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Abstract: This study proposes a neural controller for cascade inverter-type Dynamic Voltage Restorer (DVR)
to compensate voltage sags in utility voltages in power distribution network. The proposed DVR is
inplemented using multilevel nverter topelogy with 1solated de energy storage. The phase shifted PWM
technique 1s described to generate firing pulses to cascaded mverter. The proposed controller adopts itself to
the sag and provides effective means of mitigating the voltage sags with mimmum harmonics at the utility end.
The proposed concept was siumnulated using MATLAB simulink environment. The simulation results are
presented to venify the performance of the proposed multilevel dynamic voltage restorer.
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INTRODUCTION

Voltage sags are one of the power quality assets,
which dragged the attention of many researchers
especially i developing countries like India as the
sensitivity of loads are increasing due extensive usage of
power electronics devices. Faults at distribution level,
sudden increase of load, motor starting are some of the
causes of the voltage sags. Such sudden variations of
voltage are undesirable for sensitive loads.

A dynamic voltage restorer is one such device
having capability of protecting sensitive loads from all
supply side disturbances. Figure 1 shows the series
commection of a Dynamic Voltage Restorer (DVR) between
the utility source and loads through a coupling
transformer as proposed by Fang ef al. (1998) and Chan
(1998). During normal operating conditions, DVR 1s
switched off or controlled to compensate for any injected
harmonic voltages in the utility. During sag period, the
DVR operates in boost mode and injects voltage of
sufficient magnitude to maintain constant voltage
throughout the sag period. However, phase of the load
can be either be shifted or remain unchanged depending
on the compensation technicue adopted.

Many topologies proposed (Lai and Peng, 1995), for
DVR in past, most common being 2-3-level three phase
converter with dc capacitor connected alternatively to all

phases. H-bridge cascade mverter (Al-Hadidi and

Menzies, 2003) 1s the one such popularly used converter
topology. Multilevel topology offers the following
advantages.

»  Smmple structure and requires fewer components

» Packaging layout 13 much easier because of
simplicity of structure and lower component count

¢ FEach bridge can be controlled independently
permitting efficient single-phase voltage
compensation

+  Ability to reach high voltage and reduce harmonics
by their own structures without any transformers

+  (Jenerates multi step staircase voltage waveform
similar to pure sinusoidal output voltage by
mcreasing the number of levels
Because of performance of the overall control

system largely depends on the quality of the applied
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Fig. 1: Configuration of DVR
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control strategy, a high performance-controller with fast
transient response and good steady state characteristics
15 required. Various control strategies have been
proposed for voltage source PWM converters namely,
(Kazmierkowski and Malesani, 1998; Loh et al., 2002a, b,
Rendusara et al., 2000; Zhang et al., 2000, Corzine, 2000,
Marchesom, 1992; Buso et al., 2000). Some of them are
ramp comparison regulator, synchronous PI regulator;
state feedback regulator, hysteresis regulator, neural
network and fuzzy logic regulator etc. Nonlinear controller
1s more suitable than the linear since, the converter 1s truly
a nonlinear system.

The neural network is a universal estimator. This
implies that neural network can be trained to approximate
any smooth nonlinear function with accuracy. A Varable
Structure Control (cascaded VSC) 18 designed mitially and
then the neural network is used to approximate the VSC
control law. The main advantage of neural network
umplementation in comparison with direct VSC control 1s
that reduces the complexity and cost of the controller.

MATERIALS AND METHODS

The series voltage controller 1s connected in series
with the protected load as shown in Fig. 1. Usually, the
connection is made via a transformer, but configurations
with direct connection via power electronics also exist.
The resulting voltage at the load bus bar equals the sum
of the grid voltage and the injected voltage from the DVR.
The converter generates the reactive power needed, while
the active power 1s taken from the energy storage.

The energy storage can be different depending on
the needs of compensating. The DVR often has limitations
on the depth and duration of the voltage dip that it can
compensate.

The circuit on left hand side of the DVR represents
the venin equivalent circuit of the system. The system
impedance 7, depends on the fault level of the load bus.
When the system Voltage (V) drops, the DVR imjects a
series voltage Vi, through the imection transformer so
that the desired load voltage magnitude V. can be
maintained. The series injected voltage of the DVR
can be written as:

Vo= Vot Zyl - Vy (1
where
V. = The desired load voltage magnitude
Zy = Theload inpedance
I. = Theload current
Ve = The system voltage during fault condition

The load current 1, 1s given by:
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when:
V; = Considered as a reference
Equation 1 can be rewritten as:
Vipr £6 =V, L0+ 2,1 2 (P-0)-V, /& (3

Here «, P and d are the angle of Vi, Zy and Vi,
respectively and B is the load power factor angle.

The complex power injection of the DVR can be
written as:

Spve = Vour IL* 4

It may be mentioned here that when the injected
voltage V18 kept in quadrature with I, no active power
iyjection by the DVR 1s required to correct the voltage. It
requires the injection of only reactive power and the DVR
itself 13 capable of generating the reactive power. Note
that DVR can be kept in quadrature with I, only up to a
certain value of voltage sag and beyond, which the
quadrature relationship cannot be maintained to correct
the voltage sag. For such a case, injection of active power
into the system is essential. The injected active power
must be provided by the energy storage system of the
DVR.

Modulation strategy: Usually stair case modulation 1s
commonly used for cascaded H-bridge converters. For
SCM, the switching instants of each module are
calculated offline to attenuate certain harmonics. In that
case dc link voltage has to be varied in accordance to the
desired ac output voltage. Due to bulk de link voltage
dynamic response slows down. As the voltage sag
duration ranges from half cycle to 30 cycles, fast dynamic
response is required for the DVR application. Based on
this consideration, Phase shifted PWM modulation
scheme is adopted to maintain a relatively constant de link
voltage, while achieving the fast dynamic response
required of the output voltage by varying modulation
index.

Multilevel invertors require carrier based modulation
due to higher
modulation schemes for multilevel invertors are classified
as phase-shifted and level-shifted modulations. Multilevel
inverter with m voltage levels requires (m-1) triangular
carriers. In the phase-shifted multi carrier modulation, all
the triangular carriers have the same frequency and the
peak-peak amplitude with phase shift between any 2
adjacent carrier waves given by:

schemes levels. The carrier-based
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@, = 360%,

The sinusocidal signal V.., is phase-modulated by
means of the angle ¢ 1.e.,

V.= Sm (wt + &)
V= Sin (wt+56 - 21/3)
V.= Sin (wt +8 + 21/3)

The modulated signal V., is compared against a
phase shifted triangular signals in order to generate the
switching signals for the VSC valves. Figure 2 shows the
pulses for one phase. The main parameters of the phase
shifted PWM scheme are the amplitude modulation index
of signal and the frequency modulation index of the
triangular signal.

The amplitude index is kept fixed at 1 pu, in order to
obtain the highest fundamental voltage component at
the controller output.

M, = Vo _ ) pu (5)
tri
where
Vowm =  The peak amplitude of the control signal
Ve = The peak amplitude of the triangular signals

The switching frequency 1s set at 2000 Hz The
frequency modulation index 1s given by

M; = L/f, (6)
where:
f, = The fundamental frequency

The modulating angle 1s applied to the PWM
generators m phase A. The angles for phases B and C are
shifted by 240° and 120°, respectively. It can be seen in
that the control implementation is kept very simple by
using only voltage measurements as the feedback varnable
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Fig. 2: Phase-shifted PWM pulses for 1 phase

in the control scheme. The speed of response and
robustness of the control scheme are clearly shown in the
simulation results.

The voltage level and switching state of the
five level CHB (Cascaded H-Bridge inverter) is shown in
Table 1.

Neural network architecture: The effective mitigation of
sag and harmonics depends on the effectiveness of the
controller design. Usually PT control is used to improve
the static and dynamic characteristics of the system. The
PT control depends on deviation regulation. The main
problem of PI control is its adaptability. Because the
parameters once fixed may not accommodate all
conditions when the status and parameters of the system
1s changed. Tuning, the PI controller 1s also very difficult
sometimes. The usage of intelligent techniques provides
the better solution for tuning the respective gams and
adaptability problem. Neural network 15 the optinal
solution for such problem.

The aim of the control scheme 1s to maintain constant
voltage magnitude at the point where a sensitive load is
connected, under system disturbances. The control
system only measures the rms voltage at the load point,
i.e., no reactive power measurements are required. Since
custom power 1s a relatively low-power application, PWM
methods offer a more flexible option than the Fundamental
Frequency Switching (FFS) methods favored in FACTS
applications. Besides, high switching frequencies can be
used to improve on the efficiency of the conwverter,
without incurring sigmficant switching losses.

The controller input is an error signal obtained from
the reference voltage and the value rms of the terminal
voltage measured. Such error is processed by a neural PT

Table 1: Voltage level and switching states of five level CHB
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Fig. 3: Neural network structure

controller the output is the angle &, which is provided to
the carrier PWM signal generator. It is unportant to note
that in this case, indirectly controlled converter, there is
active and reactive power exchange with the network
simultaneously: an error signal s obtained by comparing
the reference voltage with the rms voltage measured at the
load pomnt. The neural PI controller process the error
signal generates the required angle to drive the error to
zero, 1.e., the load rms voltage 1s brought back to the
reference voltage.

Back propagation algorithm: Back propagation, which
15 the most trammng method for a multi-layer feed
forward network 15 shown i Fig. 3. The ANN with
back propagation algorithm is trained with 2000 data
for voltage. The topology 1s trained with one mput layer,
five ludden layers and one output layer with standard
purelin, tansigmoid activation function. In Fig. 3, the

error data are set as Pl vector and V™ are the
corresponding output vectors, where, m is the number
of iterations. The vector V™' is the hidden layer

activation function for desired output. The input to
ANN the error and the output is the
proportional gain K, and the integral gain K, for fixing
the dc voltage to compensate the voltage disturbances at

i desired

the load side. The training data for the neural controllers
are derived from the appropriate PT controller gain values
for a typical load condition. The following steps are used
for tuning the parameters neural controller using BP
algorithm.
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Fig. 4: Single line diagram of test system for DVR

Step 1: Tnitially all the weights are set to small random
value

Step 2: Present an input vector P and a desired output O
apply I to the input layer (m = 0) so that V°

Step 3: For other layers, namely m = 1...... M, forward
computation is performed using the Eq. 7:

e _f( T v;“] )
where:
wi"vi"! = The connection weight from v to v;"

Step 4: The error 1s updated making use of the Eq. 7 and
fed to the output layer

61(m) - Vim (1 - V1m) (01 - Vim) (8)

Step 5: Then back propagation errors for the preceding
layers M-1...1 are calculated using the Eq. 9:
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Fig. 5: Simulink model of a DVR test system for voltage sag

6i(m—1) _ V Vm l)zwm 6m (9)

Step 6: Finally, all the weights are adjusted for next
iteration and is given by the Eq. 10:
(10)

w}j’“) = (t+D=wj (t) +nd] vg““”
where:
n

A gain parameter
Step 7: Repeat and go to step 2 until the desired epoch is
achieved. The neural PI controller is shown in Fig. 3.

Test system: Single line diagram of the test system
for DVR is shown in Fig. 4 and the test system employed
to carry out the simulations for DVR is shown in
Fig. 5. Such system is composed by a 13 kV, 50 Hz
generation system, feeding two transmission lines
through a 3-winding transformer connected in Y/A/A,
13/115/15 kV. Such transmission lines feed two
distribution networks through 2 transformers connected
in A/Y, 15/11 kV.

To verify the working of a DVR employed to avoid
voltage sags during short-circuit, a fault is applied at
point X via resistance of 0.4 Q. Such fault is applied for
100 msec. The capacity of the dc storage is 2.5 kV.

Using facilities available in MATLAB/SIMULINK
the DVR 1is simulated to be in operation only for the
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duration of the fault as it is expected to be the case in
practical situation. Power system bock set for the use with
Matlab simulink is based on state-variable analysis
and employs either variable or fixed integration-step
algorithms. Figure 4 shows the simulink model of DVR
and Fig. 5 shows the simulink model of the test system
for DVR.

RESULTS AND DISCUSSION

Case 1: Simulation results of voltage during single line
to ground fault: The fisrt simulation contains no DVR
and a single line to ground fault is applied at point A in
Fig. 5 viaa fault resistance of 0.2 Q, during the period
500-900 m sec. The voltage sag at the load point is 30%
with respect to the reference voltage as shown in Fig. 6.
The second simulation is carried out using the same
scenario as above but now with the DVR in operation.
The total simulation period is 1100 msec.

When the DVR is in operation the voltage sag is
mitigated almost completely and rms voltage at the
sensitive load point is maintained at 98% as shown in
Fig. 7. The total harmonic distortion is maintained at
0.05% at the load end.

Case 2: Simulation result of voltage interruption during
3 phase fault: The first simulation contains no DVR and
three phase fault is applied at point A in Fig. 5, via a fault
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Fig. 6: Load voltage without DVR-voltage sag
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Fig. 7: Load voltage with DVR —mitigation of voltage sag
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Fig. 8: Load voltage without DVR-voltage interruption
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Fig. 9: Load voltage with DVR-mitigation of voltage
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resistance of 0.001 Q, during the period 500-900 msec.
The voltage at the load point is 0.05% with respect to the
reference voltage as shown in Fig. 8. The 2nd simulation
is carried out using the same scenario as above, but with
the DVR in operation. The total simulation period is
1400 msec.
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Fig. 10: FFT analysis for load voltage

When DVR is in operation the voltage sag is
mitigated almost completely and the rms voltage at the
sensitive load point is maintained at 98% as shown in
Fig. 9. The total harmonic distortion is maintained at
0.05% at the load end as shown in Fig. 10.

CONCLUSION

This study has presented the power quality problems
such as voltage dips, interruptions, consequences and
mitigation techniques of custom power electronic device
DVR. The design and applications of DVR for voltage
sags, interruptions and comprehensive results are
presented.

This study presents multilevel cascaded h bridge
topology for DVR modeling. The carrier phase shifted
modulation method is implemented to control the
electronic valves in the 5-level cascaded multilevel
inverter. The advantage of using phase shifted
modulation scheme is very effective in maintaining load
voltage constant.

The neural PI controller added the advantage of
limiting the harmonics at the load end. It was observed
that with low rating of dc storage high voltage can be
injected through cascaded multilevel inverter.
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