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Minimizing Inverter Capacity Design and
Comparative Performance Evaluation of
SVC-Coupling Hybrid Active Power Filters

Lei Wang Y, Member, IEEE, Chi-Seng Lam

Abstract—TIn this study, a minimizing inverter capacity design is
proposed, and the characteristics and performance of static VAR
compensator (SVC) coupling hybrid active power filters (SVC-
HAPFs) are analyzed. The cost of the SVC part is much lower
than that of the active inverter part, and thus, the reduction of
inverter part capacity can lead to a decrease in the total cost of
SVC-HAPEF. To demonstrate the advantages of the proposed min-
imizing inverter capacity design of SVC-HAPF, comparisons are
given between the conventional and the proposed SVC-HAPF de-
signs. Comparisons are also provided among active power filters
(APFs), HAPFs, and the proposed SVC-HAPF in terms of dc-link
voltage, compensation range, and performance. Finally, simula-
tion and laboratory-scale experimental results are given to validate
the minimizing inverter capacity design, and to verify the charac-
teristics and compensation performances of APF, HAPF, and the
proposed SVC-HAPF.

Index Terms—Active inverter, active power filters (APFs), dc-
link voltage, hybrid active power filters (HAPFs), static VAR com-
pensator (SVC).

I. INTRODUCTION

URRENT quality compensators can be installed to solve
C current quality problems, such as a low power factor (PF),
harmonic current pollution, and unbalanced problems. A his-
torical review of the various compensators is given below and
summarized in Table L.

To compensate for reactive power, low-cost passive power
filters (PPFs) [1] and static VAR compensators (SVCs) [2]-[4],
were proposed in the 1940s and 1960s, respectively. In practical
applications, PPFs and SVCs suffer from the potential resonance
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TABLE I
CHARACTERISTICS OF DIFFERENT CURRENT QUALITY COMPENSATORS

Resonance .
Year | prevention Comp. Tracking Inve_rter Power Cost
. range | performance | rating loss
capability
PPF [1] 1940s |  Week | Narrow Poor Low Low
SVC [2]-[12] [ 1960s | Week Wide Medium - Low Low
APF [13]-[19]| 1976 | Strong Wide Good High High High
HAI[’ZF 1520]’ 2003 Strong | Narrow Poor Low |Medium | Medium
SVE/;/]*PF 2003 | Stong | Wide | Good |Medium| High | High
PPF//APF . . . .
23], [24]. 2010 | Strong Wide Good Medium | High High
TCR//RITHA . . Low- . .
PF [25] 2012 | Medium |Medium Good Medium Medium | High
Conventional
SVC-HAPFs | 2014 | Strong Wide Good Medium | Medium | Medium
[26]-[31]
Proposed . Low- Low- .
SVC.HAPF 2017 | Strong Wide Good Medium | Medium Medium

problem [5], [6] due to system frequency variation [7], parameter
(inductor and capacitor) values changes [7], [8], nonlinear dy-
namics characteristics in thyristor (SVCs only) [9]-[12], etc. To
overcome the resonance problem and to improve performance,
active power filters (APFs) were proposed in 1976 [13], [14].
For medium-voltage applications, APF requires costly multi-
level structures [15]—[19] to reduce the voltage across the dc-link
capacitor and power switches. To reduce the voltage capacity of
the inverter, large LC-impedance coupling hybrid active power
filters (HAPFs) were proposed in 2003 [20]. However, HAPFs
have a narrow compensation range, which limits their compen-
sation ability [20], [21]. In the same year, Dixon et al. [22]
proposed an SVC structure in parallel with APF (SVC//APF).
The SVC part of SVC//APF is used to compensate for most of
the reactive power, thus the current rating of the APF can be
significantly reduced. However, the voltage rating of the APF
part remains high, so the SVC//APF still requires a costly mul-
tilevel structure for medium-voltage level applications. Another
hybrid structure of PPF in parallel with APF (PPF//APF) was
proposed after 2010 in [23] and [24]. The PPF part of PPF//APF
can share the large compensating current, and thus, the current
rating of APF can be reduced. However, when the loading reac-
tive power is capacitive or has a wide reactive power variation,
the APF loses its small current rating characteristic. In 2012,
Luo et al. [25] proposed a novel hybrid system consisting of a
thyristor-controlled reactor (TCR) and a resonant impedance-
type hybrid active power filter (RITHAPF) (TCR//RITHAPF).

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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The RITHAPF part is an APF crossing over a matching trans-
former connected in parallel with a fundamental series resonant
circuit. As most of the loads are inductive and the TCR part
is also inductive, the RITHAPF part is required to provide a
large capacitive compensating current for inductive loads com-
pensation so that the current/power rating of RITHAPF can be
high. However, the matching transformer in TCR//RITHAPF
can also drive up the total system cost. After 2014, SVC-
coupling hybrid active power filters (SVC-HAPFs) were widely
studied [26]-[31], which have the characteristics of a wider
compensation range than HAPF and a lower dc-link voltage
than the APF. Of these compensators, the PPF and HAPF have
poor dynamic reactive power tracking performance compared to
the others, and the tracking performances of APF, SVC//APF,
PPF//APEF, TCR//RITHAPF, and SVC-HAPFs are better than
those of SVC.

The structure of SVC-HAPF was first proposed in [26], and
the different aspects of SVC-HAPFs discussed in [27]-[31].
The control strategies of SVC-HAPFs for balanced loads com-
pensation have been discussed in [26] and for unbalanced loads
in [27]. To overcome the potential overcapacity problem of the
SVC-HAPFs, the selective compensation control method was
proposed in [28] for harmonic distortion, and unbalanced and
reactive power. The focus of [26]—[28] is on the control meth-
ods, while the focus of [29] and [30] is on the system design
of the SVC-HAPFs. Although the final selected parameters are
the same in [29] and [30], the SVC-HAPF design approaches
differ. In [29], the SVC-HAPF design was for unbalanced loads
compensation. In [30], the SVC-HAPF was designed to compen-
sate for fundamental reactive power, while the current harmonic
components were not taken into consideration. The hardware
implementation of the SVC-HAPF was discussed in [31]. The
minimizing inverter capacity design of the SVC-HAPF was not
considered in [26]-[31], although a reduction in SVC-HAPF
inverter capacity can bring about decreases in the compensation
device capacity, power loss, and cost. Therefore, the parameter
design procedures for reducing the dc-link operation voltage of
the SVC-HAPFs are explored in this study. The proposed SVC-
HAPF design is also compared with the conventional designs in
[29] and [30].

Based on the limitations of the conventional SVC-HAPFs in
[27]-[31], this study aims the following.

1) Enable a reduction in the power rating ratio between the
active inverter part and the SVC part through mathemati-
cal analysis.

2) Propose a minimizing dc-link voltage design for SVC-
HAPFs reactive power and harmonic currents compensa-
tion (see Section III).

3) Compare the conventional design of the SVC-HAPFs
[29], [30] with the proposed one through analysis and
simulations (see Section III).

4) Perform a comprehensive study of dc-link voltage, com-
pensation, and tracking performances of the APF, conven-
tional HAPF, and SVC-HAPF (see Section IV).

5) Provide power loss and efficiency analyses of the APF,
the conventional HAPF, and the proposed SVC-HAPF
(see Section V).
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Fig. 1. Structure of the conventional multilevel APF and HAPF.

The layout of this paper is as follows. In Section II, the struc-
tures, modeling, and control are introduced for the APF, HAPF,
and SVC-HAPEF. In Section III, the power rating ratio analysis is
proposed between the active inverter part and the coupling SVC
part of the SVC-HAPF, based on the structures and modeling.
The required dc-link voltage is also deduced and analyzed for
both the conventional and the proposed SVC-HAPFs. The con-
ventional HAPF and the proposed SVC-HAPF are compared in
Section I'V. The experimental verifications are provided in Sec-
tion V for the conventional HAPF and the proposed SVC-HAPF.
Finally, a summary is given in Section VI.

II. STRUCTURES, MODELING, AND CONTROL
OF HAPF AND SVC-HAPF

Figs. 1 and 2 show the structures of the APF, HAPF, and the
SVC-HAPE. The subscript “z” stands for phases a, b, and cin the
following analysis. v, and v, are the source and load voltages;
and ig,, i1, and i., are the source, load, and compensating
currents, respectively. L is the transmission line impedance.
In Fig. 1, L is the coupling inductor of APF, and L. and C.
are the coupling inductor and capacitor of HAPF, respectively.
L., Lpg, and Cpg in Fig. 2 are the coupling inductor, SVC part
inductor, and capacitor, respectively.

Fig. 1 shows that the inverter voltage of APF is high due to
the small coupling inductive impedance L. The coupling LC'
part (L. and C..) of HAPF is used to provide the fixed reactive
power compensation, and the active inverter part is used to en-
large the reactive power compensation range and compensate
the harmonic current. Compared with HAPF, the SVC part of
SVC-HAPF provides a wide and continuous inductive and ca-
pacitive reactive power compensation range, which is controlled
by the firing angles (o) of the thyristors. As the SVC part can
provide the fundamental voltage drop, the rating of the active
inverter part can be small and the use of a costly multilevel struc-
ture is, thus, avoided [29]. In addition, the isolation transformer
is used to protect the active inverter part from the inrush current.

The control model of the SVC-HAPF for simulation and
experiments is provided in Fig. 2. The inputs are load voltage
vy, load current i7,, and compensating current .., and the
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Fig. 2. Structure and control method of the SVC-HAPF.

outputs are the trigger signals for the thyristors in the SVC part
and IGBTs in the active inverter part. For the SVC part control,
the first step is to calculate the load reactive power ¢y, via the
single-phase instantaneous p-q theory [19], [20]. The required
fundamental impedance Xgyc, of the SVC part can then be
obtained based on the load reactive power ¢z, and load voltage
v,. The corresponding firing angle o, of the SVC part can then
be obtained. Finally, by comparing the firing angle «, with the
phase angle of the load voltage 6, the trigger signals for the
thyristor of the SVC can be obtained.

The active inverter part is used to limit the compensating
current 7., to its reference i;,, which includes the harmonic
component and reactive power component. By using the in-
stantaneous p-q theory [13], the instantaneous active power and
reactive power in a — (3 frame can be calculated from the load
voltage and current (v, and 7,,). The obtained reactive power
and harmonic active power can then be used to calculate the
reference ¢, . Through the current hysteresis pulsewidth modu-
lation (PWM) control method, the trigger signals for the active
inverter part can be generated by comparing 4., with ¢’_. Dis-
cussions of the tradeoffs of different PWM control methods are
included in the Appendix.

Fig. 3 shows the single-phase equivalent fundamental and
harmonic frequency circuit models of the APF, HAPF, and SVC-
HAPF. The coupling impedances of the models are found to be
different. For the harmonic models in Fig. 3(b) and (d), the
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Fig. 3.  Single-phase equivalent circuit models. (a) APF/HAPF fundamental
frequency model. (b) HAPF harmonic frequency model. (¢) SVC-HAPF funda-
mental frequency model. (d) SVC-HAPF harmonic frequency model.

L part of APF and the LC' part of the HAPF cannot generate
the harmonic current, while the SVC part of SVC-HAPF can
produce the harmonic current /;,,, . Therefore, the compensating
current I.,,, of SVC-HAPF includes both the load harmonic
current I7,,, and the SVC part harmonic current /;,,, .

III. RATING RATIO OF THE ACTIVE INVERTER PART AND THE
SVC PART, AND THE MINIMUM REQUIRED
DC-LINK VOLTAGE OF SVC-HAPF

Based on the circuit analysis in Fig. 2, the power rating in
the active inverter part can be calculated as Vjyy, I.,, while the
power rating of the SVC part can be calculated as Vsycl,,.-
Accordingly, the power rating ratio of the active inverter and the
SVC parts (Siny./Ssvc, ) can be expressed as

Sinvz V;nva: : Ic:t Vinvz
RtOt N ‘S’SVC(L' B ‘/;V(?(L' ) I(i(L' N ‘/;V(Tlf (l)
where Sihy. and Ssyc, are the ratings of the phase active inverter
part and the SVC part; Vi, and Vsyc, are the phase root-
mean-square (RMS) voltages of the active inverter part and the
SVC part, and I, is the phase RMS compensating current. The
required dc-link voltage Vpc 1o can be expressed as [28]-[30]

VDCJOI = \/6 . Vgnvx- (2)

As shown in Fig. 3(c) and (d), the current passing through the
SVC-HAPFs includes both fundamental and harmonic compo-
nents. Therefore, the Vsyc, and Vi, in (1) and (2) can be
expressed by using Ohm’s law as

VvSVCI = VYSZVCII + Z ‘/ézVCrn
n=2
= (XSVC1 . ICIl)2 + Z (XSVCTL : Iczn)2 (3)
n=2
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Combining (1)—(4), the R and Vpc 1o can also be expressed
in terms of fundamental and harmonic components as

Rtot

2 o] 2
_ ‘/invml 4 Zn:? Vvinvmn
- 2 o0 2 2 o 2
‘/SVCzl + Zn:2 VvSVC:tn VvSVC:tl + Zn:? VTSVCrn

= Rt20t1 + Z thotn (5)

n=2

00
VDC,tol - 6 - Vj?lvzl +6- Z V;r21vzn

n=2

00
V]%C,totl + Z VDQC,totn . (6)
n=2

In (1)—(6), the subscript “n’ stands for the fundamental (n =
1) and harmonic (n > 2) frequency components. Xgy 1 and
Xsvey, are the impedance of the SVC part at the fundamental
and at each harmonic frequency order. Vi, and Vi, are
the fundamental and harmonic inverter output voltage. ., and
I...,, are the fundamental and harmonic compensating currents.
The I.,, includes two parts: I;,,, and I} .. I;;, represents the
self-harmonic injection current components by SVC and I,
represents the loading harmonic current components. R;,;; and
Vboionr along with Ryo,, and Vpe o are the fundamental and
harmonic components of the power rating ratio Ry, and the
dc-link voltage of Vpc o, respectively.

In the following analysis, the R in (5) and Vpc_or in (6) is
deduced, compared, and discussed through six parts, described
as follows.

1) In Section III-A: The parameter design and characteristics

of SVC (Xgv 1 and Xgvyc,, ) are proposed and discussed.

2) In Section I1I-B: The fundamental components (2,1 and

Vb tor1) of Rior and Vpe 4o are deduced.
3) In Section III-C: The harmonic components (R, and
Vbctotn) Of Rior and Ve o are obtained.

4) In Section III-D: The required Ry and Vpc o are deduced

and discussed.

5) In Section III-E: Simulation case studies are provided.

6) In Section I1I-F: A section summary is drawn.

The calculation of the parameters in Ry (5) and Vpc_ior (6)
are explained in Sections III-A-III-C. In Section III-D, the de-
duced Ry in (5) and Vpc or in (6) are plotted in Figs. 8 and 9
discussions of Ry and Vpc o are also included. The simulation
case studies are provided in Section III-E to verify the analysis
in Sections III-A—III-D. Finally, a section summary is drawn in
Section III-F.
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A. Parameter Design and Characteristics of SVC

The expressions of impedance of SVC (Xsvc,, ) at fundamen-
tal (n = 1) and harmonic frequency order (n = 2, 3, 4...) can
be given as

Xsven (@)

_ m(nwLpy) . +nwL,| ()
(27 — 2 + sin 2a) — w(nw)” - Lpp Cpy

where « is the firing angle, w is the angular frequency (w =
27 f), and f is the fundamental frequency.

At the fundamental frequency, the compensating reactive
power by the SVC part (Q.,_svc) can be expressed as

Vz21
Xsvei (a)

where V,; is the RMS value of the fundamental load voltage,
and Xgyc1 can be obtained from (7) withn = 1.

From Figs. 2 and 3, the impedance SVC part is controlled
by back-to-back connected thyristors 77, and 75, through the
firing angle o. When o = 180°, the SVC part provides the max-
imum capacitive compensating reactive power (., _svc(MaxCap)
for inductive load reactive power compensation. However, when
a = 90°, the SVC part provides the maximum inductive reac-
tive power (¢, svcMaxingy fOr capacitive load reactive power
compensation. Based on (7) and (8), the Lpr and Cpg of the
SVC part can be designed as

®)

QCI,SVC =

QLz(MaxInd)
Cpp = ©)
w? - QLy(Maxind) - Le —w -V

Lypp =

2
Vzl _WLCQLJ:(MaxCap)

W QL.T(MaxCap) —w3 - L. -Cpp - QLz(l\laxCap) Tw- V;(21 - Cpr
(10)

where Q7 (Maxing) a1d Q1. (Maxcap) are the load maximum in-
ductive and capacitive reactive power, respectively.
Based on (7), the design criteria of L. can be expressed as

1
L.= 72()(5\/(} (n) =0, witha = 180°)
(wm) CpF
1

(wng)QCpF - ]-/LPF

L.= (Xsve (n) =0, witha = 90°).

(1)

According to the research in [29], the L. in the SVC part is
to filter out the current ripple caused by the power switches of
the active inverter part. In [30], the L. is designed to tune the 7n;
and ny away from the dominated harmonic orders. In [27]-[31],
the zero harmonic impedance point is in fact tuned at around
the 3.7th harmonic order (Xgyc(n) = 0atn; &~ ny =~ n =~ 3.7)
[27]1-[31].

In this study, the proposed fifth-harmonic order (Xgyc(n) =
Oatn; =~ ny = n =~ 5H)is based on the general comparative per-
formance evaluation (in Fig. 4) and the minimized R,y inverter
design (in Fig. 5).
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Fig. 4 shows that the SVC-HAPF with Xgyc(n) =0atn =5
can provide the best compensation results. The performance
of SVC-HAPF becomes worse with Xgyc(n) =0atn < 5 or
n > 5. Fig. 5 shows that the SVC-HAPF with Ry, = 17% can
provide the relatively best THD; ;. performance. In addition, the
corresponding zero impedance point for Ry = 17% isn = 5.

In the following, two different designs for the SVC part
with Xsyc(n) =0 at n~ 3.7 [27]-[31] and the proposed
Xsvc(n) = 0 atn & 5 are discussed.

B. Fundamental Frequency Analysis of R and Vpcor

From Fig. 3(c), the fundamental inverter voltage Vi1 can
be expressed as

Vit = Va1 — XSVCl(a)

where V1, I.,1, and Xgyc; are the fundamental load voltage,
fundamental compensating current, and fundamental SVC part
impedance, respectively. The load reactive power can be ex-
pressed as

QLx = Vzl - Iqul = szl . (_chl)

where (1, is the loading reactive power and I .41 is the load
fundamental reactive current, which is equal to —I.,; during

(13)
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Fig. 6. SVC equivalent single-phase model for harmonic currents rejection
analysis.

compensation. Combining (2), (8), (12), and (13), the Ry and
Vbc_tor1 can be expressed as

Rtotl = ‘/lnval |QLX| |Q(.L“ SVC| (14)
SVC1 La
Vb = \/6 Vinval = \/6 Vi1 — |ch,SVC|
cx SVC
(15)

In (14) and (15), Q.. svc and @, are the compensating
reactive power by the SVC part and the load reactive power,
respectively.

C. Harmonic Frequency Analysis of R, and Vpc_tom

As shown in Fig. 3(d), the harmonic compensating current

can be expressed as

Ic:m - Iiwn + (_Ian) (16)
where [;,,, is the self-harmonic injection current by SVC and
I .y, is the load harmonic current.

In this section, the required Ryo, and Vpc o, are discussed
separately in two sections. In Section III-C1, the required Ryo,
and Vpc_or, to compensate 4;,, injected by the SVC part are
deduced under assumptions of I..,.,, = I;;, and I1,,, = 0 (linear
loading condition). In Section III-C2, the total required Ry, and
Vbc.on are obtained so that both current I, and I; ., (1o, =
Iiyn + (—Ip.y)) can be compensated for the nonlinear loading
condition.

1) R and Vpceomn for Compensating Self-Harmonic In-
jection Current by SVC Part (i;,,,) Only: In this section, the
required Ry, and Vpc o, Can be obtained to compensate for
i;»n injected by the SVC part. To clearly illustrate the %;,,
problem, the loading is assumed to be linear (ir,, = 0). The
equivalent single-phase self-harmonic current rejection analysis
model is provided in Fig. 6.

In Fig. 6, the thyristors (17, and T5,) in each phase of the
SVCs can be considered as a pair of bidirectional switches,
which can generate the low-order harmonic current ¢;,,,. As the
switch S turns ON and OFF, the two differential equations of
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Gz () (fex off and i, on) can be obtained as
ex off = texl + lizn = A1 Sin(Wt - Oé) + K Sin(wnlt + Sonl)

Fundamental Harmonic 17)

tex.on =lexl Tiizn = Az sin(wt + o)+ Ko cos(wnat+vn2)+ K3

Fundamental Harmonic (18)

where A; and A, are the peak values of the fundamen-
tal compensating current during each turn off and turn on;
K, Ky, K3, ¢,1,and ¢, are constants during each switching
cycle and depend on the initial conditions of the compensating
current and capacitor voltages; and w,; and w, are the har-
monic angular frequencies, which can be expressed as

1 w1

Wn1 = nm = -—
(L(s + Lc) - Cpr 2nf

! (19)
27Tf\/ (Ls + LC) - Cpp

Ls + Lc + LPF
Wn2 = Ny =

(Ls + L) - Lpp Cpr

C%)
2r f

_ 1 Ls+ L.+ Lpr 20)
2nf\l (Ls + L.) - Lpr Cpr

where L, is the system inductor, which is typically a small value,
and the L., Lpg, and Cpp are parameters in the SVC part.

Fig. 7 shows the fundamental and harmonic compensating
current at different firing angles of two SVC-HAPFs. For a
three-phase three-wire system, the common harmonic orders
are 6n + 1 (> 5)withn =1, 2, 3....Based on Fig. 7(a), (19),
and (20), if the SVC part is with Xgyc(n) = 0 at n = 3.7, the
generated harmonic current can be significantly reduced as the
possible generated harmonic orders n; and no are far from
the 6n £ I order. From Fig. 7(b), for the SVC part with
Xsve(n) = 0atn ~ b, the significant fifth-order harmonic cur-
rent can be generated when n; and ny are designed close to 5.

2) Riomn and Vpe gomn for Compensating Both Load Harmonic
Current (i1, ) and Self-Harmonic Injection Current (i;;y,): As
the SVC has poor harmonic compensation ability, the active
inverter part of SVC-HAPF is designed to compensate load
harmonic current ¢z, and to absorb the SVC self-generated
1;zn (already discussed in Section III-C1) simultaneously.
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In this study, the six-pulse rectifier nonlinear loads are con-
sidered as the worst case of the three-phase three-wire harmonic
loads (I1,;, = I.1/n). As the rating of a nonlinear loading is
10 kV to 500 A, the total required R, and Vpc_ o, of SVC-
HAPFs for compensating both 4;,,, and i7,, can be plotted as
in Figs. 8 and 9.

D. Minimizing Inverter Capacity Design of R and Vpc o

In this section, minimizing the inverter capacity design of
SVC-HAPF is discussed, including the fundamental compo-
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Fig. 10. Simulated load voltage, source current under SVC-HAPF

(Xsvc(n =~ 3.7) = 0) compensation [27]-[31], and source current under SVC-
HAPF(Xsyc(n ~ 5) = 0) compensation.

nent (discussed in Section III-B) and harmonic components
(discussed in Section III-C). The Ry in (5) and Vpc o in (6)
are plotted in Figs. 8 and 9, which also show the Ry and Vpc ot
with varying 7, and I}, (also including I;,, ) for different
SVC-HAPFs.

From Figs. 8 and 9, at I, = 0, it can be seen that the
SVC-HAPEF still requires the Ry, and Vpc o to absorb the self-
harmonic injection currents by the SVC part, which is consistent
with the discussions in Section III-CI1. With I ,, increasing,
the required Ry, and Vpc o are also increasing. When the Q7.
is outside of the designed ., sy ¢ range, the designed Ry
and Vpc o can further enlarge the reactive power compensation
range of the SVC part, which is consistent with the analysis in
Section III-B. As the SVC-HAPF (Xgyc(n) = 0 at n &~ 5) re-
quires a lower dc-link voltage for nonlinear loading compensa-
tion (Iz,, > 0), the following discussions focus on SVC-HAPF
(stc(n) =0atn = 5H).

E. Simulated Comparison Between the Conventional
SVC-HAPF and the Proposed SVC-HAPF

In this section, simulation case studies are conducted using
PSCAD/EMTDC. Fig. 10 illustrates the load voltage (and its
ripple), the source current, load current, and dc-link voltage
waveforms for 10 kV to 500 A six-pulse rectifier nonlinear load
before and after different SVC-HAPF compensations.

Based on Fig. 9, the required dc-link voltage of the SVC-
HAPF (Xsvc(n) = 0 at n & 5) is lower than the SVC-HAPF
(Xsve(n) =0 at n & 3.7) for nonlinear loads compensation.
The dc-link voltage of 2500 V is designed based on the SVC-
HAPF tuned at the fifth-harmonic order (Xgyc(n) = Oatn ~ 5)
as in Fig. 10. Thus, the SVC-HAPF (Xgyc(n) = Oatn ~ 5) can
provide better THD and PF performance [see Fig. 10(b)] than
the SVC-HAPF tuned at the 3.7th harmonic order, which is due
to insufficient dc-link voltage [see Fig. 10(a)], as verified by
Fig. 9. The detailed descriptions of compensation performance
are given below.

From Fig. 10, after the SVC-HAPF compensation, the PF is
improved to >0.98 for both SVC-HAPFs under the same dc-
link voltage. However, the source current THD1, is improved to
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TABLE II
COMPARISON AMONG THE CONVENTIONAL DESIGN AND THE PROPOSED
DESIGN SVC-HAPFs

SVC-HAPF
(XSV(j(Vl) =0 at n:37)

SVC-HAPF
(Xsvc(n) =0 at n=5)

Linear loads comp.

Required (Fig. 7) Low Low

Vbc e and T

R Nonlinear loads Medium Low
i comp. (Fig. 10)

Performance Evaluation (Fig. 4) |Normal Good

14.1% for the design of Xgyc(n & 3.7) = 0 case, while THDi,
is improved to less than 8% for the design of Xgyc(n ~5) =0
case. Therefore, the SVC-HAPF (Xgyc(n ~ 5) = 0) has better
compensating performance.

F. Summary of the Conventional SVC-HAPF and the
Proposed SVC-HAPF

Based on the above discussions, a brief summary is drawn
in Table II. This shows that the SVC-HAPF with Xgyc(n) =
0 at n ~ 3.7 requires lower Ry, and Vpco for linear loads
compensation, whereas the SVC-HAPF (Xgyc(n) =0 at n =~
5) requires lower Ry and Vpc_tor for both linear and nonlinear
loads compensation.

When the loads are linear, the SVC part is the only harmonic
source, which can generate low-order harmonic currents when
the switches/thyristors change their states. The two designs use
different approaches to avoid harmonic injection by the SVC
part. To avoid the harmonic currents injection by the SVC part,
the conventional design Xgyc(n) = 0 at n &~ 3.7 suggests tun-
ing the zero impedance point away from the 6n + 1th order
and/or close to the 3nth order (e.g., n =~ 3.7). Thus, the SVC
part does not generate a large harmonic current to the system, so
the rating of the active inverter part can be reduced. Unlike the
conventional method, the proposed SVC part with Xsyc(n) =0
at n ~ 5 may generate a fifth-order harmonic current. The SVC
part also provides a zero impedance path for the generated fifth-
order harmonic current flowing into the active part. Thus, the
active inverter part can easily absorb the generated fifth-order
harmonic current without affecting the compensation perfor-
mance. Therefore, the required active inverter rating of the pro-
posed design can be low for linear loads compensation.

When the loads are nonlinear, the required dc-link voltages
for harmonic compensation are different for the two designs,
which can be expressed as

VDC,mt,h ~ \/6 . ‘/invmh = \/6 . Z ‘/1121\,-171

n=2

0]

> (Xsven - Ien)?

n=2

=6 1)

where Vpc o, 1S the required dc-link voltage for harmonic
current compensation, Iy ., is the load harmonic current, and
Xsvcn is the harmonic impedance of the SVC part. In (21), the
difference between the conventional design and the proposed
design is the Xgyc, values at each harmonic order. Based on
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(6), (21), and Fig. 9, the proposed design with Xgyc(n) =0
at n ~ 5 has a lower required Vpc o, than the conventional
design with Xgyc(n) = 0 at n ~ 3.7. Therefore, the proposed
design Xgyc(n) =0 at n ~ 5 can obtain better THD and PF
performance with the same dc-link voltage as in Figs. 4, 5, and
10.

IV. COMPARISONS AMONG THE CONVENTIONAL APF, HAPEF,
AND THE PROPOSED SVC-HAPF

In this section, comparisons are provided among the APF,
HAPEF, and the proposed SVC-HAPF. In Section IV-A, com-
parisons of dc-link voltages are given for APF, HAPF, and
SVC-HAPF, and in Section I'V-B, simulation comparisons are
provided.

A. DC-Link Voltage Comparison

The dc-link voltage of the APF and HAPF can be deduced
with the help of Fig. 3(a) and (b). Based on these, the equations
for APF and HAPF can be obtained as

Vinv:vl(APF) == ‘an + XLl : IL:ch1|

VT,Ql/XLl - ‘/;clILmql

— Vzl .
V[ X

= Vz1 -

QCI,L + Qsz ‘
Q(:J:,L

(22)

‘/invxl(HAPF) = |‘/1:1 - (XCcl - XL(:I) . IL:vq1|

v, chLC—Qsz‘ (23)

Qn:z:,LC
Vinvxn(APF) = XLn, . ILT’I’I (24)
Vgnvxn (HAPF) = (XCcn - XLCTL) . ILG (25)

where X711, X1n, Xoe1s Xoen, Xre1, and Xy, are the fun-
damental and harmonic impedances of the coupling inductor
(L) of APF, coupling capacitor (C.), and inductor (L) of the
HAPEF, respectively. Iy, is the reactive power component of
the load current, and I} ., is the load harmonic current. In (22),
the loading reactive power, the reactive power provided by the
coupling L part of the APF, and the coupling LC' part of the
HAPF can be expressed as

Qre1 = Vi1 - Ipeq1 (26)
Qeorr =V /X1 (27)
Qevirec = Vi (Xp1—Xen). (28)

Based on (6), (22)—(28), the required dc-link voltages of the
APF and HAPF can be plotted as in Fig. 11.

By comparing Figs. 11 with 9(b), the following brief conclu-

sions can be drawn.

1) For APF, as shown in Fig. 11(a), the required Vi, (apr) is
close to V,, due to the small coupling impedance X7,.

2) The HAPF has a low dc-link voltage characteristic only
within a narrow inductive load range. When the load reac-
tive power is outside its designed range, the HAPF requires
a high dc-link operating voltage (>10 kV) due to its large
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TABLE III
SIMULATION SYSTEM PARAMETERS FOR APF, HAPF, AND SVC-HAPF

Parameters Physical values
System parameters Vi, 1o Ls 10 kV, 50 Hz, 0.1 mH
APF L 5mH
HAPF L., C. 5 mH, 80 uF
SVC-HAPF Le, Lpr, Cpr 5 mH, 30 mH, 80 puF
Case 4: 1 inductive loads | L, Ry, Ore |30 mH, 14 Q, 1095 kvar (0.38 p.u.)
Case B: 2" inductive loads | Ly, Ry, Or | 30 mH, 9 Q, 1840 kvar (0.64 p.u.)
Case C: Capacitive loads | Cis, Ry3, Qp. [200 pF, 20 Q, -813 kvar (-0.28 p.u.)

coupling capacitor impedance, and, thus, it easily loses its
low-inverter rating advantage.

3) The SVC-HAPF has the desirable characteristic of a wide
compensation range (from capacitive to inductive reactive
power) with a low dc-link voltage.

B. Simulated Comparison Between the HAPF and the
Proposed SVC-HAPF

The tracking performance of APF, HAPF, and SVC-HAPF
are compared and discussed in this section by simulation case
studies. In the below simulations, the system parameters of
the APF, HAPF, and SVC-HAPF are from Table III. In this
study, the base values of the voltage, current, and power are
Vi)ase =5.7TTkV (VLfL =10 kV), [base = 500 A, and Sbase =
2887 VA. The reactive powers of different loads in per unit
(p.u.) values are provided in Table III. The power capacity of
the active inverter parts of the APF, HAPF, and SVC-HAPF can
be expressed as [26]

VDC,tot
anv \/6 \/§ Icz
where Vpc_ior 18 the dc-link voltage and I, is the RMS value of
the phase compensating current. The required power capacities
of the active inverter part for different compensators are shown
in Table I'V.

Based on Fig. 12(a) and Table IV, the APF can provide a wide
compensation range with high dc-link voltage Vpc_ior = 15 kV.
For the different loads compensations, the APF can provide a
satisfactory PF and source current THD,, performance. After
APF compensation, the PF is improved to >0.99 and THD;,
<4.2%.

From Fig. 12(b) and Table IV, the HAPF can only compensate
for a narrow range of reactive power (matches only with the
first inductive loads case). However, the HAPF cannot provide
satisfactory source-side PF and current compensation results

(29)
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TABLE IV
SIMULATION RESULTS BY USING APF, HAPF, AND SVC-HAPF

Before/after

Load Type Comp I(A) | I.(A) | PF | THDiwW(%) | Voc(V) | Sil(VA)
Before
Case - 1%| Comp. 340 0.83 0.1
inductive APF 308 | 178 [0.99 2.9 15.0k | 4.62M
loads HAPF 282 | 180 |0.99 3.0 4.0k | 1.25M.
SVC-HAPF| 290 | 184 | 1.00 2.4 2.5k 0.8M
Before
CaZSde: Comp. 440 0.69 0.1
inductive APF 320 | 300 |0.99 5.0 15.0k | 7.80M
loads HAPF 315 | 180 |0.86 22.0 4.0k | 1.25M
SVC-HAPF | 300 | 303 |1.00 1.9 2.5k | 1.31IM
Before
225 0.78 0.1
Case C: Comp.
Capacitive APF 192 | 132 | 1.00 4.2 15.0k | 3.43M
loads HAPF 372 | 180 |0.62 26.5 4.0k | 1.27M
SVC-HAPF | 181 132 | 1.00 4.0 2.5k | 0.57M

*Shaded areas indicate undesirable results.

when the reactive power is capacitive or outside its inductive
compensation range. Specifically, the PF and THD;, are 0.86
and 22.0% for the second inductive loads compensation, and
the PF and THD,,, are 0.62 and 26.6% respectively, for the
capacitive loads compensation.

From Fig. 12(c) and Table 1V, the SVC-HAPF can provide
a wide reactive power compensation range (from inductive to
capacitive). After the proposed SVC-HAPF compensation, the
source reactive power is reduced to around zero in different
loads cases. The PF and THD,, are compensated to unity and
<4.0%, respectively, for the different loads.

V. EXPERIMENTAL RESULTS

The experimental results should verify the dc-link voltage
characteristics, tracking performances, and compensation per-
formances of the APF, HAPF, and SVC-HAPF. The three-phase
three-wire APF, HAPF, and SVC-HAPF experimental proto-
types are constructed in the laboratory. The experimental con-
ditions of the phase voltage and current in the laboratory are
110 V to 10 A. The base values of the voltage, current, and
power are Viase = 110 V (V_, = 191 V), Ipaee = 10 A, and
Sbase = Voase * Tbase = 1100 VA (a total rating of 3.3 kVA for
three phases). The constructed SVC-HAPF experimental pro-
totype and the testing environment are shown in Fig. 13. The
digital control system of the SVC-HAPF consists of two par-
alleled digital signal processors (DSPs) TMS320F2812s, and
the basic settings of both DSPs are the same. The sampling
frequency of the control system is 25 kHz in both simulation
and experiment (for both DSPs). For every 1/25 kHz(s) pe-
riod, the timer will provide a signal to process analog-to-digital
(A/D) conversion and the corresponding interrupt. The SanRex
PK110FG160 thyristors are used for the SVC part, while the
Mitsubishi IGBT intelligent power modules PM300DSAG60 are
used as the switching devices of the inverter. Two sets of loads
are built. The first loading is the six-pulse rectifier nonlinear
loads, while the second is the inductive linear loads. The param-
eters of APF, HAPF, SVC-HAPF, and loads are given in Table V.
The experimental results are summarized in Table VI.
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Fig. 12.  Dynamic compensation waveforms of load voltage, dc-link volt-
age, source current, and load and source reactive powers by applying (a) APF,
(b) HAPF, and (c) SVC-HAPF in different loadings cases.
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Fig. 13. 110 V-5 kVA SVC-HAPF experimental prototype and its testing
environment.

TABLE V
EXPERIMENTAL PARAMETERS FOR POWER QUALITY COMPENSATION OF APF,
HAPF, AND SVC-HAPF

Systems Parameters Physical values
APF L 5 mH(Q=18, ESR=0.09 Q)
5 mH(Q=18, ESR=0.09 Q), 80 uF(Q=170,
HAPF Lc ESR=0.119Q)
5 mH(Q=18, ESR=0.09 Q), 30 mH(Q=23,
SVC-HAPF Le, Lpr, Cpp ESR=0.41 Q)
160 uF(Q=310, ESR=0.06 Q)
1" loading Li,R;, O 25 mH, 50 Q, 50 var (0.045 p.u.)
2™ Joading Ly, Ry, 0> 70 mH, 15 Q, 480 var (0.44 p.u.)

Notes: Q stands for the quality factor and ESR stands for equivalent series
resistance

TABLE VI
EXPERIMENTAL RESULTS FROM USING APF, HAPF, AND SVC-HAPF

Load Before/after
T Comp. for I(A) | 1.(A) PF THDiw(%) | Vbc(V)
ype
worst phase
Before
I Comp. 6.6 - 0.96 24.5 --
nonlinear APF 6.8 2.7 0.98 9.5 340
load HAPF 7.1 2.6 0.85 12.5 105
SVC-HAPF 6.5 2.3 0.99 6.3 60
Before
1 and 27 Comp. 10.1 -- 0.90 20.1 -
nonlinear APF 9.4 4.8 0.99 8.7 340
loads HAPF 9.4 43 0.99 7.5 105
SVC-HAPF 8.4 4.3 0.99 5.5 60

*Shaded areas indicate undesirable results.

A. Experimental Results of APF

From Fig. 14 and Table VI, it can be seen that after APF com-
pensation, the experimental PF and THD,,, can be improved
to 0.98 and 9.5%, respectively, for the worst phase for the first
loading compensation, and 0.99 and 8.7, respectively, for the
first and second loading compensation. The required dc-link
voltage for APF is about 340 V.
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Fig. 14.  Waveforms of source voltage, current, natural current, and dc-link
voltage: Before and after APF starts operation (a) during the first load and
(b) when the second load is connected.

For the transient performance, as shown in Fig. 14(b), when
the load suddenly changes, the response time of the conventional
APF is much less than one fundamental period.

B. Experimental Results of HAPF

From Fig. 15(a) and Table VI, it can be seen that the exper-
imental PF and THD;,, are compensated to 0.85 and 12.5%,
respectively, for the worst phase after the HAPF compensation.
Due to the loading falling outside of its operational range, the
PF becomes even worse after compensation. During the start-up
process, the HAPF requires about five fundamental periods to
charge the dc-link voltage to its reference value. The dc-link
charging period mainly depends on the design (such as P or PI
gain) of the controller.

From Fig. 15(b) and Table VI, the experimental PF and
THD;,, are improved to 0.99 and 7.5%, respectively, for the
worst phase during the first and second loads compensation.
The required dc-link voltage for the HAPF is about 105 V. For
the transient performance, as shown in Fig. 15(b), when the load
suddenly changes the response time of the conventional HAPF
is about 7 ms, which is less than one fundamental period.
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Fig. 15.  Waveforms of source voltage, source current, and dc-link voltage:

Before and after HAPF starts operation (a) during the first load case and
(b) when the second load is disconnected.

Based on Fig. 15 and Table VI, the HAPF can be confirmed to
have a narrow compensation range, thus causing overcompen-
sation for the first loading compensation. The PF and THD;,
compensation performance is also relatively poor for the first
inductive loading case.

C. Experimental Results of SVC-HAPF

From Fig. 16(a) and Table VI, the experimental PF and
THD;;, can be improved to 0.99 and 6.3%, respectively, for
the worst phase after SVC-HAPF compensation. During the
start-up process, the SVC-HAPF also requires about five fun-
damental periods to charge the dc-link voltage to its reference
value.

Based on Fig. 16(b) and Table VI, the experimental PF and
THD;,, are improved to 0.99 and 5.5%, respectively, for the
worst phase during the first and second loads case. To com-
pensate both loads, the required dc-link voltage for the SVC-
HAPF is about 60 V, which is lower than that of the HAPF. The
SVC-HAPF obtains a smooth transient performance, in which
the response time is much less than one fundamental period.
Comparing Figs. 15 with 16, the compensation results of the
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Fig. 16.  Waveforms of source voltage, source current, and dc-link voltage:

Before and after SVC-HAPF starts operation (a) during the first load case and
(b) when the second load is connected.

SVC-HAPF are better than the HAPF even with a lower dc-link
voltage.

D. Power Loss and Efficiency Studies

The 1) switching loss, 2) component conduction loss, and
3) coupling transformer loss (SVC-HAPF only) contribute to
the main power loss of the different compensators, which
are discussed in Sections V-D1—V-D3, respectively. The to-
tal efficiency of APF, HAPF, and SVC-HAPF is provided in
Section V-D4.

1) Switching Loss (Analysis and Measurement Results): The
switching loss of the APF and HAPF are from the switching
components (IGBTs) of the active inverter part. In contrast, the
switching loss of the SVC-HAPF consists of two parts: 1) from
the IGBTs of the active inverter part and 2) from the thyristors
of the SVC part.

For the IGBTs in the active inverter part, the switching loss
is obtained by measuring the collector—emitter voltage and the
current of each IGBT, and the total inverter switching loss can



1238

POUER INVERTER EFFICIENCY
Puu & 0:01:07

Op E-<C

Eff % 90.81
BC CA
Vout 2650 2657 @822

A B C

Aout 24 24 ee

[(E— )]

Vin 3328
24702718 10:00:31 230U SO0HzPIE EN50160
m‘&' v TREND RUN

(a)
POUER INVERTER EFFICIENCY
Pun o 0:03:10 Op 6@ <G
Eff 7 85.00

AB BC CA
Vout 730 728 865

A B C
Aout 25 26 26

()]

Uin 1054
23/02/18 14:32:09 230U SO0HzPIE ENS0160
ool TREND N
(b)
POUER INVERTER EFFICIENCY
Pue & 0:03:02 P @<k
Eff 7
BC
Vout 438 438
A B
Aout 24 20
Vin 618
esmm 14:26:18 230U SOHzPIE
m%. v TREND nllN

(©)

Fig. 17. Efficiency measurements for the first load compensation using
(a) APF, (b) HAPF, and (c) SVC-HAPFE.

be found through the following equation [21]:

n=>6
Pivacenr) = Z Piwaa,
=0

Ty
= / Uce n e n (t)dt (30)
tf

n=0

where v, , (t) and i.. , (t) are the collector-emitter voltage and
current of IGBT, respectively. T is a fundamental period, and
n is the number of IGBTs.

Each thyristor of the SVC part only turns on one time in a
fundamental period, unlike the IGBTs of the active inverter part.
In SVC-HAPF applications, the on-state switching loss is the
dominant part for the thyristor, which can be easily calculated

Fig. 18.
using (a) APF, (b) HAPF, and (c) SVC-HAPF.
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Efficiency measurements for the first and second loads compensation

as [32]

n=6
-Psw(thyristor) = Z F)thy,n
n=0
n=>6
= Z (Urom x Irav, + 71 X I%RMS,n)

n=0
(€20)

where ITrwms,, 18 the RMS value of the current passing through
the thyristor, I7ay,, is the average value of the same current,
Uro is the thyristor threshold voltage, and 77 is the thyristor
slope resistance. According to the datasheet of thyristor modules
(PK110FG160),7r; =~ 0.44 mQ and Urp = 0.25 V. Table VII
shows the switching losses of APF, HAPF, and SVC-HAPF.
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TABLE VII
SWITCHING LOSSES OF APF, HAPF, AND SVC-HAPF BY ANALYSIS
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TABLE IX
COMPONENT CONDUCTION L0OSSs OF APF, HAPF, AND SVC-HAPF

DC-link Switching Loss (W) Switching Loss (W) Component conduction Component conduction loss
voltage (1* loads) (1 and 2™ loads) loss (W) (1* loads) (W) (1* and 2™ loads)
APF 340 138 162 APF 1.2 1.6
HAPF 105 41 59 HAPF 3.2 3.7
SVC-HAPF 60 37.5 (30acemyt7.5¢rhy) | 52.1(40acery+12.1(7hy) SVC-HAPF 57 7.7
TABLE X
TABLE VIII IMPACT OF THE COUPLING TRANSFORMER ON THE LOSS/EFFICIENCY OF THE
INVERTER CAPACITY, LOSS, AND EFFICIENCY OF APF, HAPF, AND SVC-HAPF SVC-HAPF
1% load (0.4 p.u) 1% and 2™ loads (0.495 p.u) SVC—HAPF Transformer Transformer |Total loss|Efficiency
SVC-HA SVC-HA capacity capacity (VA)|loss (W) W) (%)
APF | HAPF APF | HAPF St
PF PF 1% load 48.0 93.7
Measured inverter 79 191 38 (8.6%7) [(0.5%))
. 1093 353 191 2092 644 389 St nd
capacity (W) 1% and 2 1419 389 73 56.8 96.0
i loads ) 13.7% 0.5%
Analysis | 301 4 30 | 162 | 59 40 (13.7%1) 1(0.5%J)
Inverter/S | results
w loss (W) Measwed| 100 | 53 31| 19 | el 41
Analysis For APF and HAPF, the conduction loss of coupling inductor
Invert results | 87.4 | 884 | 843 | 923 | 90.8 | 89.7 and/or coupling capacitor can be expressed as
. fIf;‘;?erf:y (Error | (3.8%) | (4.0%) | (0.4%) |(0.9%) | (0.4%) | (0.4%)
; 2
(%) M‘“ %) - Piogs(ny = 3-ESRy - I, (34)
ree‘;fl‘lltr: 908 | 850 | 840 | 915 | 905 | 89.4 )
Ploss(C) =3-ESRc¢ - Ic:z: (35)

The above switching loss analyses are based on experimental
waveforms, equations, and calculations. To confirm the pro-
posed loss analysis, direct loss/efficiency measurements are re-
quired by the FLUKE 435 POWER QUALITY ANALYZER
measurement instrument, which has a “power inverter effi-
ciency” function. The direct measurement results are provided
in Figs. 17 and 18. Comparisons of the loss/efficiency analysis
and the direct measurement results are provided in Table VIII.

In Table VIII, the analysis results of inverter/switching loss
are derived from Table VII. The analysis results of efficiency
are obtained from (32). The measured results of efficiency are
obtained from Figs. 17 and 18, and the measured results of
inverter/switching loss are calculated from (33) by using the
efficiency from Figs. 17 and 18

S'nm jnvfpow,inv
Eft iny (%) = ( ok wos: ) -100%  (32)

Scomp,inv

Hoss,inv - (I_Eff,inv(%)) . Scomp,inv (33)

where P inv 15 the inverter power loss, i,y 1S the inverter
efficiency, and Scomp_iny is the inverter capacity, which can be
obtained from Figs. 17 and 18 by multiplying the inverter voltage
by the current. Table VIII shows that the analysis results and
measured results are close to each other and that the error of
efficiency is less than 5%.

2) Component Conduction Loss: According to the measure-
ment results, the quality factor (Q) and equivalent series re-
sistance (ESR) of APF, HAPF, and SVC-HAPF are given in
Table V. The conduction loss is mainly caused by ESR in the
inductor and capacitor.

where ESR; and ESR( are equivalent series resistances of
coupling inductor L and coupling capacitor C' of the APF and
HAPEF. 1., is the RMS value of compensating current. For SVC-
HAPEF, the power loss of the L., Lpp, and CPF can be calculated
as

ROSS(LC) =3 ESRLC ’ ICQ.T (36)
-Ploss(Cpp) =3 ESRCPF : I%pl?q; (37)
Ploss(LpF) =3 ESRLPF ' I[%PF_,_ (38)

where ESRy., ESRpg, and ESR;pr are the equivalent series
resistance of L., Cpg, and Lpg. Ix, Icpp:, and Iy pg, are the
RMS values of the compensating current passing through Cpg
and Lpg. Table IX shows the component conduction losses of
APF, HAPF, and SVC-HAPFE.

3) Coupling Transformer Loss: According to the datasheet
of the coupling transformer, the efficiency of the transformer is
>98%, and the capacity of the coupling transformer is small.
Therefore, compared with the switching loss, the power loss of
the coupling transformer constitutes a small proportion of the to-
tal power loss. Details of the impact of the coupling transformer
on the loss/efficiency are provided in Table X.

In Table X, the coupling transformer is connected to the active
inverter part, and the capacity of the coupling transformer can be
calculated from Figs. 17 and 18. The transformer loss increases
the total power loss by 8.6% for the first load compensation
and 13.7% for the first and second loads compensation. The
transformer loss is only reduced by about 0.5% for the SVC-
HAPF efficiency for both cases.

4) Efficiency of APF, HAPF, and SVC-HAPF': The efficiency
of the different compensators can be calculated as

S om _Poss,
By (%) = 2Comp " losstot o 100

39
SCOIIlp ( )
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TABLE XI
ToTAL POWER LOSSES AND EFFICIENCY OF APF, HAPF, AND SVC-HAPF

1" loads 1" and 2" loads
Compensator | Total power Efficiency Total power . o
loss (W) (%) loss (w) | F1iciency (%)
APF 101.2 86.7 180.3 873
HAPF 56.2 92.6 65.1 95.4
SVC-HAPF 48.0 93.7 56.8 96.0

where Plogs ot 15 the total power loss, which can be derived from
Table XI. Scomp is the capacity flow in the compensator which
can be expressed as

SComp =3 VI ' IC(I' (40)

where V. is the load voltage and I, is the phase compensating
current. The V. is 110 V and I..,, can be derived from Table V.

Table XI shows that the proposed SVC-HAPF has the lowest
total power loss and highest efficiency among the conventional
APF, HAPF, and SVC-HAPF.

The experimental setup is scaled down from the simulation
setup (voltage ratio 191 V:10 kV or 1:52). Unlike the exper-
imental results, the simulation results are carried out under a
relatively ideal situation, so the performance will be similar un-
der different voltages (191 V or 10 kV). Therefore, the effects
of the experimental setup scale down on the performance can
be considered experimental factors that can affect performance.

Many factors can affect the performance of compensators in
experiments. They can slightly affect the performances of the
compensators, including but not limited to the ESRs in com-
ponent parameters, the resolution of the transducers, the digital
computation error, the response time of drivers for IGBTs and
thyristors, and the noise in A/D signals and the controller.

However, the experimental results of the proposed SVC-
HAPF can still obtain satisfactory PF and THD results according
to the IEEE 519-2014 standard [33] when taking these factors
into consideration.

VI. CONCLUSION

In this study, a minimizing inverter capacity design, charac-
teristics, and performance analysis of the SVC-HAPF is pro-
posed for medium-voltage level application. The conventional
SVC-HAPFs, APF, HAPF, and the proposed SVC-HAPF are
compared in terms of dc-link voltage and system performance
through simulation and experimental results. The proposed
SVC-HAPF requires a lower dc-link voltage than the conven-
tional design of SVC-HAPFs and also of APF and HAPF. The
proposed SVC-HAPF demonstrates better performance than
APF and HAPF, and a wider compensation range than HAPF.

APPENDIX
SWITCHING MODELING (PWM TECHNIQUES) WITH
TRADEOFF DISCUSSIONS

After obtaining the reference current i, , the PWM control is
used to generate the switching signals for the active inverter part
of APF, HAPF, and SVC-HAPF. The different PWM controls
can generate 1) a regular switching frequency (e.g., proportional
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Fig. 19. Waveforms of source current, compensating current, average switch-
ing frequency, and number of triggers by using (a) proportional gain PWM
control and (b) hysteresis PWM control.
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Fig. 20.  Source current harmonic spectrum by using (a) proportional gain
PWM control and (b) hysteresis PWM control.

gain PWM control) or 2) an irregular frequency (e.g., hysteresis
PWM control). The tradeoff between proportional gain PWM
control with regular switching frequency [20], [34] and hystere-
sis PWM control with irregular switching frequency [21] are
provided below.

The proportional gain control is an indirect current control
(multiplying the reference current i, by a gain) to calculate
the voltage reference. The voltage reference is then compared
with a triangular waveform to produce PWM gate signals for the
IGBTs. In contrast, the hysteresis band of the hysteresis PWM
control defines the allowable current error to control the turn-
ing on or off of the IGBTs accordingly. The average switching
frequency depends on the value of the hysteresis band. Dur-
ing the period when the compensating current stays within the
hysteresis band, unnecessary switching can be avoided. The hys-
teresis current PWM can spread the energy concentrated around
the harmonics of the switching frequency to a wider frequency
range, to reduce the EMI peak value.

The simulation comparisons of proportional gain PWM con-
trol and hysteresis PWM control are provided in Figs. 19-21.
Figs. 19 and 20 show a case study of the waveforms and source
current harmonic (THD;, ) spectrum by using the above two
PWM controls. Fig. 21 gives a more general THD;,, compen-
sation comparison.

Figs. 19 and 20 show that proportional gain PWM control can
compensate the worst phase source current THD,,, to 3.3%,
while the hysteresis PWM control can compensate THD;, to
1.3% performance under the same average switching frequency
fsw(ave) =4 kHz.

Fig. 21 shows that the hysteresis PWM control method can
obtain better THD,, performance than the proportional gain
control for loads with different THD; ..



WANG et al.:

Fig. 21.

P control
- + Hysteresis control

A
=

Source Current THD;sx
After compensation (%)
k
»

0 5 10 15 25 30

20
Load Current THD;.« (%)

Source current THD; 5, comparison between proportional gain PWM

control and hysteresis PWM control for different load current THD; 7, com-
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The above analysis and Figs. 19-21 indicate that the hystere-
sis PWM control method (with irregular switching frequency)
can obtain better performance than proportional gain control
(with relative regular switching frequency) under the same aver-
age switching frequency. Therefore, the hysteresis PWM control
is selected in this study.
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