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HYBRID VAR COMPENSATOR WITH IMPROVED EFFICIENCY

In modern electrical networks thyristor-switched capacitors (TSC) are most used devices
for VAR compensation. These devices don’t contain rotating parts and mechanical con-
tacts, provide a stepwise control of reactive power and no generation of harmonics to the
network. However, with the help of TSC it’s not possible to ensure smooth control of reac-
tive power and capacitor banks (CB) are exposed to the negative impact of higher har-
monic components of the network voltage. Hybrid VAR compensator don’t have such
drawbacks. It consists of active filter (AF) and capacitor bank with discrete regulation. The
main drawback of such systems is the necessity of accessing all six terminals of CB, while
most of them are manufactured with three terminals, internally delta-connected. In the arti-
cle, the topology and control system of hybrid VAR compensator free from beforementioned
drawback, is proposed. The control system provides operating modes of overcompensation
or undercompensation reactive power. VAR distribution regulator performs redistribution
of reactive power between active filter and capacitor banks with the condition to minimize
active filter’s power. Scheme of the hybrid VAR compensator, which includes a three-phase
three-terminal delta-connected capacitor banks, is shown. Proposed approach allows to
provide smooth control of reactive power, isolate the capacitor bank from harmonic cur-
rents and use a more effective low-voltage power components.

Keywords: VAR compensator, capacitor, active filter, thyristor switching capacitors,
voltage source inverter (VSI).
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bypnaxa B.B., I'vnakoe C.B., Ilooneoennan C.K., Casenxo O.C. I'ubpuonsiii komnen-
camop peaKkmugHoil MOWHOCU C HOGLIMEHHOU Iphhexkmusnocmuio. [lpeonosicenvi
CXeMHble petenust 2UOPUOHO20 KOMHEHCAMOPA PEAKMUBHOU MOWHOCTHU, COCIMOAUe20 U3
noCne008amenbHO20 AKMUBHO20 Purbmpa u bamapeu KOHOEHCamopos8 ¢ MUpPUCMOPHbIM
nepexnioueHuem cmynereil. Paccmompena paboma cucmemvr ynpagienusi 2ubpuonvim
Komnerncamopom. Ilpeonooicennoe pewenue nozgonsem «uzoauposamvy BK om mokog
BHICULUX 2APMOHUK U 0Decneuumy NiagHoe peyiupo8aHue peaKxmueHol MOWHOCHIL.
Knwuesvie cnosa: xomnencamop peaxmueHOU MOWHOCMU, KOHOEHCAOP, AKMUBHBIL
Gdurbmp, KOHOEHCAmMOp ¢ MUPUCTHOPHLIM NEPEKTIOUeHUeM, A8MOHOMHbBIL UHBEPMOP HA-
NPSAACEHUSL.

bypnaxa B.B., I'vnakoe C.B., Ilooneboenna C.K., Casenxo O.C. I'ibpuonuii komnenca-
mop peakxmueHoi NOMysHcHocmi 3 niosuuieHo0 ehekmusnicmio. 3anponoHoBaHi cxemmi
piutenns 2iOpuoHo20 KOMNEHCamopa peakmueHoi HOMYIHCHOCI, Wo CKAA0AEMbCs 3 No-
CI00BHO20 aKMuUeHo20 inbmpy i bamapei KOHOEHCAMOPIE 3 MUPUCOPHUM NePeMUKAH-
HAM cmyneHis. Posensnymo pobomy cucmemu YnpaeiiHusa 2iOpUOHUM KOMREHCAMOPOM.
3anpononosani piuieHHs 0038010Mb «I301108amMuy bamepero KOHOeHCamopia 6i0 cmpy-
Mi8 BUWUX 2APMOHIK § 3abe3neyumu nidaeHe pe2yio8ants peakmugHol NOMYICHOCHI.
Knrouogi cnosa: xomnencamop peaxmusHOi NOMYACHOCMIE, KOHOEHCAMOp, aKMUGHUL
Qinomp, KOHOEHCAMOop 3 MUPUCIOPHUM NEPEMUKAHHIAM, A6MOHOMHULL THGEPIOP HANPY2U.

Description of the problem. Reactive power (RP) flowing in the network reduce the lifetime of
the equipment, increase power losses and decrease the network capacity. The conventional methods of
reactive power compensation have several disadvantages: synchronous condensers require installation
of a large number of additional equipment, fixed capacitor banks are not regulated, and mechanically
switched capacitors don’t provide continuity of control and have relatively large response time. There-
fore, in modern electrical networks with the 0.4 kV voltage level advanced VAR compensators, which
don’t contain rotating parts and mechanical relays, are widely used.

Analysis of the last researches and publications. Application of thyristor-controlled compen-
sators, static compensators and active filters is the actual solution of the problem of reactive power
compensation. Among these devices, thyristor-switched capacitors are most commonly used in mod-
ern power networks.

TSC (Fig. 1) consists of the capacitor banks with thyristor-switched stages and inductors, which
serve to limit the rate of change of thyristor current and / or to change the reactance of the network to
prevent resonances. To ensure a "soft" thyristor switching its firing is performed at the moment, when
the capacitor voltage and the network voltage have the same value.
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Fig. 1 — The circuit configuration based on the TSC device
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Compensators of the TSC type allow to regulate the reactive power stepwisely, have high re-
sponse time and no generation of harmonics to the network.
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In such devices effective solution is to install a capacity of CB stages proportionally to the
power of two (Fig. 1) [1]. It makes possible to get 2" regulation steps for n CB stages. For example, for
the circuit that includes 4 capacitors with the reactive power — 1, 2, 4 and 8 kVAr, you can get 16 steps
of regulation — from 0 to 15 kVAr with the 1 kVAr steps.

A significant disadvantage of the TSC is also the fact that the capacitor banks are exposed to the
negative impact of higher harmonic components which present in the network voltage. Working under
the conditions of non-sinusoidal CB current waveform could lead to resonance overvoltage, over-
current, and as a result, overheating of the banks and their failure.

Stepless control of reactive power can be achieved by connection of the CB and controlled im-
pedance in series (Fig. 2). Moreover, by performing this resistance with high impedance at the fre-
quencies of the higher harmonics, it’s possible to achieve a significant reduction of the harmonic’s
level in the CB current. Herewith, the frequency response of the network in the point of the hybrid
compensator’s connection isn’t changed, thus risk of resonance on the frequencies of higher harmonics
doesn’t appear.
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Fig. 2 — The equivalent circuit of the hybrid VAR compensator

It’s possible to implement such reactance by applying the serial active filter [2, 3]. Generally AF
is implemented as voltage source inverter with high-capacity storage capacitor in the DC link and LC
low pass filter in the AC link. The resulting scheme of hybrid VAR compensator is shown in Fig. 3.
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Fig. 3 — The single-phase circuit of the hybrid VAR compensator
The disadvantage of this hybrid VAR compensator is the need to use six terminals of the three-

phase capacitor bank, while in practice the majority of three-phase CB are produced with internal con-
nection "delta". In this case, the capacitor bank has only three terminals.
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The objective of the article is to propose a hybrid VAR compensator topology suitable for us-
ing with three-terminal delta-connected capacitor banks while maintaining all advantages of hybrid
approach — smooth VAR control and harmonic current suppression.

Basic material. To control the gates of transistors VT1 and VT2 a control system is to be used
the schematic diagram of which is shown in Fig. 4. Hysteresis control of inverter with current feed-

back was applied (the current loop, Fig. 4). The reference current 7,,,.(¢) is determined as the sum of

the in-phase i, (¢) and quadrature i, (¢) components.
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Fig. 4 — Block diagram of the VAR compensator control system

Formation of the in-phase current component is implemented by the regulator of DC link volt-
age U, . This current has a small value since the active power consumed by the AF is spent only for

losses therein. For this reason, in further analysis of the hybrid VAR compensator’s properties this
current will be ignored.

PLL (Phase Locked Loop) block is used for the eduction of the in-phase and quadrature compo-
nents of the fundamental frequency from the network voltage. These signals are used for the formation
of in-phase and quadrature components of the reference current.

Eduction of the quadrature component from the network current is carried out by multiplying
with the reference signal from the PLL and the subsequent low-pass filtering. As a low-pass filter,
first-order sinc-filter with an interval of integration equal to the network period is used. The obtained
signal I with the reference current I rgr is supplied to the adder. Using a non-zero current Iorer allows
to perform overcompensation or under-compensation of reactive power. The difference signal is input
signal for the regulator of the reactive current amplitude Iy, the output signal of this regulator is used
for formation of iy(t).

VAR distribution regulator performs redistribution of power between CB and AF with the con-
dition to minimize the AF power, i.e. it’s chosen such CB capacity, at which output voltage AF will be
minimal for a given reactive power.

Maintaining average voltage at the midpoint of the half-bridge on the level 0,5U . relative to

the negative bus of the AF DC-link is performed by the regulator U, the output of which is the cor-

mp >
rection current i, (¢). In this case it’s sufficient to use P-regulator with a small gain. Without this

regulator uncontrolled constant voltage component will be present on the CB, the correct control of the
current of VAR compensator will be impossible.
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Fig. 5 shows the equivalent circuit of the hybrid VAR compensator, which includes a three-phase
CB with three terminals. In the equivalent circuit active filters are represented as current sources.

Fig. 5 — The equivalent circuit of the hybrid VAR compensator

Figure 6 shows a generalized diagram of a hybrid VAR compensator topology which includes
three-phase CB with the three terminals, and its control system. One phase (on the fig. 6 - phase B) is
connected directly to the network, and the other two - through the secondary windings of transformers.
The primary transformer windings are "open-delta" connected and connected to the VSI.
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Fig. 6 — Scheme of the hybrid VAR compensator

Block diagram of the control system is shown in Figure 7.

The control system similar to scheme in Figure 4: low-pass filtering of the network voltage is
performed, the received signal is shifted by 90° with the help of PLL block. To obtain a reference
value of in-phase and quadrature current components multiplication by the scaling coefficients Gggr
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and Bggr is performed. Low-pass filters LPF_2 are introduced to exclude the transformer magnetizing
by the direct current - it’s provided a zero mean value of output inverter voltage Uspr a, Uapr « With the
help of negative feedback. P-controller with the gain 1/3 is used for the formation of zero-sequence
voltage, which is then subtracted from the signal of phase voltage.
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Fig. 7 — Block diagram of the hybrid VAR compensator control system
Such approach to the control of the hybrid VAR compensator can be applied not only in the

case of two single-phase transformers in two phases, but in the case of a three-phase transformer. The
utilized wiring diagram of the transformer is shown in Figure 8.
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Fig. 8 — Wiring diagram of the single-phase and three-phase transformers

The authors also proposed an original method of selection the value of CB capacity and AF
rated power [4].

When selecting the maximum output AF voltage, it should be taken into consideration that:

1) the spectrum of the output AF voltage contains all high order harmonics of the network volt-
age — it’s a condition for ensuring of sinusoidal CB current;
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2) the first harmonic of the output AF voltage determines the value of the hybrid compensator’s RP.

According to [5] in 0.4 kV networks normally permissible value of harmonic distortion is 8%,
the maximum allowable value - 12%. Selecting the maximum output AF voltage of the active filter at
10% of network voltage, it is possible to regulate the value of hybrid compensator’s reactive power in
the range (0,9+1,1)Qrateq-

It’s economically advisable for hybrid VAR compensator to decrease the output AF voltage,
which allows to use a more effective low-voltage power components.

Conclusions
1. Hybrid VAR compensator, which is consisting of series-connected TSC and AF, is proposed.
It allows to "isolate" TSC from harmonic currents and to provide smooth control of the RP.
2. Proposed is an improved hybrid VAR compensator, which allows to use standard capacitor
banks delta-connected. It simplifies the practical implementation of the device, provides smooth con-
trol of the RP and protection of the CB from harmonic currents.
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