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1 Introduction

It has long been known that it is possible to increase the steady-state power flow and
control of voltage profile over a wide range by using a shunt compensating device.
The reactive compensation is aimed to enhance the transmission lines’ fundamental
electrical parameters to make them more compliant with the prevailing demand for
loads. In order to suppress line overvoltage during light load, shunt compensator
with fixed and switched mechanical reactors whereas, for higher load conditions,
shunt compensator with switched mechanical condensers are used. This paper is
focused on some specific power quality issues to improve transmission capability by
improving reactive power compensation and providing a basis for compensation and
control strategies based on power electronics and obtaining specific compensation
objectives. In a transmission system, the ultimate purpose of applying reactive shunt
compensation is to increase the transmittable power. In order to improve the steady-
state transmission characteristics as well as the reliability of the system, this may
be necessary. In order to improve transient stability and the damp power system
oscillations, Var compensation is, thus, used for voltage regulations, as well as for
dynamic voltage control.

If we look at the Indian situation, an order of approximately EUR 78 million has
been released by the Power Grid Corporation of India (PGCIL). Supply of plan-
ning and engineering facilities, as well as construction and installation of equipment
in four substations at Indian Energy suppliers. In the Indian states of Bihar, Jhark-
hand and Odisha, Ranchi, Raurkela, Kishenganj and Jeypore substations are located:
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Table 1 Characteristics of different compensators for transmission system

Compensator Response Resonance DC-link Compensation Cost
time problem voltage range
SVCs Slow Yes - Wide Low
STATCOMs Very Fast No High Wide High
C-STATCOMs Fast No Low Narrow Low
PPF STATCOMs Fast Yes High Narrow Medium
SVC/APF Fast Yes High Wide High
Hybrid-STATCOM Fast No Low Wide Medium

where static compensation systems can help regulate the supply of power in these
regions. A subsection of Flexible AC transmission systems (FACTS) is the reac-
tive power compensation technology. The parameters that define the function of the
power supply grid and account for the transmission quality can be controlled by these
systems. Transmission impedances, currents, voltages and phase angles between the
various nodes are included in such parameters.

The compensation for reactive power is split into parallel compensation and serial
compensation. Parallel compensation systems, such as those to be used in India,
mainly control the contact point voltage and thus promote the safe and efficient oper-
ation of the grid. SVCs(Static Var Compensators) were the most traditionally used
compensating device or system used, but they suffered from many problems, such as
sluggish response, harmonic current injection and resonance problems [ 1, 2]. In order
to overcome these drawbacks and improve compensation efficiency, a combined
system of active power filter and a static compensator was further developed [3-8].

But those systems were very complicated and expensive. In order to resolve this,
capacitor-coupled static compensator (C-STATCOM) [9] and traction power systems
[10-12] have been applied to several series-based systems consisting of different
forms of passive power filters. But these devices failed to have low dc-link voltages
and had a very limited range of compensations (Table 1).

In order to achieve these above benefits and to boost the operational efficiency of
passive power STATCOM, various control strategies have been suggested in the past
to capacitive coupled STATCOM and other STATCOMS.

The instantaneous p-q principle is one of the suggested techniques. Negative
control of the sequences, zero control of the sequence [7], nonlinear control [13],
control method of back propagation (BP) [8], control theory based on Lypunav [14],
instantaneous d-q theory, the theory of instantaneous symmetrical control [15] and
the theory of hybrid voltage and current control. A hybrid combination of passive
filters was also implemented in [16, 17] considering the reduction of the existing
level of the active power filters and STATCOMS.



Improving Reactive Power Compensation by Using Hybrid-STATCOM 609

2 Circuit Configuration of Proposed System

The following circuit configuration is shown in the figure with Hybrid, traditional and
Capacitor-coupled STATCOM. This device (STATCOM with TCLC filter) consists
of an LC component powered by a thyristor and an active part of an inverter.

The high voltage drop between system voltage and inverter voltage can be
generated by the TCLC component here from Hybrid-STATCOM. This enables the
system’s active inverter part to work at the voltage level at the DC bus. Due to the
above reasons, the system can gain a very wide compensation for reactive power. A
low-rated inverter is taken as a system part because a small rating filter enhances the
output of the TCLC component by absorbing unwanted frequency signals of current
produced by the TCLC. As a consequence, the mistuning of the firing angle is also
avoided, which further results into the problem of voltage resonance being avoided
by the system.

Figure 1 displays the hybrid-STATCOM configuration, and this is the circuit where
Ls is the impedance of the transmission line and the x means the respective phase of
the system, e.g. phase a, b and c.

The voltage Vsx stands for system voltage or source voltage at the respective
phase and Vx means the voltage at the load with respect to phases. i, ipx and icx are
the currents of source, load and compensating current.

Hybrid-STATCOM has two parts one is a low rating inverter and another one is
thyristor-controlled LC filter. First one is responsible for the tuning of the TCLC part
to reduce harmonic currents whereas the second part is responsible for the reactive
power compensation by tuning the firing angle of the thyristor.
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Fig. 1 3-phase system with STATCOM circuits
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The low rating inverter component consists of a voltage source converter with a
dc-link capacitor, and the active inverter part with a small rating is used to increase
the output of the LC component operated by the thyristor.

3 V-I Characteristics

The V-I characteristics of the different types of STATCOM are observed, compared
and discussed on the basis proposed system.

As shown in above Fig. 2, the inverter voltage Vi, is the voltage produced by the
active inverter part and Vx is the reference coupling voltage. Also, loading currents
show from extreme left to extreme right that inductive current is compensated from
capacitive loading to inductive loading under various conditions. In conventional or
traditional STATCOM, the inverter voltage required for the compensation is very
high though it is providing a wide range but it requires high-rated inverter for the
smooth Var compensation.

In Fig. 3 V-I characteristics of Coupled capacitor STATCOM have been drawn
with respect to loading capability. Also, inverter voltage and coupling voltage are
shown where it is seen that a inverter voltage is providing a wide range of magnitude
of voltage from very low voltage to high but the inductive current loading capability is
very narrow, which means if we go with the wide range of compensation, STATCOM
may lose its control and will not able to compensate the required power.

From Fig. 4, the proposed system gives the same amount of reactive power as
demanded by the load. This implies that the compensating mechanism can have the
same amount of reactive power with the opposite polarity as the load. The summation
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Fig. 2 Conventional STATCOM- V-I characteristics
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of the reactive power of the thyristor control LC filter part and the low-rated inverter
component will, therefore, be the reactive power that will be provided.
It can be expressed as follows.

QLX = _ch = _(QTCLC + Qinux) (1)

In the above expression, QLx is inductive reactive power, Qcx capacitive reactive
power, QTCLC is reactive power of TCLC part of the system and Qinvx is reactive
power of the inverter. If the above expression (1) is expressed in voltage, then it will
be as follows.

Orx = VxIqu = _XTCLC(ax)ICqu + Vinvxlcqx 2)

where XrcrLcx) 18 the impedance and ax is the respective firing angle. Vi and Vipyx
are the coupling point and inverter voltages root mean squared values. I gx and Icgx
are the load RMS and reactive currents compensating value, where ILgx = -Icgx.
Therefore, (2) can be simplified further as.

Vinux = Vo + XTCLC(a-x)Iqu (3)

Thus, from the above expression, the impedance of TCLC will be as follows:

Xrere(@x) = (Xter (@x)XCPF) /(XCPF — XTCR(ax)) + XL
= [(wXLPF - Xcpp)/(Xcpr(27 — 2ax + sin 2ax) — 7 XLPF)] + XL,
“4)

On the basis of the circuit and above equations, the minimum inductance and
capacitance of the system can be expressed as follows:
At (ax = 90°),
Xind miny = [XeprXcpr/(Xcrr — Xepr) | + Xie &)
Similarly.

At (ax = 180°).

XCap(min)(otx:l800) =—-XCPF + XLC (6)
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As shown in Fig. 4, the proposed system help to maintain minimum voltage at
the inverter terminal and ensure maximum inductive and capacitive reactive current
compensation.

If the reactive current required is more than the thyristor-controlled LC part,
then the inverter part will increase its voltage marginally to compensate for the
power. Thus, it is concluded that this proposed system can provide a wide range of
compensation with low inverter voltage as shown in Fig. 4.

4 Control Scheme for the Proposed System

The control scheme for the proposed system is implemented by integrating and
organizing the control of the active inverter part and the LC part of thyristor control.
This is achieved with the intention that both parts of the proposed system balance
each other’s performance (Fig. 5).

1. TCLC filter Component: This part of the proposed system is controlled on
the basis of instantaneous p-q theory and implemented to improve the system
performance in terms of compensation range as well as to reduce harmonics.

X(TCLC) = (x)/(I(Lqx)) (7

Therefore, by acquiring the necessary impedance value of TCLC, the
necessary value of alpha is obtained by calculation.

2. Low rating inverter component: Its control is based on instantaneous active
and reactive current id-iq model for calculating harmonic component. This part
helps TCLC to improve the power compensation under various load conditions
by decreasing harmonic current and continuously monitoring and compensating
ref. current and measured current.

ca 2 V3 cosf, —sinf L
j* = —_ . — 3 2 . ¢ a ° d 8
l'cb 3 1/2 /2 [sin@a cos 6, ] I:iqj| ®)
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5 Simulations and Results

mz Limiter and look
Xroue == up table (LUT)
e

*XLpr XCpp
XLPI' (2% =20, +sin2 "'xJ_’XLp}‘

+X7,

Qg ap g

/ Y
Comparator

, i |

0, >a, =T, triggered

Y

0, <180°=a, = T,; triggered

Y

TCLC part thyristor
trigger signals

In the simulation and results, four different cases are considered for the system simu-
lation. The following table illustrates the different values considered under different
situations (Table 2).

5.1 System with Light Inductive Load

In this case, system simulation is done with different types of STATCOM under
light inductive load on three-phase source system and static load as shown in Fig. 1.
Simulation results are obtained on MATLAB Simulink and interpreted on the basis
of Var power compensation with respect to time as shown below.
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Table 2 Performance Parameters Physical values

parameters of STATCOM

under different conditions System parameters Vo, U 110V, 50 Hz, 0.1 rmH
Traditional STATCOM | L 5 mH
C-STATCOM LC 5 mH, 80 uF
Hybrid-STATCOM L., Lpr, Cpr | 5 ntH, 30 ntH, 160 uF
Case A: inductive and | Lzj, Ry; 30 mH, 14 Q
light loading

Case B: inductive and | L., Ry 30 mH, 9ft
heavy loading

Case C: capacitive Cu, Ru 200 uF, 20 Q
loading

There are three results shown in the Simulink results, and it shows reactive power.
The upper graph shows load reactive power, the middle one is compensation reactive
power and the lower graph shows source reactive power demand (Figs. 6, 7 and 8).

From the above graphs, it is observed that load reactive power demand is 1200 Var,
and therefore, the overall compensation reactive power to be delivered by compen-
sating device is —1300 Var and source reactive power is Var. Thus, the percentage of
compensation is above 90%. Without compensating device, the source has to deliver
about 90% of reactive power.

Fig. 6 Source reactive power of the lightly inductive load

Fig. 7 Load reactive power of the lightly inductive load
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Fig. 9 Source reactive power of the heavily inductive load

Fig. 10 Load reactive power of the heavily inductive load

5.2 System with High Inductive Load

From the following figures, a System with high inductive load shows reactive power
demand of about 2000Var, compensation Var is 2250 and source reactive power 250
Var. Thus source has to bear 250 Var. Thus, the percentage of compensation is above
90% for high inductive load also (Figs. 9, 10 and 11).

5.3 System with Capacitive Load

The following figure shows the Simulink results of a system with hybrid-STATCOM
with capacitive load. From the above waveforms, it is observed that load reactive



Improving Reactive Power Compensation by Using Hybrid-STATCOM 617

power is —890, compensation reactive power is 600 and source reactive power is
—290 Var. Thus, the source has to bear —290 extra. Therefore, the percentage of
compensation is above 90% (Figs. 12, 13 and 14; Table 3).

Fig. 14 Compensating reactive power of the capacitive load
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T&}ble 3 Simulation results Type of Source reactive | Load reactive | Compensator
with different types of .
. L load power power reactive power
loading conditions
Lightly 100 1200 —1300
inductive
Heavily —-250 2000 —2250
inductive
Capacitive | —270 —890 600

6 Conclusion

A three-phase system with different types of loads has been studied with hybrid-
STATCOM and it is found to be low cost and robust in nature due to low dc bus
voltage at inverter part and improved power quality and increase range in reactive
power compensation with the help of TCLC filter in conjunction with the STATCOM.
Performance is analysed on the basis of V-I characteristics and concluded that
hybrid-STATCOM is having better performance than the traditional and coupled
C-STATCOM. Control techniques are also studied and found that it is complicated
than other types of STATCOM as there is a need to control both the components of
the proposed system but it has been found that in terms of its performance, it is worth
to do simultaneous control over the inverter and TCLC part.
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