.
Each bridge contains four Insulated Gate Bipolar
Transistors (IGBTs). The ac output of each of the
different level H-bridge (single—phase full bridge)
cells is connected in series[2] as shown in Fig.1.
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Fig.1. Proposed cascade multilevel inverter.

The dc sources of the three units (cells) are XV, V
and YV volts respectively. The three bipolar
switches (S, Sy, and S3) are used in this circuit to
ensure continuity of the circuit since no
regenerative mode is assumed in the present
inverter.

The load voltage is the sum of each H-bridge
outputs and is given as:
Vi =V, +V, +V,

where vi, V2, and vs are the cells output voltages.

On the contrary of standard cascade multilevel
inverter which gives 2n+1 levels for ‘n’ dc sources,
the present inverter can produce up to thirteen
levels in its output ac voltage. This fact is due using
non identical dc sources.

The output voltage (staircase voltage) of the
present cascade multilevel inverter can be arranged
to have the shape shown in Fig.2, i.e., the inverter is
arranged to have eight levels in its output voltage.
Only odd harmonics are present in this staircase
voltage. This voltage can be analysed using Fourier
series in a similar manner as it was done in [14] to
get the following equation:

a, :%[H(X—l) COSa, +C0Sa, + Y C0Sas ...(2)
where,
ax is the voltage amplitude of harmonic k.

o1, 0z, and ag are the angles of switching boundaries.

The THD can be calculated using the following
equation [2,15,16]:

> al
THD=1%=2__ (3)
2]
where,
a; is the fundamental component of the output
voltage.
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Fig.2. One half cycle of staircase voltage of the proposed
cascade multilevel inverter.

Equations (2) and (3) are solved for minimum
THD using numerical analyses. Harmonics up to
order eleven are considered in this solution. The
results are:
a=21°, 0,=37.2° , a3=54.4° , X=2.6, and Y=1.25

The dc supply of cell-one of the cascade inverter
(V) is chosen to be 64 volt, therefore, the second
cell dc supply is XV =166.4 volt and YV =80 volt
is the dc supply of the third cell.

Il. FIRING CIRCUIT STRATEGY

The firing circuit which provides the correct
switching pulses to the three units (cells) of the
cascade multilevel inverter is shown in Fig.3.
According to this circuit, the second unit is supplied
by switching pulses (S,, Gi4, and Gy3) to produce
the output voltage shown in Fig.4.b. While first and
third inverter units are supplied by SPWM
switching pulses (Si1, Q14, 923, S3, P14, and Py3) to
give the voltages shown in Fig.4.a&c. The SPWM
technique is used here to control the output voltage
of the multilevel inverter without affecting the low
order harmonics. The modulation technique uses a
triangular carrier and sine wave signals. The
intersection between these two signals defines the
switching instants of the SPWM pulses. The
switching pulses for the inverter three units are
bounded by the angles of switching boundaries (a,
oz, and az). The SPWM switching pulses are
controlled by V4, fs, V,, and fr.
where,

V; is the amplitude of the sine wave signal.

fs is the frequency of the sine wave signal.

V, is the amplitude of the triangular carrier signal.
f; is the frequency of the triangular carrier signal.
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The control and power circuits are simulated using
Matlab/Simulink software.

The designed model of the inverter power and
control circuits is tested using Matlab environment
under different modulation parameters in open loop
circuit. The tests are carried with f;=50 Hz and
V=1 volt. The test results are shown in Figs.4-7.
The waveform shown in Fig.4.d proves the ability
of the proposed inverter to produce eight levels in
its output voltage. The relation between triangle
carrier frequency (f;) and the inverter output voltage
for different amplitudes of the sine wave signal (Vs)
is shown in Fig.5. This figure shows that the
frequency f, has no effect on the output voltage
value. For further tests the frequency f; is chosen to
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be 15 kHz. While the sine wave amplitude Vs can
be used to control the inverter output voltage since
it has noticeable effect on the output voltage value
as shown in Fig.6. The result presented in Fig.7
shows that the RMS harmonics voltage (measured
here up to order eleven) is only a small value for
wide range of V; variation compared with the
fundamental voltage which varies in the range of
195-230 volts. The RMS value of low order
harmonics without using SPWM is found to be
8.088 volts. This means that the used SPWM
strategy has almost no effect on the output voltage
harmonics while has acceptable effect on the RMS
output voltage. This conclusion is used in the
design of PD-like fuzzy+I controller.
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Fig.3. Firing circuit of the proposed multilevel inverter.

1. PD-LIKE FUzzY+| CONTROLLER

The fuzzy logic approach has been objected of an
increasing interest and has found application in
many domains of control problem. The main
advantages of fuzzy logic control method as
compared to conventional control techniques
resides on the fact that no mathematical model is
required for controller design and also it does not
suffer much from the stability problem but it needs
the experts experience. Fuzzy logic can be
considered as an alternative approach to
conventional feedback control[17].

~~
D
N
o
c
~—
o
[y
—
<
o
=
[
«Q
@D
o
=
(@)
o
o
>
D

Y
N L [T

(b) Output voltage of cell two.

(c) Output voltage of cell three.
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Fig.4. Output voltages of the three cells and total output
voltage of the proposed multilevel inverter.

In a closed-loop operation the system remains
stable even when external disturbances occur.
Compared with open-loop control, closed-loop
control has the advantage of gaining precise
inverter output voltage. It is not easy to design an
exact conventional PID controller covering full
operating range of a plant since it is a single-
operating point controller and also due to the
difficulty arises in selecting the optimum values of
the controller gain factors. Instead one can
construct a PID-like fuzzy controller which can
work at multi-operating points with no much effort
in calculating the PID gain factors[18]. In the
present work, a proportional derivative (PD) like
fuzzy+1 controller is adopted to perform closed loop
control of the proposed inverter. The block diagram
structure of this control is shown in Fig.8.
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Fi.6. Inverter output voltage against SPWM sine wave
amplitude V.
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where,

Kp is the proportional gain factor.

kq is the derivative gain factor.

ki is the integral gain factor.

e=V et — Vo=error signal.

Ae=change of error signal.

V, is the RMS inverter output voltage.

v

Vs
Fuzzy—»@—» Plant |22

Unit step delay

[ e—

Fig.8. PD-like fuzzy+I controller.

The idea of this controller is based on the
combination of fuzzy logic and conventional PID
control techniques[19]. The unit step delay in Fig.8
is a Matlab/Simulink block needed to evaluate Ae.
The controller plant in Fig.8 is the proposed
cascade multilevel inverter and its firing circuit.
This controller has to deal with three signals, the
error signal (e), the change of the error signal (Ae),
and the integral of the error signal (Je). For any set
of these signals, it should work out the required
control signal. Triangular membership functions
will be used to represent the input and output of the
fuzzy block. Both the error and change of error are
represented by 3 membership functions as shown in
Figs.9 and 10. While the output is represented by 5
membership functions as shown in Fig.10. Where
‘W is the membership degree. This output (V) is
added to the integrator output to have the input
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control signal (Vs) of the inverter firing circuit. In
the defuzzyfication stage of the fuzzy logic
controller a crisp value of the output variable (V) is
obtained by using the centre of area method. The
universes of discourse for the error input and output
membership functions can be evaluated from Fig.6.
This figure shows that a variation between 0-1.6
volts in the control voltage Vs changes the output
voltage between 195-230 voltages. Therefore, the
universe of discourse for the error signal is taken to
-35 to 35 and that for output is 0-1.7.
The rules table of this system is given in Table-I.

u(e)
A

N z P

» €

-35 0 35

Fig.9. Membership functions of error input (first input).

w(Ae)
A

N z P

» Ae

oOl-----ce---

-0.1 0 0.1

Fig.10. Membership functions of change of error input
(second input).

nv)
A
V, V, Vs V, Vs

> v
0 1.7

Fig.11. Membership functions of the fuzzy output.

TABLE-| RULES TABLE.

Ae
P VA N
e
P \'3 V, V3
z V4 V3 Vz
N V3 VZ Vl
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The proportional, derivative, and integral gain
factors of this system are selected using trial and
error method. They are found to be 30, 1, and 2
respectively.

IV.CLOSED LOOP SIMULATION RESULTS

The system composed from the proposed inverter,
firing circuit, and PD-like fuzzy+l controller is
tested using Matlab software facilities to verify the
validity of the complete model. The connected load
is a 300 Q resistive load and LC filter. The filter
parameters are L= 20 mH & C= 80 pF. The
simulation results are given in Figs.12-14. A
complete linear relation between the input reference
voltage (Vi) and the inverter RMS output voltage
is gained using the proposed system. This is shown
in Fig.12.
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Fig.12. Relation between reference input voltage and

inverter output voltage.
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Fig.13. System response to a sudden change in the reference
input voltage.
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Fig.14. System response to a sudden change in the reference
input voltage.

The responses due to sudden change in the input
reference voltage (decrease or increase) are shown
in Figs.13 and 14. The reference voltage is
suddenly changed from 225 V to 195 V and vice
versa at t=0.15 sec. These two figures prove the
ability of the proposed control strategy to follow the
input command signal (reference input signal) with
no oscillatory behaviour in the response even with
such sudden changes.

V. CONCLUSIONS

A complete simulation model of a cascade
multilevel inverter has been proposed using
Matlab/Simulink software. The model consists of
cascade multilevel inverter power circuit, firing
circuit, and PD-like fuzzy+l control circuit. The
inverter output is an eight-level phase voltage. A
SPWM control technique is adopted in the firing
circuit to provide an acceptable control in the
inverter output voltage. Tests prove that with this
inverter strategy, the low order harmonics are
substantially reduced.
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