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Abstract—In this paper, new static VAR compensators SVCs
schemes for inductive and capacitive reactive power are
developed. The provided schemes improve the flexibility and
power system quality of SVCs by developing new circuit
topologies with new control strategy of the reactive power. New
circuit schemes are introduced for thyristors switched reactors
TSR and thyristors switched capacitors TSC to design harmonic-
free SVC with higher discrete number of reactive power levels.
This paper provides the control algorithm and block diagram of
the new SVCs schemes. The switching strategies of TSR and TSC
are described and implemented. The new scheme of TSC requires
special modifications to decrease transient effects and
implementation of specific switching strategies to acquire SVC
with high power quality indexes.

Keywords—static VAR compensators, thyristor switched
reactors, thyristor switched capacitors

I. INTRODUCTION

Static VAR compensators SVC play an important role in
electrical power systems because of their capability to
dynamically compensate the reactive power. The SVC
fundamentally is made up of inductive reactive power source,
such as thyristor-controlled reactor TCR or thyristors switched
reactors TSR, and capacitive reactive power source, for
instance fixed capacitor FC and thyristors switched capacitors
TSC [1]. The advance of SVC has various research trends such
as optimization of the device rating and the place of installation
in the power network [2], improvement of power electronics
structure in the schemes [3,4,5] and development of SVC
control system structure and operation [6]. TSR is considered
as a solution to eliminate high order harmonics which are
commonly produced in SVC based on TCR scheme. The new
TSR topologies have flexible performance than the simple
equal parallel branches or binary TSR schemes [7]. The existed
TSC has one of the following topologies: equal rating parallel
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Fig. 1. TSR with 25 power steps

TSC branches and binary TSC [8].

In the paper, new developed circuit topologies for both of
TSR and TSC are developed with essential idea of increasing
the number of steps of reactive power compensation with the
same number of passive elements (reactors and capacitors).
This paper demonstrates the principle of the new schemes
operation. The characteristics of the new schemes that relates
between the required and developed reactive power is provided
in this paper. Furthermore, the control strategy and
construction of the new developed schemes are clarified. The
modification of TSC operation during transients is
implemented with special algorithm and circuitry.

II. CIRCUITS TOPOLOGIES OF IMPROVED TSC AND TSR

TSR and TSC new schemes are developed to control the
reactive power with zero harmonic content but with discrete
manner. The earlier schemes of TSR control the developed
reactive power by varying the equivalent inductance of the
parallel connected reactors. The developed schemes control
the reactive power not only by changing the parallel connected
branches but also by series connection of passive elements [9].
Fig. 1 illustrates a new circuit scheme for TSR which consists
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four reactors and seven back-to-back thyristor switches. This
scheme allows to obtain 25 different equivalent inductances;
thus, it produces 25 reactive power steps. It can become
evident that with additional three switches, the number of steps
are increased from 16 steps in binary TSR to 25 steps in the
new scheme [10]. TABLE I shows the different equivalent
inductances and the states of operation of the switches where +
means series connection and // means parallel connection of
reactors. The total apparent power of reactors in the new
scheme equals the total apparent power of the reactor used in
conventional TCR and binary TSR [10]. With the same
manner, the number of reactors may be more than four, but the
number of switches will be more than the number of reactor by
3. These three switches are Ss, S¢ and S; in Fig. 1.

TABLE I. THE EQUIVALENT INDUCTANCE OBTAINED BY NEW TSR
WITH FOUR REACTORS AND SEVEN SWITCHES

. Equivalent Switches state
inductance S S S3 S4 Ss Se S;
1 0 OFF OFF OFF | OFF | OFF OFF OFF
2 L;+L, ON ON OFF | OFF | OFF OFF ON
3 Ly+L; OFF ON ON OFF | OFF OFF ON
4 (Li//L3) + L ON ON ON OFF | OFF OFF ON
5 L, OFF ON OFF | OFF | OFF ON OFF
6 L;+L, ON OFF OFF ON OFF OFF ON
7 (Lo//Ly) + L, ON ON OFF ON OFF OFF ON
8 L3+Ly OFF OFF ON ON OFF OFF ON
9 (Lo//Ly) + L OFF ON ON ON OFF OFF ON
10 L, ON OFF OFF | OFF ON OFF OFF
11 (Li//L3) + Ly ON OFF ON ON OFF OFF ON
12 | @/Ly)+ (L/Ly) ON ON ON ON OFF OFF ON
13 L//L, ON ON OFF | OFF ON ON OFF
14 L; OFF OFF ON OFF ON OFF OFF
15 L, OFF OFF OFF ON OFF ON OFF
16 Ly//Ls OFF ON ON OFF ON ON OFF
17 Ly//Ly OFF ON OFF ON OFF ON OFF
18 L//Ls ON OFF ON OFF ON OFF OFF
19 L//Ly ON OFF OFF ON ON ON OFF
20 L1//Ly//Ls ON ON ON OFF ON ON OFF
21 Li//LJ/L, ON ON OFF ON ON ON OFF
22 Ls/Ly OFF OFF ON ON ON ON OFF
23 Ls/Ly/L, OFF ON ON ON ON ON OFF
24 Li//Ly/Ls ON OFF ON ON ON OFF OFF
25 Li//Ly//Ls//Ly ON ON ON ON ON ON OFF

Fig. 2 demonstrates the new scheme of TSC which contains
four capacitors and seven switches. This topology can produce
25 steps of operation such as that of the new TSR in Fig. 1.
This scheme is better than binary TSC that contains four
branches because the new topology provides 25 steps instead
of 16 steps which can produced by binary TSC. Although the
topologies of TSR and TSC have the same principle of
operation by varying the developed reactive power by changing
the equivalent reactance, the method of control of each scheme
is different [11,12] as will explained in section IV.

III. CHARACTERISTICS OPTIMIZATION OF THE DEVELOPED TSC
AND TSR TOPOLOGIES

The characteristic of the SVC system is the relation
between the required reactive power as a reference from the
control system and the actual produced reactive power from
SVC. The characteristics of the new TSR or TSC schemes have
discrete form. Consequently, it is very vital to adjust the SVC
characteristics to be most near to the continuous characteristic
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Fig. 2. TSC with 25 power steps

of SVC with TCR. Optimization technique can determine the
parameters of each of the new developed schemes to obtain the
smoothest variation in the produced reactive power [3]. In this
section, the optimization technique is applied for TSR and with
the same way it can be applied for TSC [3]. By assuming that,
each equivalent inductance L.(n) produces the inductive

reactive power Oy:

12

O, (n)=—F—7-+
( ) w L, (n) (1)

In the case of the capacitive reactive power, each equivalent
capacitance Cy(n) produces capacitive reactive power

2

according the following equation O, (n)=V*wC.(n) , where
n is the number of the equivalent circuits which depend on the
switches states in Fig. 2. An objective function should be
applied to optimize the distribution of the produced reactive
power. This objective function O.F.D designates the difference
between two consecutive developed reactive power (Qun),
0.(n+1)), while this difference shouldn’t exceed certain
determined value AQ.

O.F.D= Z:: (Qd (n+1)-0, (”)) —AQ ©)

where m is the total number of steps obtained by the developed
scheme.

This objective function is used for both of new TSR and TSC
schemes. Optimization technique that depends on genetic
algorithm GA is used to solve this objective function. The
constraint for the variables is the ratio between the maximum
and the minimum variables (maximum and minimum
inductance or capacitance of passive elements) doesn’t exceed
8. So, the parameters of TSR and TSC can be determined as a
function of rated inductance L., and rated capacitance Ceq
correspondingly. The values of inductances to obtain the finest
solution are as the following: Ly = 5.1 Leg, L, = 10.8 Leg, L3 =3
Leq, Ly =2.6 L. While the value of capacitance for TSC
optimal design C, = 0.2 Ceq, C, = 0.0998 Cyq, C5 = 0.3248 C

€q»
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Fig. 3. The optimal characteristics of the new TSR and TSC characteristics

Cy = 0.3754 Cg. The predetermined parameters offer the
characteristic for each of TSR or TSC as demonstrated in Fig.
3. This characteristic links between the required reactive power
from the scheme and the discrete produced reactive power. It
can be noted that this characteristic may be inductive or
capacitive according to the type of the scheme. To get certain
required reactive power, certain step of 25 steps should be
realized consistent with its percentage. The grouping between
the two new TSC and TSR schemes provides more smooth
variation in the group characteristic.

IV. ALGORITHMS OF THYRISTORS CONTROLLING IN NEW SVC
SCHEMES

Fig. 4 demonstrates the general block diagram of SVC with
discrete TSR and TSC. The required susceptance B (the
required reactive power) is converted to required inductive
susceptance and required capacitive susceptance [4]. The
required susceptance B is converted by the control system to
specified step according to the characteristics of TSR or TSC.
This control system is essential for the discrete control SVC
schemes and has the required blocks to diminish the effect of
the discrete characteristics [4].

The inductive reactive power control is occurred because of
the changing of the inductance value consistent with the certain
step as in Fig. 5. The varying of inductance value is simple
because it should be occurred at zero crossing of current. For
inductive current, the current zero crossing occurs at voltage
phase angles of 90° and 270° i.e. at the moment of maximum
instantaneous voltage. Therefore, the maximum time delay in
this case equals half cycle of the fundamental frequency. Fig. 6
illustrates the block diagram of the TSR control system which
contains three main components; the first is the block
responsible for the synchronization between the TSR and the
power grid; the second is the block responsible for the
determination of the required susceptance and therefore the
required operated switches; the third block is the firing circuit
of thyristors. Fig. 7 shows the waveforms of TSR current and
voltage throughout the changing from one step to another. If
new step is required by the control system, the implementation
of the new step happens only at the zero-crossing of the current
or the maximum amplitude of instantaneous voltage.

Conversely, the capacitive reactive power control of TSR is
more complicated. There is no opportunity to switch on a
switch in series with sinusoidal power supply and capacitor
because there is a need to avoid the sudden change of voltage
on the capacitor which leads to excessive level of current
which may lead to the damage of the switch and the capacitor.
In some cases, when the firing angle of the switch occurs at
zero crossing of voltage, the high value of current change di/dt
is very hazard for the switch. Consequently, connection of
small damping inductors in series with capacitor will reduce
the high values of current or its rate of change [11].

For the new scheme of TSC, it is preferred to install a
reactor L in series with power supply as in Fig. 2. This reactor
plays vital role not only for switching on the capacitors with
lower transients but also for preparing the capacitors for the
next step. The developed topology depends on the series
connection and parallel connection. Nonetheless, the
connection of capacitors in series needs the discharging of all
capacitors to prevent residual DC charge on capacitors during
producing of capacitive current. Consequently, the control
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Fig. 4. The block diagram of control system for thyristors switched SVC
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algorithm of TSC should contain the discharging process
earlier than the starting of the new step of operation. After the
capacitors discharging, the new connection of the capacitors
starts at the next voltage zero crossing. Fig. 8 illustrates the
flow chart of the control algorithm of TSC to start new step of
operation. Consistent with this algorithm, if there is
requirement of new value of susceptance B, the discharging
process should be activated before the implementation of new
value of B. Fig. 9 demonstrates the detailed block diagram of
the TSC control system which contains the blocks required for
the changing of the required susceptance and the discharging of
the capacitors. Fig. 10 (a) demonstrates the waveforms of the
supply voltage and the current of the TSC in the transition
between two steps where the TSC current equals zero during
the discharging period except the impulse current due to
capacitor discharge. Fig. 10 (b) shows the voltage of certain
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Fig. 8. Flow chart of algorithms for controlling thyristors switched

capacitor in the transition process the voltage is kept constant
till the moment to discharge it to zero voltage.

The special discharging process for capacitors is applied
within only one quarter of the fundamental period to keep the
fast response of the overall system. If the capacitors are
charged with positive or negative charge from the previous
state of operation, this energy could be regenerated to the
power supply depending on the reactor L. Therefore, the
inductance L of installed reactor and the equivalent capacitance
Ce should provide resonance frequency higher than the
fundamental frequency w, to end the discharging process in
very short time. The resonance frequency recommended in this
paper equals 24 times the fundamental frequency. So, the value
inductance L can be determined with maximum capacitance Cq
and resonance frequency of 24 w,.

L 1 (3)
(24w,)’ C,,

For delta connected TSC 200 kVAR, 400 V-line voltage,
the value of C. equals 1315 uF and the value of inductance
equals 13.2 pH. The control algorithm for the discharging can
be explained according to the following example: assume all
capacitors have remaining voltages V illustrated in Fig. 2

which equals 220v/2 V. The goal is the regeneration of this
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stored energy to the supply to reduce the capacitor voltage to
zero level. The starting of discharging happens when the
waveform of voltage passes through zero to the positive values
as in Fig. 11 (a) and the thyristors T, for all switches are fired
in this moment. Fig. 12 illustrates the flow of current during
discharging of capacitors where all switches except S; operate
in the direction enables to discharge the capacitors. In this
moment, the voltage of capacitors is more than the instant
value of supply voltage; so, all capacitors produce currents
passes through reactor L and thyristors T, in all switches except
S;. This current has negative sign with respect to the power
supply as in Fig. 11 (b). At the moment when the capacitors
voltage reaches zero Fig. 11 (c) (0.35 ps) the thyristors T, in

o o5 1 15 2 25 3 35 4 45 5
Time(s) %1073

Fig. 11. Discharging process for capacitor of TSC with regeneration of
energy (a) the supply voltage, (b) the supply current and (c) the capacitors
voltage

the switches S;, S,, S; and S, are changed to off state (open
circuit). But, the inductor current continuous passing in the
same direction through thyristors T, in switches Ss, S¢ and S,.
The positive voltage of the supply forces the current to decay to
zero as in Fig. 11 (b) in the period 0.35 to 1.1 ps. Then the
capacitors are ready to the next connection through the power
supply at the next voltage zero crossing. With the same
strategy the discharging of capacitors can be applied if the
capacitors are charged with negative sign.

V. CONCLUSION

This paper has provided new topologies of thyristors
switched SVC which control the reactive power with zero



Fig. 12. Discharging path for positively charged capacitors of TSC

harmonic content. The power circuitries for inductive and
capacitive schemes of the new SVC are introduced. The
principle of operation of new SVC has been explained to
illustrate the basics of the control system algorithm. The block
diagram of the control system of the new SVC system has been
introduced with some modifications than the conventional
SVC. The control algorithm for TSR of the new SVC schemes
has been explained. The control algorithm for TSC is
developed including the switching strategy required for the
discharging of capacitors.
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