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ABSTRACT
This paper presents the analysis of a single-phase voltage source inverter with a second order filter.

The differential equations describing the system behavior in the different modes of operation are
given. A general state space model of the voltage source inverter is first derived. A linearized small
signal dynamic model is then developed from the system general model using perturbation and
small signal approximation. Root locus analysis presents the study of the system parameters, which
affect the system stability. A feedback output voltage control loop is inserted into the system with
proportional-integral (PI) controller. Liapunov stability method is performed to determine the
condition of the modulation index for stability. The simulation results are given and proved to yield
good agreement when compared with the experimental resulfs.
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1. INTRODUCTION

The conventional voltage source inverter (VS8I) is

used in many distinct industrial and commercial
applications.” The most important of them are
uninterruptible power supply (UPS) and ac motor
drives. _ .
The conversion from dc/ac power is carried out
by employing a combination of a pulse width
modulation (PWM) scheme and a second order filter
at the output of the inverter. The output voltage of the
voltage source inverter is required to be sinusoidal
with minimum total harmonic distortion.

One way of achieving a pure sinusoidal load
voltage is obtained by using a sinusoidal pulse width
modulation (SPWM) scheme. According to this
technique the load voltage is compared with a
reference sinusoidal voltage waveform and the
difference in amplitude is used to control the
modulating signal in the controf drive circuit of the
power inverter [1,2].

To make these techniques acceptable to operate
with nonlinear loads, an inner feedback contro! loop
for sensing the current in the capacitor of the load

filter is used. An outer voltage feedback loop is also
incorporated to ensure that the load voltage is
sinusoidal and well regulated. Although the technique
results give a sinusoidal current, the power circuit
configuration produce a load voltage that is
sinusoidal with dc offset, which is not acceptable for
UPS applications [3].

A voltage source inverter (VSI) can generate an
ac output voltage larger than the dc input one,
depending on the instantaneous duty ratio, which is
referred to the boost dc-ac inverter which is different
from the classical voltage source inverters that
produce an ac output instantaneous voltage aiways
lower than the dc input one. To ensure correct
operation of the boost inverter under any working
condition, a sliding mode controller is used [4].

Many studies were reported for dc to ac inverters.
The analysis and simulation for such systems have
been presented in analytical form. No attention has
been paid to the stability analysis of power electronic
system parameters or factors that affect the system
stability [1-9].
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In this paper, the simulation and experimental
studies are obtained for a system which consists of an
(R-L) load fed from dc to ac single-phase pulse width
modulated inverter using two switches (IGBT’s) and
a second order filter. The differential equations,
which describe the system behavior, are obtained.
These differential equations of the system are placed
in state-space form. A linearized small signal
dynamic model is then developed from the system
general mode! using perturbation and small-signal
approximation. Stability analysis is studied using
Root-locus plot; also Liapunov method of stability is
employed to determine the control law of the
modulation index or duty ratio for the system
stability. A feedback output voltage loop is
incorporated into the system with PI controller to
enhance the system stability and ensure that the
constant load voltage is pure sinusoidal waveform
irrespective of disturbances. The simulation results
have been verified experimentally and the results are
found to be in a good agreement.

2. SYSTEM DESCRIPTION

Figure 1 shows the circuit configuration of a
single-phase d¢ to ac PWM voltage source inverter.
The circuit consists of a second order filter and two
switches (IGBT’s). The generation of gate pulses is
accomplished by comparing a saw tooth signal of
amplitude ¥,, (modulating signal) with a variable dc
voltage Vi {control voltage). Changing the amplitude
of dc control voltage varies the ac output voltage of
the inverter. The block diagram representation of the
single-phase voltage source inverter is shown in
Figure 2. The experimental waveforms of the control
signals and gate pulses are shown in Figure 3. The
system parameters are given in the appendix.

ZV‘;,_. -

V:I: jun :+

Fig. 1 The circuit configuration of a single- phase
voltage source inverter
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Fig. 2 The block diagram representation for the
system
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Fig. 3 Experimental results of the modulating, control
signal and the gate pulses.

3. SYSTEM MODELING AND MODES OF

OPERATION
The system differential equations can be written for
the modes of operation as follows:

Mode 1. -

The equivalent circuit of this mode is shown in
Figure 4. In this mode, the switch §; is tumed on and
the switch S, is turned off. The corresponding
differential equations describing this mode are as

fotlows:

(1)

@

()

ve = = [igdt = =2 (i, — ipat @
¢, c,

ve = Ry + L.r'i:t—' ®)

where R; L, and C, are the filter resistance,
inductance and capacitance, respectively, & and L,
are the load resistance and inductance; v, and i; are
the inverter output PWM voltage and current, V. is
the dc input voltage, vc is the output voltage, ic is the
current in filter capacitor and ¢ is the load current.
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Mode 2:-
The equivalent circuit of this mode is shown in

Figure 5. In this mode the switch $; is turned on and
the switch S, is turned off. The corresponding
differential equations describing this mode are as
follows:

Fig. 5 Equivalent circuit of mode 2

y, = ~V, (6)
_ di,
v,=sz,.+Lf;,t—+vC | (7
. =1, — I ®
v - i.di = L .[(z' i)dt (%)
c =3 et T M T
Cf Cf
. di
Ve = R,z,+L,EL (10)

The system differential equations can be written in a
general state space form as follows:

-

R 1
= 0 - K:‘c
0] | ¥ Lo |z, @
Aol o -% % oo | an
X0 1 1 | v() 0
& <

Where {S,=1) when 8, is on and (S; = 0) when §, is
off: Equation (11) is discontinuous due to the
presence of the switching function. An averaged
time-continuous model of the voltage source iriverter
can be obtained for Equation (11) by assuming that
the inverter switching frequency, f£, is much higher
than the frequency of the modulating signal.
Consequently, the discontinuous switching function
S, can be replaced by its time dependent duty ratio

dif?) [3]:

1.,V ,
d, (1t} = —{(—2+1 i2
{8) = 5 (Vc ) (i2)
Then, the system state-space averaged continuous
model can be obtained by the following equation:

R, 1
A P
o] | L ¢ O]
p K@) |= 0 A o+ 0 a3
ve(®) 1 1 0 | ve(®) 0
&G J

where the modulating index m is equal to Voo

Ve
4. STABILITY ANALYSIS.

The most important problem in lipear control
systems concerns stability. That is, under what
conditions will a system become unstable? If it is
unstable, how should we stabilize the system?

The study of system stability occurs at ignoring
the filtering resistance Ry, which has an effect on the
stability [3]. With ignering Ry the poles of the system
characteristic equation are moves toward the
imaginary axis, lowering the stability of the system.
In this paper, the effect of the system parameters,
which affect the stability, is presented.

4.1, Linearization Model.

The system equations of a single-phase voltage -

source inverter with R-L load given by Eqn. (13) are
nonlinear, To develop the dynamic model of the
voltage source inverter due to the nonlinearity, the
system equations are first linearized around a nominal
steady-state operating point. This is carried out using
perturbation  technigue and  small  signal
approximation, which in matrix form is given below:

ses+ Ry, !
L, C,L
1
Ve LiC,
Al L,
AIC _14..(S.|.£
AV | | oy L N
m A
where;
R R
Azsa+(—f+£’~)sz+( L AR, )S
v 4 Lc, Ll LC,
R 15
o R Ry (15)
LLc, LCL .

and Af,,Af,, A, and, AV, indicate the incremental

changes in the inverter output current, load current,
capacitor current and capacitor (load) voltage,
respectively, as a result of incremental changes in the
duty ratio, and hence the modulation index. Equation

* (14) shows that, the location of the system poles is

dependent on the input dc voltage (¥;), the system
parameters (L, R, L; R; and Cp) and the modulation

index, m.
4.2. Root- Locus Analysis

Figure 6 shows the root locus of the capacitor
voltage with respect to the modulation index in the
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existence of Ry and when it is ignored. This figure
shows that when increasing the loop gain the system
stability increases. The system is absolutely stable.
The system is -1 relatively stable. There are two
complex conjugate roots, so the system exhibits to
decayed osciliations.

Figure 7 shows the root locus of the inverter
output current with respect to the modulation index in
two cases (existence of Ry and when it is ignored)
where the system is absolutely stable and -1.2
relatively stable. When the loop gain is equal to F,
the system doesn’t exhibit any oscillations and the
zeros move to the lefi hand side of the complex
region.

Figure 8 shows the root locus of the capacitor
current with respect to the modulation index in case
of existence Ry and when it is ignored. This figure
shows that the system zeros move along the real axis.
This has the effect of providing active damping to
any oscillations that may take place in the power
circuit.

Figure 9 shows the root locus of the foad current
with respect to the modulation index in case of
existence Ryand when it is ignored. This figure shows
that, the effect of taking R, into consideration is to
increase the damping and so its stability.

Figures 6-9 show the effect of changing the filter
resistance Ry on capacitor voltage, inverter output
current, capacitor cwrrent and load current. When R,
is ignored, the damping coefficient & will be zero

which means no- damping system of the sustained
oscillations. Increasing the filter resistance Ry
increases the damping coefficient and increases the
damping of the system.

"Figures 10-13 show the effect of increasing and
decreasing the filter capacitance, Cg on capacitor
voltage, inverter output current, capacitor current and
load current. Increasing the filter capacitance
increases the damping coefficient of the system and
deceases the natural frequency, since

é:&\/g 0, = l '
2V, /L;C}

Figures 14-17 show the effect of increasing and
decreasing the filter inductance, L; on capacitor
voltage, inverter output current, capacitor current and
load current. Increasing the filter inductance
decreases the damping of the system, where the
damping coefficient decreases. The natural frequency
of the system decreases with increasing the filter
inductance, L.
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Fig. 12 Root locus of the capacitor current
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Fig. 13 Root locus of the load current
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4.3. Liapunov Stability Analysis

If the system is linear and time invariant, many
stability criteria are available. Among them are the
Nyquist stability criterion, Routh's stability criterion
and the Root-locus anaiysis. If the system is
nonlinear, or linear but time varying, then such
stability criteria do not apply. Liapunov stability
method is the most general method for determining
the stability of nonlinear and/or time-varying systems.
Let

Then the state equations can be written

X, =-aX,-a,X,+a,mV, (16)
Xz =-bX, +b,X, (17}
X,=CX, -CX, (18)
Choose the liapunov function is as follows:
3
ZESEED WS (19)
K=l

which has a continuous derivative as,
P =X X+ XX, + XX,
=—aX —b X, +C-a)X X+ —OX.X, +aXml,
Using the theorems of the second method of
Liapunov, the system is stable when F(X) is positive
definite and JFLY) is negative definite [8]. So the
control law of the modulation index m to make V(.X)

negative definite is

(20)

1
m< [(a1“C)X:X3 "*‘(C_bz)Xsz] 21
a:z 1de
L 1 i 1 1
S f S Y + SRl ¥
" A [( L, C, Yive +( Cf L dive (22)

5. THE CLOSED LOOP SYSTEM WITH A P1

CONTROLLER

In order to ensure that the voltage source inverter
system will produce the constant load voltage,
irrespective of disturbances such as variations in the
input supply voltage, perturbations in the switching
times and the load voltage, a PI controller scheme is
used. Also, the PI controller minimizes the steady
state error and ensures a fast response system.

Figure 18 shows the block diagram of the closed
loop PI voltage controller. Figure 19 shows the root
locus plot of the open loop and closed loop voltage
source inverter. Without the controller, there is a zero
at the origin that makes the system stability decreases
with increasing the loop gain. On the other hand, with
a PI controller, this zero moves from the origin to
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— 0.99. Note that, the parameters of the PI controller
are re-chosen according to the load and system
parameters,

"5‘ K + ﬁ 1 il iC _l l{c
5 4 R.+5L SG -
Vv, Ye 1
R4S,

Fig. 18 The closed loop system with PT controller
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6. SIMULATION AND EXPERIMENTAL RESULTS

A prototype experimental module of the proposed
voltage source inverter shown in Figure 1 was built to
verify the simulation and operation of the system,
Figure 20 shows the simulation and experimental
results for the load voltage and the load current. This
figure shows that the load voltage and load current
are sinusoidal waveform. As shown, the simulation
results have been verified experimentally and the
results are found fo be in a good agreement.

Figure 21 shows the experimental response of the
foad voltage and current due to 20% step change in
the reference voltage (V,) from positive to negative
value and from negative to positive value. It is clear
that the load voltage follows the desired reference
voltage smoothly,

Figure 22 shows the experimental respense of the
load voltage and current due to 20% step change in
the reference voltage from negative to positive value
and from positive to negative value. It is observed

that the load voltage follows the desired reference
voltage smoothly.
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Fig. 20 Simulation and Experimental results at 50 %
duty ratio.

Fig. 21 The load voltage and current due to negative
and positive change in reference voltage.
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Fig. 22 The load voltage and current due to positive
and negative change in reference voltage.
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7. CONCLUSION ‘

A dc-ac single-phase voltage source inverter has
been proposed and studied both theoretically and
experimentally. The differential equations at different
modes of operation are given to describe the system
operation. Due to the nonlinearity, a linearized state-
space model of the voltage source inverter js
developed to study the effect of the system
parameters, which affect the system stability using
Root-locus analysis since the stability is the most
important parameter to ensure the reliability of any
system, A feedback output voltage control loop is
given with PI controller to enhance the system
stability and ensure that the constant load voltage is
pure  sinusoidal  waveform  irrespective  of
disturbances. Liapunov stability method is applied .to
determine the condition of the modulation index, for
a stable system. The proposed system is designed
and built in the laboratory to verify the simulation
results. The results are found to be in a good
agreement. The technique presentied in this paper is
applicable for any system with different parameters.
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9. APPENDIX

Re=4 Q Ly,=5mH  C;=100 pF R, =72

Li=714143 mH V@ =30V V,=5VVe=0-2>35V

[F200Hz V=34V Kp=0.1 K =001
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