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Hybrid Structure of Static Var Compensator and
Hybrid Active Power Filter (SVC//HAPF) for
Medium-Voltage Heavy Loads Compensation

Lei Wang —, Chi-Seng Lam

Abstract—In this paper, the structure, modeling, param-
eter design, and control method are proposed for a new
hybrid structure of a static var compensator in parallel with
a hybrid active power filter (SVC//HAPF). The SVC part of the
SVC//HAPF is used to dynamically compensate the reactive
power. And, the HAPF part is used to provide harmonic
power and small amount of reactive power compensation.
Due to the large fundamental voltage drop on coupling
the LC part, the active inverter part of the SVC/HAPF
has low voltage rating. Meanwhile, the parallel-connected
SVC acts as a current divider to reduce the active inverter
current. Therefore, the proposed SVC/HAPF shows the
great promise in compensating harmonic current and
wide-range reactive power with a low (both) voltage and
current rating active inverter part. To show the advantages
of the proposed SVC//HAPF, simulation comparisons
among the active power filter (APF), HAPF, SVC in series
with HAPF (SVC—HAPF), and the proposed SVC//HAPF
are provided. Finally, experimental results based on the
laboratory-scaled hardware prototype are given to show
the validity of the SVC//HAPF.

Index Terms—Active power filter (APF), harmonic current
compensation, hybrid APF (HAPF), reactive power compen-
sation, static var compensator (SVC).

|. INTRODUCTION

OW power factor (PF) and current harmonic distortion are
considered as two of the major power quality problems in
three-phase three-wire medium-voltage-level power system.
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The static var compensators (SVCs) are traditionally used to
dynamically compensate reactive power. However, the SVCs
have many inherent problems, such as resonance problems,
poor harmonic compensation ability, and slow response [1], [2].
To overcome these inherent problems, the active power filters
(APFs) for power quality compensation have drawn much at-
tention since 1976. However, during the operation of APFs, the
active inverter part requires high voltage rating. Therefore, the
APFs require costly multilevel structure for medium-voltage-
level applications [3]-[5], as shown in Fig. I, thereby limit-
ing their widespread applications. To reduce the voltage rat-
ing (cost) of the active inverter part, an LC coupling hybrid
APF (HAPF) has been proposed in 2003. Even though the
large LC impedance can reduce the inverter part voltage rat-
ing, it also limits the compensating range of the HAPFs [6],
[7]. In 2003, Dixon et al. [8] proposed the combined system of
SVC in parallel with APF (SVC//APF). The SVC part of this
structure is used to compensate most of the reactive power;
thus, the current rating of the APF can be significantly re-
duced. However, the voltage rating of the APF is still high
so that the SVC//APF still requires costly multilevel struc-
ture for medium-voltage-level applications. In 2012, Luo et
al. [9] proposed a novel hybrid system, which consists of a
thyristor-controlled reactor (TCR) and a resonant impedance-
type HAPF (RITHAPF) (TCR//RITHAPF). The RITHAPF part
is an APF crossing over a matching transformer connected in
parallel with a fundamental series resonant circuit. As most
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Fig. 2. Simplified circuit configurations of (a) SVC [1], [2]; (b) APF
[3]-[5]; (c) HAPF [6], [7]; (d) SVC//APF [8]; (e) TCR//RITHAPF [9];
(f) SVC-HAPF [10]-[18]; and (g) proposed SVC//HAPF.

of the loads are inductive and the TCR part is also inductive,
the required capacitive compensating current generated by the
RITHAPF part should be larger in order to count in the TCR
part. Due to this reason, the current rating of the RITHAPF
part can be high for heavy loads compensation. In addition, the
high-current-rating-matching transformer in TCR//RITHAPF
can also significantly drive up the system cost. In 2014, the
hybrid structures of SVC in series with APF (SVC-HAPFs) are
proposed in [10]-[18]. The SVC-HAPF has the characteristics
of wide reactive power compensation range and low voltage rat-
ing of the active inverter part. However, during heavy loads com-
pensation, the current rating of the SVC-HAPF can be high. In
this paper, a hybrid structure of an SVC in parallel with an HAPF
(SVC//HAPF) are proposed for medium-voltage heavy loads
compensation. The proposed SVC//HAPF not only has a wide
reactive power compensation range, but also obtains both low
voltage and current inverter ratings. As the cost of the SVC partis
much lower than that of the active inverter part, the reduction of
active inverter rating (voltage and current) can lead to a decrease
in the total cost of the SVC//HAPF system. Therefore, the total
cost of the hybrid structure SVC//HAPF can be significantly
reduced for medium-voltage-level heavy loads compensation.

The simplified circuit configurations the aforementioned
power quality compensators are provided in Fig. 2. And, the
comparisons among different power quality compensators in
terms of reactive power compensation range, inverter voltage
and current ratings and cost for medium-voltage heavy loads
compensation are summarized in Table I. In the table, more
asterisks represent wider reactive power compensation range,
larger inverter current rating, larger inverter voltage rating, and
higher cost.

In the following Section II, the circuit configuration and mod-
eling of the three-phase three-wire SVC//HAPF are presented.
Then, the parameter design of the SVC//HAPF is introduced in
Section III. After that, the control strategy of the SVC//HAPF
is proposed in Section IV. In order to show the advantages of
the proposed SVC//HAPF, the simulation comparisons among
the APF, HAPF, SVC-HAPF and SVC//HAPF are provided in

TABLE |
COMPARISONS AMONG DIFFERENT POWER QUALITY COMPENSATORS IN
TERMS OF REACTIVE POWER COMPENSATION RANGE, INVERTER VOLTAGE
RATING, CURRENT RATING, AND COST

Year Reactive  Inverter Current Inverter Voltage Cost
Power Rating Rating
Compensation

Range
SVC 1], [2] 1960s Hokokok - - *
APF [3]-[5] 1976 $okokok *okok sokokok *okokok
HAPF [6], [7] 2003 * Kkok Kk *k
SVC//APF [8] 2003 koK koK * Kok okok Kokkok
TCR//RITHAPF 2012 Kokok Kk Kk Fokokok
[9]
SVC-HAPF 2014 Hokokok Kk Hok Kok x
[10]-[18]
SVC//HAPF 2017 sokokok * Kk Hokk
Note: The shade area means the undesirable characteristic.
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Fig. 3. Circuit configurations of the SVC//HAPF.

Section V. In Section VI, representative experimental results are
given based on a laboratory-scaled hardware prototype. Finally,
conclusion is drawn in Section VII.

Il. CIRcUIT CONFIGURATION AND MODELING OF THE
THREE-PHASE SVC//HAPF

The circuit configuration of a three-phase three-wire
SVC//HAPF is provided in Fig. 3, where v, , v,, and vj,y, are
the source voltage, the load voltage, and the inverter voltage,
respectively. The subscript « denotes phase x = a, b, ¢; 5., %14,
and i, are the source current, the load current, and the compen-
sating current, respectively. The SVC part of the SVC//HAPF
consists of a coupling inductor L, a parallel capacitor Cpp, and
a TCR with an inductor Lpr. And the SVC part can be both star
and delta connections. The HAPF part consists of a coupling LC
filter (L,, and C, ), a two-level voltage-source inverter (VSI), and
a dc-link capacitor Cp¢. The VSI of the HAPF part has both
low voltage rating (due to large fundamental voltage drop on the
coupling LC and low current rating due to the current divider
between 7,1 and 7.,9.

The single-phase modeling for the SVC//HAPF is proposed
in Fig. 4. At the fundamental frequency [see Fig. 4(a)], the
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Ly X, v Vv At fundamental where V7, I..r, and Qr, are the fundamental load voltage,
— >y Jrequeny compensating current and the load reactive power, respectively,

Cdf ilcv where x stands for phase a, b, and c. X1,y and Xgycy are the
Iy fundamental impedances of the SVC part and the coupling LC
@ Ve X ch]f G) part of the HAPF. And X1,¢s and Xgyc s can be expressed as
Vias XSVC] XLCf =w-L,— 1/w : Cp 2)
x=a,b,c //TXLPFXCPF
Xsvor(as) = Xeo. (27 — 20, +s5in20,) — 7 X1, XL
At harmonic (3)
wn XLS,,
Vin__srequency In (3), w(=2xf) is the angular frequency,
cx2n 1., Xre,Xepr,and Xppp are the fundamental impedances
Vi I I of L.,Cpy, and Lpp, respectively. «, is the firing angle of
@ v et G) the thyristor. The SVC part has two back-to-back connected
Len Xever thyristors (7}, Tb, ) and they are triggered alternately in every
Vinven half cycle. When «, = 180° (thyristors are opened for the
—abe whole cycle), the SVC part has the maximum capacitive SVC
impedance Xgvc s (o = 180°)(< 0). On the other hand, when
the firing angle o, = 90° (one of the thyristors is closed for the
Fig. 4. Single-phase SVC/HAPF modeling: (a) at fundamental fre-  whole cycle), the SVC part has the minimum inductive SVC

quency and (b) at harmonic frequency.

coupling LC filter are used to compensate a fixed amount of
reactive power, while the SVC part impedance Xgv ¢ s is used to
dynamically compensate the reactive power difference between
the LC filter and the loads by controlling its firing angle. Ideally,
the fundamental inverter voltage Vi,,, s can be designed close
to zero, as it is not necessary to compensate the fundamental
reactive power. At the harmonic frequency [see Fig. 4(b)], the
harmonic inverter voltage Vi,y., is used to compensate the
loading harmonic current.

In the following, the steady-state compensation analysis and
the parameter design of the SVC//HAPF is proposed according
to Fig. 4.

I1l. PARAMETER DESIGN OF SVC//HAPF

In this section, a parameter design method is discussed and
explained in three parts. In Section III-A, the parameter design
of Cpp, Lpp, and Cp is proposed under the fundamental fre-
quency consideration. In Section III-B, the parameter design of
the dc-link voltage Vp¢ is proposed under harmonic frequency
consideration. In Section III-C, the design of L. and L,, is given.

A. Design of Cpy, Lpr, and Cp Under Fundamental
Frequency Consideration

At the fundamental frequency [see Fig. 4(a)], Xsvcy and
X1,cy are used to compensate the load-required fundamental re-
active power. Therefore, the fundamental inverter voltage Vi, ; 1
can be kept minimized as zero because it is not necessary to
compensate the fundamental reactive power.

Referring to Fig. 4(a), the SVC//HAPF fundamental
impedance (Xsycy and Xy,cr) can be calculated by applying
the Ohm’s law as
Vp Vi

]cxf QLx ( )

Xrcy - Xsves(aw)
Xrey + Xsveyr(aq)

impedance Xgvyc(a, = 90°). Therefore, Xgyc (o, = 180°)
and Xgvc s (o = 90°) can be expressed as

XSVCf(ax = 1800) = XL(‘ - XCI’F = O.)LC - 1/prF (4)
Xrppe Xo
Xsver(a, =90°) = —=2E~ “PF + X1,
ver( ) Xoy, — X, Xk
L
S oo ) )

1-— WQLPFCPF

Based on (1)—(5), the relationship between the load-required
inductive and capacitive reactive power and the SVC//HAPF
components value can be expressed as

‘/952
L = Xgyor(ow =90°)//Xicy
QLw(MaxCap)
- (ULPF (6)
1 —w?Lpp(Cpr + Cp)
2
Vi

= stcf(az = 1800)//Xch

QLJ;(M axInd)
N 1
w(Cpr + Cy)

where Q. (Maxind) and Qr.(Maxcap) are, respectively, the
maximum load-required inductive power and capacitive reac-
tive power. In (6) and (7), the impedances of L, and L, are
ignored due to their small values (will discussed in part C). By
satistying (6) and (7), Cpr, Lpy, and C,, can be designed as

(N

QL,?:(MaxCap)

Crr +C), = 3
WV

®)

V2

W QLT(\I axCap) + w?

€))

Lpr = .
PE = 2f (Cpp + Cp)

Cpr, Lpr, and C), can be designed from (8) and (9).



WANG et al.: HYBRID STRUCTURE OF SVC AND HYBRID APF (SVC//HAPF) FOR MEDIUM-VOLTAGE HEAVY LOADS COMPENSATION

4435

B. Design of Vi Based on Harmonic Frequency
Analysis

Referring to the harmonic model given in Fig. 4(b), the har-
monic current [, circulating in the source is provided as

Xsvo//HAPFR

Is;z:n - : ILm (10)

Xpsn + Xsve//HAPFA
where the subscript n represents each harmonic order, I, and
I1,.n are the source and load harmonic currents, Xgyc,//Haprn
is the harmonic equivalent impedance of SVC//HAPF, which
can be expressed as

XSVC//HAPFn = XSVCn//(XLCn + ‘/inVZn/ICXQTL)

o XSVCn . [XLCn + (Vinvzn/IczZn)] (11)
XSVCn + XLCn + ‘/;IIVII?TL/IC(L'QTL '

In (11), the purpose of the inverter voltage Vi, is to adjust
the equivalent harmonic impedance of the SVC//HAPF to be
zero (Xgve)/marpn ~ 0) so that the load harmonic current
will not pollute the source side. According to (11), the inverter
voltage Vi,v., at the harmonic frequency can be given as

XLCn . XSVC’H,

Vinwen| = [Xton - Lvon| =
‘ mvub' | LCn “2”| |XLcn‘+|XSVCn

| 'Isz’n, .
(12)

In (12), the harmonic impedance of X7 ¢, and Xsvc, ateach
n can be expressed as

Xron =nw - L, — l/nw - C, (13)
| Xsven (o)
L
= ‘ - m(nwler) 5 +nwkl,|.
(27 — 20, + sin2a,) — w(nw)” - LprCpp
(14)

Finally, the dc-link voltage V¢ can be calculated as

VDc>\/6

\

V6

where Vi,y., can be obtained from (12) that is designed based
on worst case Iy ., . And the information of I ,,,, can be obtained
by measuring the loading for a period of time before the design
of SVC//HAPF. The final V¢ is designed to be larger than the
maximum value among each phase (15).

C. Design of L, and L. for Harmonic Order Tuning

The purpose of L, is to provide a low LC impedance at the
most dominated harmonic order, so that the required dc-link
voltage for harmonic compensation can be reduced. The value
of L, can be designed as

1

L, =—— 16
b (27rfn1)20p (16)

where n; is the dominated harmonic order (e.g., ny = 5), f is
the system frequency.

The thyristors for each phase of the SVC part can be con-
sidered as a pair of bidirectional switches that generate low-
order harmonic currents when the thyristors change states. The
purpose of the design of L. is to tune the possible generated
harmonic current order to diverge from the characteristic har-
monic orders ng = 6n 4+ 1th (n = 1,2,3,...) of a three-phase
three-wire power system to avoid the SVC harmonic current
generation problem [2]. Based on the transient analysis in [2],
the harmonic orders generated by the SVC part can be given as

1
= 17
" 2n f+/L.Cpp (7
1 Lc + LPF
S e T .0 18
" 2nf V L.LprCpr (18)

where the harmonic orders ns and nz mainly depend on
L., Lpy, and Cpyp values. And, L. can be expressed as

1 1

B (27 fn2)’ Cpr N (27 fn3)*Cpr — 1/ Lpp
(19)

c

For a three-phase three-wire system, there is no 3nth or-
der harmonic current and the common harmonic orders are
6n £ 1(>5) with n=1,2,3.... To avoid the harmonic cur-
rents injection by the SVC, it is suggested to tune no and nj to
be away from the 6n £ 1th order and/or close to 3nth order.

IV. CONTROL STRATEGY OF SVC//HAPF

In this section, the control strategy of the SVC//HAPF is
separated into three parts: 1) the SVC part; 2) the HAPF part;
and 3) the overall control block (see Fig. 5).

A. SVC Part Control

According to (1), the required SVC impedance can be calcu-
lated through Xy.c s, Qr., and Vs

‘/;2f N XLCf
QLZ : XLCf - V;Qf
where Xpc; is fundamental impedance of coupling LC in
HAPF, and Xi,¢; is a fixed value as shown in (2). The Qp,

and V¢ are the load reactive power and load voltage, which can
be calculated in real-time as

Xsvey(a,) = (20)

.D D .
dLa Vo "7, — Vg “lLa
_ -D D
qry | = | Up -ty — Uy - lLb (21
.D D .
qdLc Ve "1, — V. *1lLc

Vor = |v]|/V3 = v2+v§+vz/\/§ (22)
where v and i?  can be obtained by delaying v, and iz, by
a phase angle of 90°. ¢, is the phase instantaneous reactive
power. Then Q1. & —qr,../2 can be obtained by passing gy, in
(21) through low-pass filters (LPFs). ||v]| is the norm of three-
phase instantaneous load voltage.
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Fig. 5. Overall control strategy of the SVC//HAPF.
After obtaining @)z, and V,y, the required Xgyc; can be 11 /2 —1/2 1 [ov,
obtained from (20). With the calculated Xgvc, the firing angle {U“} = <o (25)
a, can be calculated through (3). However, (3) does not have a Y8 _O \/§/ 2 *\/g/ 2_ Ve
closed-form solution. A lookup table (LUT) has been installed ) . -
to directly .obtain the'ﬁring angle a; with the known Xgvyc;. i _ 1-1/2 —-1/2 . ZZ 26)
By comparing the ﬁrmg angle a, Wlth the pl.lase angle of the is 0v3/2 —V/3/2 '
load voltage 6., which can be obtained by using phase-locked - 4 LLe

loop (PLL).

B. HAPF Part Control

As the instantaneous power theory [19] is chosen to calculate
the reference compensating current :;.,.. The calculated i, con-
tains the harmonics, reactive power and unbalanced power. By
controlling the compensating current i, to track its reference
1., the active inverter part can compensate the load harmonic
currents and improve the reactive power compensation ability
and dynamic performance of the SVC part. ¢}, can be calculated

through the well-known instantaneous p—q theory [19] as

ica 51 1 0 i
in | =15 5= [-1/2 VB2 || T P
< 3 v+ Vg Vo Gop
ee ~1/2 —V/3/2 |

(23)

where p,s3 and ¢, are, respectively, the instantaneous active
power and reactive power, which include dc components P, 3
and ¢, and ac components p,s and ¢,3. Pag and g,s con-
tain the fundamental active and reactive current components,
respectively, while p, s and g, 4 contain the harmonic currents
and negative-sequence components. p, 3 is obtained by pass-
ing p, g through a high-pass filter (HPF). p, 3 and g, 3 can be

obtained as
Pap _ Vo Vg . ia
qap —Vg Va 7:,@ '
In (23) and (24), the voltages (v, and v3) and currents (%, and

ig) in the o — @ frame are transformed from a — b — ¢ frames
by

(24)

where v, and iy, are, respectively, the load voltage and current
signals.

C. Overall Control Block

The overall control block is provided in Fig. 5. From Fig. 5,
for the SVC part control, (21) and (22) are used to calculate
the load reactive power ¢y, and the load voltage V,, ;. Then, the
required impedance of SVC part Xgvc s can be obtained from
(20). In (20), the obtained Xgv ¢ is to compensate the difference
between the load reactive power and the reactive power provided
by the coupling LC of HAPF part. After that, the corresponding
firing angle o, of the SVC part can be obtained from (3). Finally,
by comparing the firing angle «, with the phase angle of the
load voltage 0, the trigger signals for the thyristor of the SVC
can be obtained.

The purpose of the HAPF part is used to compensate the
reactive power left by the SVC part and the harmonic current
by limiting the compensating current i., to its reference 7.
Through (25) and (26), the load voltage and current (v, and
irz) in @ — b — ¢ frame are transformed to o — 3 frame. By
using the instantaneous p—q theory [19], the active power and
reactive power o — 3 frame can be calculated through (24).
With the help of the HPF and (23), the load reactive power and
harmonic active power can be transferred to ¢’ .. In this paper,
the current hysteresis pulsewidth modulation (PWM) control is
applied. Compared with the voltage control PWM methods, the
current hysteresis PWM control has the advantage of fast dy-
namic response, simplicity of implementation, high robustness,
etc. Through the current hysteresis PWM control method, the
trigger signals of the HAPF can be generated by comparing i,
with 7.
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V. SIMULATION CASE STUDIES OF
DIFFERENT COMPENSATORS

In this section, the simulation case studies are separated into
two parts for discussion.

A. Simulation Case Studies of PWM Control

The structure of the HAPF part of the proposed SVC//HAPF
was first proposed by Srianthumrong and Akagi [22]. The pro-
portional gain control (indirect current control) was applied to
control the HAPF [22], in which this control can obtain regu-
lar switching frequency. Later on, the applications of hysteresis
band control (direct current control) in HAPF have been re-
ported in [6] and [21], and this control yields irregular switch-
ing frequency. The simulation comparisons of the proportional
gain control and hysteresis band control for the SVC//HAPF are
provided in Figs. 6 and 7.

gain control and (b) hysteresis band control.

TABLE Il
PARAMETER DESIGN OF SVC//HAPF FOR SIMULATION AND EXPERIMENTAL
CASE STUDIES

Parameter Equations Load Condition Designed Range Design Values
CPF,LPF,CP (8), (9) Qrz1 = —5.47 Mvar < Cpy =
30 kvar, Q.2 Qr. <  360uF, Lpp =
= 2200 kVar 5.83 Mvar 9mH, C), =
80 uF
L, (16) Compensate 71 = 5in(16) L, =5mH
dominated
current
harmonic (5th
order)
L. (17)=(19) Diverge from ng ~2.4,n3 ~ L. =5mH
harmonic order 2.9 in (19)

6n +1(>5)

TABLE Il
PARAMETERS OF APF, HAPF, SVC-HAPF, AND SVC//HAPF USeD
FOR 10 KV SIMULATION CASE STUDIES

Parameters Physical Values
System parameters Vin, fy Ls 10 kV, 50 Hz, 0.2 mH
APF [3]-[5] L 5 mH
HAPF [6], [7] L,C 5mH, 80 uF
SVC-HAPF [10]-[18] L., Lpr,Cpr 5 mH, 9 mH, 360 uF
SVC//HAPF L., Lpy, 5 mH, 9 mH, 360 uF,
Cpr L,,Cp 5 mH, 80 uF

Based on Figs. 6 and 7, it can be seen that the proportional
gain control can compensate the worst phase source current
THD;, to 3.3%, while the hysteresis band control can com-
pensate THD,, to 1.3% performance under the same average
switching frequency fiy (ave) = 4 kHz.
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Fig. 8.

Waveforms of load voltage, dc-link voltage, load current, source current, and compensating inverter current for harmonic loads current

compensation (Q 1, = 0) and harmonic and reactive power loads compensation by using: (a) APF, (b) HAPF, (c) SVC-HAPF, and (d) the proposed

SVC//HAPF.

Based on the simulation results, it can prove that the hys-
teresis control method (irregular switching frequency) can have
better performance than the proportional gain control (relative
regular switching frequency) under the same average switching
frequency. Thus, the hysteresis band control is selected in this

paper.

B. Comparative Simulation Case Studies of APF, HAPF,
SVC-HAPF, and the Proposed SVC/HAPF

The SVC//HAPF can obtain good compensation perfor-
mances with low-voltage/current active inverter rating. In this
section, the simulation case studies are provided to show the
aforementioned advantages of the proposed SVC//HAPF in
comparison with the conventional APF, HAPF, and SVC-
HAPF. The parameters of the SVC//HAPF used in simulation
and experimental case studies are following the proposed pa-
rameter design method in Section III. And, the summary of
the SVC//HAPF parameter design is given in Table II. The

parameters of different compensators for simulation case studies
are given in Table I11. In addition, for fair comparison, the dc-link
voltages of HAPF, SVC-HAPEF, and the proposed SVC//HAPF
are set to be the same (Vpc = 3kV) in simulation case studies.

Fig. 8 shows the waveforms of load voltage, dc-link voltage,
load current, source current, and compensating inverter cur-
rent (i.,2 ) for harmonic loads current compensation (@, = 0)
and harmonic and reactive power loads compensation by using
the APF, HAPF, SVC-HAPF, and the proposed SVC//HAPF.
Table I summarizes the corresponding simulation results.

From Fig. 8(a) and Table IV, it can be seen that the APF
can compensate the PF close to unity from the original 0.97
and 0.60 for the light harmonic loads and heavy inductive loads
respectively. Meanwhile, the source current THD,, has been
improved to lower than 6.5% from 28.8% of light loads and 6.5%
of heavy loads. The required Vpc is 15 kV and the inverter
compensating current is increasing to about 400 A for heavy
inductive loads compensation.
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TABLE IV
SIMULATION RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE AND
AFTER APF, HAPF, SVC-HAPF, AND THE PROPOSED SVC//HAPF
COMPENSATION

Loads Comp. Qsaz PF is; THD,, THD;s; Vpc
(var) @A (%) (%) V)
Light Before Comp. 30k 0.97 110 1.0 28.8 -
Harmonic APF 7k 099 120 0.6 5.1 15k
Loads HAPF  —-820k 0.70 210 0.7 30.1 3k
SVC-HAPF 5k 099 113 05 5.1 3k
SVC//HAPF 4k 099 112 0.6 4.8 3k
Heavy Before Comp. 2200k  0.60 473 1.0 6.5 -
inductive APF 9k 1.00 321 05 6.1 15k
loads HAPF 1290k 0.74 342 0.7 21.1 3k
SVC-HAPF 6k 1.00 274 0.6 3.1 3k
SVC//HAPF 4k 1.00 289 0.6 23 3k

From Fig. 8(a) and Table IV, it can be seen that the APF
can compensate the PF close to unity from the original 0.97
and 0.60 for the light harmonic loads and heavy inductive loads
respectively. Meanwhile, the source current THD,, has been
improved to lower than 6.5% from 28.8% of light loads and 6.5%
of heavy loads. The required Vpc is 15 kV and the inverter
compensating current is increasing to about 400 A for heavy
inductive loads compensation.

From Fig. 8(b) and Table I'V, the HAPF only provides a fixed
amount of capacitive reactive power, so that the PF is getting
worse for light harmonic loads compensation. The PF has been
compensated from 0.97 and 0.60 to 0.70 and 0.74 for the light
harmonic loads and heavy inductive loads, respectively. The
source current THD;,, has been compensated to 30.1% and
21.1%, which are not satisfactory. Even though the HAPF re-
quires low V¢ (= 3kV) and low fixed-inverter compensating
current (about 150 A), the HAPF cannot obtain good compen-
sation performance.

Based on Fig. 8(c) and Table IV, SVC-HAPF can improve
the PF and THD,, to about unity and lower than 5.5% for both
light harmonic and heavy inductive loads. The required Vpc
is 3 kV, and the inverter compensating current is increasing to
about 400 A for heavy loads compensation.

From Fig. 8(d) and Table IV, the PF has been improved
to about unity from 0.97 and 0.60 after SVC//HAPF compen-
sation. And, the source current THD,,, has been improved
to 4.8% and 2.3% from the original 28.8% for light harmonic
loads and 6.5% for heavy inductive loads compensation, respec-
tively. In addition, the SVC//HAPF requires low dc-link voltage
(= 3 kV) and low fixed inverter compensating current (about
150 A).

Based on the earlier discussions and simulation results, the
APF requires the highest V¢ to compensate different loads. For
APF and SVC-HAPF, the required inverter current is increas-
ing as the required compensating reactive power is increasing.
On the other hand, even though HAPF requires the low Vpc
and low fixed inverter current as the SVC//HAPEF, it obtains the
poorest compensation performance. Compared with the APF,
HAPF, and SVC-HAPEF, the proposed SVC//HAPF requires
both low Vpc and low inverter current to obtain satisfactory

Fig. 9. Experimental setup of the 110 V-5 kVA SVC//HAPF experi-
mental prototype.
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TABLE V
EXPERIMENTAL RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE
AND AFTER SVC//HAPF COMPENSATION

Qsz (VEII) PF isz (A) THD'LSZ(%)

Voe(V)
Light Before Comp. A 20 096 2.1 27.7 -
inductive
loads
B 10 0.96 2.0 27.9
C 20 0.96 2.1 27.9
SVC//HAPF A 0 099 2.0 8.3 50
B 10 0.99 2.0 8.4
C 10 099 2.0 8.0
Heavy Before Comp. A 640  0.77 8.7 5.7 -
inductive
loads
B 650 0.76 8.8 59
C 650  0.77 8.7 5.9
SVC//HAPF A 10 099 7.0 34 50
B 10 099 6.9 33
C 10 099 7.0 35

Note: The shaded areas mean undesirable results.

performances. As the cost of the SVC part is much lower than
that of active inverter part, the reduction of the inverter rat-
ing (voltage and current) can lead to a decrease in the total
cost of the SVC//HAPF system. Therefore, the SVC//HAPF is
a cost-effective solution for medium-voltage-level heavy loads
compensation. And, the detailed cost study is given in the Ap-
pendix.

VI. EXPERIMENTAL RESULTS

In this section, a 110 V—5 kVA experimental prototype of
the SVC//HAPF with the proposed parameter and control de-
sign methods is built in the laboratory, as shown in Fig. 9. The
digital control system of the SVC//HAPF is digital signal pro-
cessor (DSP) TMS320F2812, and the sampling frequency of
the control system is 25 kHz. For every 1/25 kHz(s) period, the
timer will provide a signal to process analog to digital (A/D)
conversion and the corresponding interrupt. After processing
the control algorithm, the output PWMs signal will be gener-
ated and the maximum PWM switching frequency is 12.5 kHz.
For both simulation and experiment, the minimum switching
frequency is about 0.7 kHz. The switching devices for the active
inverter part are Mitsubishi IGBT intelligent power modules
PM300DSA060. And the switching devices for the SVC part
are thyristors SanRex PK110FG160. Moreover, the experimen-
tal parameters of the SVC//HAPF are the same as shown in
Table III.

Fig. 10 shows the waveforms of source voltage and current by
using the SVC//HAPF for light nonlinear loading compensation
and heavy inductive loading compensation. Fig. 11 shows the
harmonic spectrums of source current before and after compen-
sation for different loads. Table V summarizes the corresponding
experiments results.

From Figs. 10(a) and 11(a) and (b) and Table V, after SVC//
HAPF compensation, the worst-phase PF has been compensated
from 0.96 to 0.99 for light harmonic loads compensation. The
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Fig. 11. Harmonic spectrums of source current for light har-
monic loading compensation: (a) before SVC//HAPF compensation,
(b) after SVC//HAPF compensation; for heavy inductive loading compen-
sation: (c) before SVC//HAPF compensation and (d) after SVC//HAPF
compensation.
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worst-phase THD,, has been compensated to 8.4% from the
original 27.9% for light harmonic loads compensation.

From Figs. 10(b) and 11(c) and (d) and Table V, the pro-
posed SVC//HAPF can compensate the heavy loads situation.
The fundamental source reactive power is reduced from 650 var
to almost 10 var. And, the PF has been improved from 0.77
to 0.99. Also, the worst-phase THD,,, has been compensated
to 3.5% from the original 5.9%. Moreover, the source volt-
age and current are in phase with each other after SVC//HAPF
compensation.

VIl. CONCLUSION

In this paper, a new hybrid structure of SVC in parallel with
HAPF (SVC//HAPF) in three-phase power system was proposed
and discussed as a cost-effective compensator for medium-
voltage heavy loads compensation. The SVC part was used
to dynamically compensate the reactive power, while the HAPF
was used to provide harmonic and low fixed amount of reac-
tive power compensation. Moreover, the structure, modeling,
operation principle, parameter design, and control method of
the SVC//HAPF were proposed and discussed. Finally, the rep-
resentative simulation and experimental results were given to
show that the SVC//HAPF has the great promise in wide re-
active power compensation range with both low-voltage and
current inverter rating characteristics.

APPENDIX

The proposed SVC//HAPF can be considered as SVC in par-
allel with the combination of PPF in series with APF. The key
idea of proposed SVC//HAPF is to share the major compen-
sation power in low cost SVC part and PPF part instead of
the high cost APF part. On the other hand, in medium-voltage
system, the conventional APFs require multilevel structures to
reduce the high voltage stress across each power switch and dc-
link capacitor. Thus, compared with the proposed SVC//HAPF,
the multilevel APF consists of more components especially for
switching devices like IGBTs. Therefore, the reliability of the
multilevel APF is lower than the SVC//HAPF, and the con-
trol complexity and switching loss of the multilevel APF are
higher than SVC//HAPF. Even the proposed SVC//HAPF may
have larger size than traditional multilevel APF, the proposed
SVC//HAPF has the lower cost than the traditional multilevel
APF.

According to the cost study in [20] and [21], the cost of APF is
about $60/kVA. And, the cost of active inverter per kK VA ($/kVA)
is much higher than passive power filter (PPF) (~$5/kVA) and
the SVC (~$18/kVA). Therefore, the hybrid system consists of
SVC or PPF and low rating active inverter can be considered as
a more cost-effective solution than the APFs.

The HAPF can be considered as the PPF in series with APF.
And, SVC-HAPF can be considered as the SVC in series with
APF. The proposed SVC//HAPF can be considered as SVC in
parallel with the combination of PPF in series with APF. The
cost of HAPF, SVC-HAPF and the proposed SVC//HAPF can
be approximately calculated as

TABLE VI
CosT COMPARISON OF PPF, SVC, APF, HAPF, SVC-HAPF, AND THE
PRoPOSED SVC//HAPF

Compensator PPF  SVC APF HAPF SVC-HAPF SVC//HAPF
Cost ($/kVA) ~5 ~18  ~60 ~9.5 ~30 ~17.4
Costyapr = Costppr + kuapr - Costapr 27

Costsyc-napr = Costsyve + ksvc-napr - Costapr  (28)
Costsvc-napr = ksvc - Costgyc + kppr - Costppr

+ ksvc//uapr - Costapr (29)
where  Costppr, Costypp, Costgyc, Costgyo_pgapr, and
Costgyc //TAPF are, respectively, the costs of PPF, APF, SVC,
SVC—HAPF, and SVC//HAPFE. And, kHApF, kSVC—HAPF’ and
ksvc//mapr are the active inverter capacity ratio between APF
and HAPF, APF and SVC-HAPF, and APF and SVC//HAPF,
respectively. For the SVC//HAPF, since the compensating
current are shared by the SVC part and the HAPF part, ksyc
and kppyp are the current ratio between the SVC part and the
whole system and the HAPF part and the whole system.

According to the case studies in Fig. 8 and Table IV,
kuaprr,ksvc-napr, and ksvo//mapr,ksve, and  kppp
are kuapr = 0.075,ksvc-napr = 0.2,kgvc//mapr ~
0.075, ksve ~ 0.625, and kppr = 0.375. Based on the earlier
analysis, (27)—(29) and cost study in [20] and [21], the cost of
each compensator can be approximately calculated as shown in
Table VI.

Based on Table VI, it can be seen that the proposed
SVC//HAPF is more cost effective than the conventional APF
and SVC-HAPF. Even though the HAPF can obtain lower cost
than the SVC//HAPF, it has very narrow reactive power com-
pensation range and cannot provide satisfactory performance for
heavy loads compensation as verified by Fig. 8 and Table I'V.
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