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Abstract. This paper presents a model for an active voltage conditioner. This voltage conditioner is useful for
power distribution systems in which power quality issue is of primary concern. The voltage conditioner
consists a static var compensator (SVC ) and a series active voltage conditioner (AVC). The SVC typeisa
thyristor-controlled reactor (TCR). When using the SVC configuration individualy, it is found that the rms
value of load voltage is kept close to a desired/pre-set rms value, but unfortunately a considerate amount of
harmonics is noted in the load voltage waveform. Computer simulations show that a 14.5% total harmonic
distortion factor (THD) can be found in the load voltage waveform. Thus, an AV C is introduced in series with
the SV C to take care of harmonics cancellation. The AVC is made of a single phase full wave bridge rectifier,
a bridge inverter, and a series transformer. The bridge inverter is controlled by a simple hysterisis control
circuit. When using the AV C in conjunction with the SVC, it showed the load voltage is kept near the desired
rms value and no more than 0.98% total harmonic distortion factor (THD) is found its waveform. The
performance of the SVC as well as the one of the AVC are obtained from MATLAB/SIMULINK computer
simulation program.

Keywords: Static voltage compensators, Active voltage conditioners, Power system harmonics, Power quality,
MATLAB simulation, Electrical engineering education.

Introduction

Static var compensators (SVC) have been applied to utility and industrial power for
many years. Therefore, SV Cs are not new to the industry, and by themselves, are not an
overly complex device. To understand the need of installing an SVC when needed,
consider the simple per-phase system equivalent circuit shown in Fig. 1(a) [1] by means
of the ac system Thevenin equivalent, where the internal impedance of the ac
system is assumed to be purely inductive. Figure 1(b) shows the phasor diagram for a
lagging power factor load P+jQ with a current 1=I,+jlq, which lags the terminal voltage
V.. An increase AQ in the lagging vars drawn by the load causes the reactive current
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component to increase to I;+4 g, while |, is assumed to be unchanged. The phasor
diagram for the increased Q is indicated by “primed” quantities in Fig. 1(b) where the
magnitude of the internal system voltage V remains the same as before the change. The
phasor diagram of Fig. 1(b) shows a drop in the terminal voltage by 4 V, caused by an
increase in the lagging reactive power drawn by the load. In this case, even if I,remains
constant, the real power P will decrease because of the reduction in V,. For comparison
purposes, Fig. 1(c) shows the phasor diagram where the percentage change in I, is the
same as the percentage change in I, in Fig. 1(b), while | is assumed to be unchanged.
Figure 1(c) shows that the voltage change 4V, is small due to a change in I,. The last
observation suggests that for the sake of controlling the terminal voltage V,, a reactive
power source rather than areal power source should be installed in shunt with the load to
compensate for any temporarily need of power by the load. This required source can be
simply thought as a variable capacitor bank. Varying this capacitor should be fast and
therefore it can not be done mechanically. To perform such a requirement, a fixed
capacitor isinstalled in shunt with a controlled power semi-conductor switchesin series
with a fixed power inductor element, as shown in Fig. 2. Controlling the on/off
switching times (turn-on and turn-off) of the semi-conductor switches will ultimately
vary the reactive power needed by the system.

This paper investigates the performance of a SVC model of Fig. 2, referred in
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Fig. 1. Effect of load on the terminal voltage: a) Equivalent cricuit. b) Change in real load current.
¢) Change in reactive load current.
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literature as a thyristor-controlled reactor (TCR type). The inductor of the TCR is
controlled by two back-to-back thyristors.

The MATLAB computer simulations show the SVC/TCR performs its duty as
intended. This duty consists of maintaining the rms load voltage near the desired value
when the source voltage of figure varies between 300 to 330 V rms value. Unfortunately,
under a number of operating conditions, a distorted waveform is encountered in the load
voltage signal. Thus, an active voltage conditioner is suggested. Such conditioner is
introduced between the SVC and the load. The duty of AVC consists of canceling the
harmonics generated by the SVC. The AVC is made of a single phase full wave bridge
rectifier, a bridge inverter, and a series transformer. The bridge inverter has four
transistors of type IGBT and it is controlled by asimple hysterisis controller.

The performance of the SVC shows that a desired rms value of the SVC voltage is
reached. More importantly, the load voltage has nearly null harmonic voltages. Both
performances (i.e. SVC and AVC performances ) are tabulated using the computer
toolbox: MATLAB/SIMULINK [2].

Static Var Compensator Model and Performance

Figure 2 shows the general circuit diagram of the SVC as well as its main control
blocks. The figure shows a voltage source in series with a series impedance. The
impedance represents the source internal impedance plus the feeder impedance. The
SV C configuration is shunted with a power load. The SV C contains a fixed capacitor in
parallel with the thyristor controlled reactor (TCR). The control blocks represent actually
the firing angle control circuit needed by the thyristors of the TCR branch.
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Fig. 2. System investigated.
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The control blocks consist of:

1) A rmsdetector which measures simply the effective (rms) value of the load voltage

or the SV C branch voltage.

2) A gate pulse generator (GPG) whose purpose is to compare first the SV C branch
rms voltage with a reference voltage and based on this comparison, it initiates
desired accurate instants of firing angle. Content detail of the gate pulse generator
is shown in Fig. 3. Thisfigure is actually a MATLAB/SIMULINK block diagram
of the used firing angle control circuit. Input 1 (Inl) reads the measured rms value
of the load voltage. Input 2 (In2) takes instantaneous value of the load voltage.
Output 1 (Outl) generates the pulses to the thyristors. Under a certain operating

condition, the anticipated signals at some stages of Fig. 3 are depicted in Fig. 4.
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Fig. 3. SVC firing angle control circuit.
The values of the parameters of Fig. 2 are shown in Table 1.
Table 1. Parameters values of Fig. 2
50 Hz source voltage rms value 300V to 330V
] Inductance (mH
Feeder Resistance (2 ) (mH)
1.16 9.8
Load Real power Reactive power
7.5 kW 4.647 Kvar
Static var compensator Fixed capacitor (LF ) Inductor (mH)
sve 225 1

Reference voltage 240 Volts
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To predict the performance of the power system understudy, MATLAB computer
simulations were done. Figure A-1 of the appendix represents the
MATLAB/SIMULINK circuit diagram of Fig. 2. In the simulations, the source voltage
was assumed to vary between 300 V and 330 V rms value. As it may be noted that the
supply voltage is in the range of 300 V while the desired load voltage is 240 V. This
means that the feeder has a high impedance. Actually, the considered system is thought
to be avery weak system. Such system was witnessed in one country in North Africa. It
was fluctuating weak system feeding certain 15 hp irrigation pumps. Figure 5 depicts
two operating point results.
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Fig. 4. Some signals of SVC firing angle control circuit of Fig. 3: a) rms and Instantaneous load voltage.
b) Integrator reset signal. c) Integrator output signal. d) Location of firing angle pulses.

As it is observed from the solid curves of subfigures 5(b) and 5(f), the load
voltage is kept or controlled to 240 V rms value under the two possible values of the
source voltage. Therefore, the SVC is performing its intended task adequately. Note the
level of the current in the TCR inductor. In the case of the 330 V, TCR current is badly
needed to drop the voltage-down, whereas in the case of the 300 V voltage source, less
TCR current is needed because of the need of load voltage compensation by the SVC
fixed capacitor.

A careful glance at the load voltage waveform, one can deduce that the load voltage
waveform is distorted. This distortion can be further aggravated if the system of Fig. 2 is
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assumed to operate under other possible values of the source voltage. Figure 6(a) shows
two waveforms of the load voltage. The solid one is obtained under a 312 V source
voltage while the dashed one is obtained under a 330 V source voltage. The distortionin
the load voltage is due of course to the non-linearity of the TCR current.

Actually, this non-linearity is not a new thing to discover. It has been aready
documented in the literature [3]. This non-linearity creates harmonics that are spread to
the power systems components and affects their desired performances, in particular if the
load close to the SVC bus is sensitive or vulnerable to harmonics. To get an idea about
how much harmonics are present in the load voltage waveform, the total harmonic
distortion factor (THD) is computed under the possible range of rms source voltage
variations. Figure 6(b) depicts the value of such THD. As it is seen, aimost 14.5% is
noted when the source voltage is 312 V.
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Fig. 5. SVC Performance: Left Column: Results under 300V source voltage: a) Instantaneous source
and load voltage. b) rms source and load voltage. ¢) TCR current. d) Firing angle positions.
Right Column: Results under 330V source voltage: e) Instantaneous source and load voltage. f)
rms source and load voltage. g) TCR current. h) Firing angle positions.
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Therefore, at the expense of guarantying a constant rms value for the load voltage,
harmonic voltages are generated by the SVC configuration/module. Thus, remedies
should be considered with the intention of taking care of the unwanted generated
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harmonic voltages. Thisisthe duty of the active voltage conditioner that is treated in the
following section.
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Fig. 6. SVC performance: a) Instantaneous load voltage when source voltage is 312 and 330 V
respectively. b) Total harmonic distortion factor (THD) when source voltage is varied between
300 to 330 V in a step of 2V each time.

Static Var Compensator and Active Voltage Conditioner Model
and Performance

The presence of distortion in the load voltage waveform may affect power
apparatuses performance drastically [4-5]. This distortion can be acceptable or tolerable
up to acertain level [6-7]. Therefore, power harmonic filters need to be installed and that
is to remove or control the level of the harmonic distortion. The power harmonic filters
might be either passive or active. The active voltage conditioner is one of the active
power filters. References [9-16] document the principle of operation and uses of the
active power filters. Theideology of the active voltage conditioner used in this paper is
originally suggested in reference [9]. What is different between the active filter of
reference [9] and the active voltage conditioner of this paper is the type of controller.

Figure 7 shows the layout and location of the active voltage conditioner in the
system under investigation. The active voltage conditioner consists of a rectifier, an
inverter a power transformer and some control blocks.

o Therectifierisasimple full wave diode bridge.

e Theinverter ismade of four insulated gate base transistors (i.e. IGBT transistors).

e The primary winding of transformer is connected across the output terminals of a
full wave bridge inverter while the secondary winding has one terminal connected
to the bus having the distorted waveform supply voltage (i.e. SVC bus) and the
other terminal connected to the load.
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e The control blocks consist of two cascade blocks. Block 1, termed harmonic
voltage detector whose duty is to detect the harmonic voltages content in the SVC
bus voltage waveform. Block 2, termed hysterisis controller, takes the output of
the previous harmonic voltage detector as a reference signal and generates the
driving signals to the gates of the inverter bridge made of four IGBT transistors.
This should be fulfilled in a way that the voltage across the output terminals of the
transformer (i.e. transformer secondary winding terminals) should follow the
desired signal assessed by the harmonic voltage detector block.
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Fig. 7. System investigated: SVC and AVC configuration.

Figure 8 shows the contents of the AV C control blocks. Figure 8(a) is the harmonic
voltage detector. Its principle of operation is as follows: The SV C bus voltage waveform
is supplied to input 1 (In1 port). Input 1 signal is fed to a discrete Fourier transform
(DFT) block. The DFT output provides the magnitude and phase angle (in radian) of the
fundamental component of the SVC bus load voltage. Instantaneous value of the
fundamental component is obtained at the output of function f(u) block. Subtracting the
output of f(u) block from input 1 signal results in a signal containing the harmonic
voltages that are embedded in the SVC bus voltage. This is the signal of the output
(Out1 port).

Figure 8(b) is the hysterisis controller. This controller has three inputs. One input
(port In2) is connected to the output of the harmonic voltage detector (port Outl). The
second input (port In3) is the load bus voltage. The third input (port Ind) is connected to
the ground. Subtracting the load bus voltage from the harmonic voltage detector output
gives an error signal that isfed to a hysterisis controller (i.e. the relay block). The duty of
the relay block consists of either changing the status of the relay output port whenever
the level of error signal is outside specified hysterisis limits (i.e. allowable hysterisis
band), or keeping the relay output signal intact if the input error signal iswithin specified
hysterisis limits. The relay output is fed to a switch block. The switch block plays the
role of comparator. The switch provides a high state when the input is higher than a
certain threshold value and a low state when the input is less than that threshold value.
The switch decision will be found at port Out2 of Fig. 8(b). Port Out3 takes the
complementary value of port Out2 output. That is, if Out3 statusis high then Out2 status
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islow, and viceversaif Out3 statusislow then Out2 statusis high. Out2 and Out3 are
connected to the gates of IGBT transistors of the bridge inverter as shownin Fig. A-2.
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Fig. 8: Control blocks of the active voltage conditioner: a) Harmonic voltage detector. b) Hysterisis
controller.

Figure A-2 in the appendix isthe MATLAB/SIMULINK circuit diagram of Fig.
7. For the sake of clarity, Fig. A-2 is split into two parts. Part A-2(a) contains the main
source and the SV C branch associated with its control blocks, while Part A-2(b) contains
the AV C with its control block and the constant power load.

In order to test the performance of the power system of Fig. A-2, the source
voltage has been pretended to vary between 300 V and 330 V rms value. Figure 9
depicts two operating point MATLAB/SIMULINK simulation results. The left column
results are obtained when the source voltage is 312 V rms vaue. The right column
results are obtained when the source voltage is 330 V rms value. The instantaneous and
rms values of the source voltage are shown in subfigures 9(a) and 9(d) respectively. Of
coursg, the rms valueis 312 V in subfigure 9(a) and it is 330 V in the case of subfigure
9(d) (i.e. dashed lines). Subfigures 9(b) and 9(e) visualize three curves. The three
curves represent actually the SVC bus instantaneous voltage (dashed line), the load
instantaneous voltage (solid line), and the SVC bus rms voltage (dashed ling). It is
quite clear that the SVC is guarantying the 240 v rms value in the two pretended
operating source voltages. But unfortunately, the SVC voltage waveform is distorted.
Such distortion is aleviated by the AVC which provides nearly a pure sinusoidal
voltage across the load terminals. This observation is noted under both operating
source voltage conditions (i.e. 312 V and 330 V source voltage conditions). Thus, it
can be concluded from the simulation results that the AV C is fulfilling its targeted task
accurately. The total harmonic distortion factor (THD) is computed for both operating
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conditions. It is found to not be exceeding a 0.98% value. Subfigures 9(c) and 9(f)
depict the unwanted harmonic voltages signal and they appear across the secondary
winding terminals of the AVC transformer. Note the hysterisis phenomena in both
cases and it is clear to reconfirm that the AV C controller is performing its job neatly.
Another remark that may be noted by the reader is that the amount or level of
harmonic voltages in the SVC bus voltage in the case of the 330 V source voltage is
less than its corresponding one in the case of 312 V source voltage.
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Fig. 9. SVC and AVC performance: Left Column: Results under 312V source voltage: a) Instantaneous
and rms source voltage. b) Instantaneous, rms SVC and Instantaneous load voltages. c) Voltage
across the secondary winding terminals of the AVC transformer. Right Column: Results under
330V source voltage: d) Instantaneous and rms source voltage. e) Instantaneous, rms SVC and
instantaneous load voltages. f) Voltage across the secondary winding terminals of the AVC
transformer.

This remark is obvious because the current in the TCR inductor is nearly
sinusoidal (i.e. as shown earlier in subfigure 5(g)) in the case of the 330 V source
voltage and consequently less harmonic voltages should be present in the SVC bus
voltage. Figure 10 is no more than a magnification of subfigure 9(b). It is brought here
for the sake of reclaiming that the SVC is guarantying a desired 240 V rms voltage
value (horizontal dashed curves) and it is not caring about the quality of the SVC
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voltage waveform. The introduction of the AV C in cascade with the SVC is providing
anear pure sinusoidal voltage waveform (i.e. solid line).
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Fig. 10. SVC and AVC performance: Instantaneous SVC voltage, rms SVC voltage
and instantaneous load voltage.

Conclusion

In weak power distribution systems and when power quality is of primary concern,
reactive power control seems to be a necessary measure to control load voltage. This
can be done through the implementation of the static voltage compensator (SVC) of
TCR type in conjunction with the active voltage conditioner (AVC). The performance
of the AV C can be monitored/controlled by a proposed simple hysterisis controller. The
characteristic of the proposed controller used in the AVC configuration persists in its
simplicity when compared to other conventional controllers.

The SVC guaranties a desired rms voltage while the AV C guaranties the quality of
the voltage waveform. Computer simulations in this paper show that when using only the
SVC, the load voltage is controlled near a desired rms voltage value but a distorted SVC
voltage waveform is encountered. However, when adding or attaching the AVC to the
previous SVC, the simulations show that a quantitative as well as qualitative load
voltage is reached regardless the voltage fluctuations that may occur often in the source
voltage.
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The author admits that the SVCs are usually used for medium voltages. But, here it
has been applied to low voltage. The work performed here can be also extended to
medium voltage ranges.
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