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Modeling and Parameter Design of
Thyristor-Controlled LC-Coupled Hybrid Active
Power Filter (TCLC-HAPF) for Unbalanced

Compensation
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Abstraci—In this paper, a new modeling and parameter
design method for the thyristor-controlled LC-coupled hy-
brid active power filter (TCLC-HAPF) is proposed, which
includes the analysis of the inner flowed three-phase un-
balanced power during unbalanced condition. Different
from the conventional method which ignores the inner
flowed three-phase unbalanced power, the proposed design
method can achieve better performance during unbalanced
compensation. To verify the validity and advantages of the
proposed modeling and parameter design method of TCLC-
HAPF, the mathematical analysis, representative simulation
and experimental results for compensating different unbal-
anced loading situation are presented in comparison with
the conventional design method.

Index Terms—Active power, current harmonics, reac-
tive power, thyristor-controlled LC (TCLC) compensator,
thyristor-controlled LC-coupling hybrid active power filter
(TCLC-HAPF), unbalanced compensation.

[. INTRODUCTION

NBALANCED problem is considered as one of the major
U power quality (PQ) problems, which is mainly caused by
connecting of the unsymmetrical or single-phase loads to the
power system. Researchers have well noticed the importance of
addressing unbalanced problem by continuously improving the
structures and control methods of different PQ compensators
[1]-[18]. From the late 1970s onwards, the static Var compen-
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sators (SVCs) have been used to balance the system in some
key locations of power networks [1]. To control the SVCs for
unbalanced compensation, different control strategies have been
proposed in [1]-[4]. Individual phase control scheme and a poly-
phase Newton—Raphson power flow program have been reported
in [1] and [2], respectively, to control the power flow and balance
the unbalanced power systems. In [3], the feedback control and
feedforward control algorithms are developed and compared. To
reduce the harmonic current contents in an unbalanced power
system, the combination of fixed capacitor thyristor-controlled
reactor (TCR) and series passive power filter, and thyristor-
controlled LC (TCLC) filter have been introduced in [4] and
[5]. From the year of 1976 onwards, active power filters (APFs)
have gradually replaced the SVCs for unbalanced compensation
[6]-[10]. Moreover, their control methods have been continu-
ously improved by considering different operation voltage and
current conditions. In recent two years, by applying APFs for
unbalanced compensation, many different control methods have
been reported to calculate the current or voltage references for
compensation such as direct power control [6], [7], repetitive
control [8], artificial neural networks-based control [9] iq — i,
control [10], etc. However, due to its structure limitations, the ac-
tive inverter part of APF needs to keep at a large rating to perform
unbalanced compensation, which drives up their cost. In 2003,
LC-coupling hybrid active power filters (HAPFs) were proposed
to reduce the size and cost of active inverter part compared
with APFs [11]-[13]. However, the HAPF has a quite narrow
compensation range, which limits its unbalanced compensation
ability. To reduce the voltage or current rating of APF and keep
good compensation ability simultaneously, different combina-
tions of SVCs in series/parallel with APFs (SVC//APFs [14] and
SVC+APFs [15]-[19]) have been proposed from 2008 onwards.
Among them, the thyristor-controlled LC-coupled hybrid active
power filter (TCLC-HAPF) [17]-[19] as one of the SVC+APF
structures has distinct characteristics of wide compensation
range and low active inverter capacity. Therefore, the TCLC-
HAPF has high potential to be further developed for unbalanced
compensation.

For the above discussed PQ compensators, their modeling
and parameter design methods are different because the passive
components play different roles in their different structures. The
coupling inductor of the APF is designed to filter out the current
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TABLE |
DIFFERENT PQ COMPENSATORS AND THEIR CORRESPONDING MODELING
AND PARAMETER DESIGN METHODS

Year Unbalanced Parameter design
modeling method
SVCs [1]-]4] 1960s Lack of study Maximum phase of
premeasured Q1,
APFs [6]-[10] 1976 Single-phase Inverter output current ripples
modeling (coupling L design) Q1,x and
harmonic compensation
(Vp ¢ design)
HAPFs 2003 Single-phase Average of premeasured
[11]-[13] modeling Q1 x and dominated
harmonic current order
(coupling LC design)
Residual 1, and harmonic
compensation (Vp ¢ design)
SVCI//APF [14] 2000s Single-phase Maximum phase of
SVC+APF modeling premeasured Q1 (SVC
[15]-[16] design) Inverter output
current ripples (APF coupling
L design) Residual @)1, and
harmonic compensation (APF
Vp ¢ design)
Conventional 2014 and Single-phase Maximum phase of
TCLC-HAPF 2106 modeling premeasured Q1. (SVC
design [17]-[19] design) Residual )1, x and
harmonic compensation
(Vb ¢ design)
Proposed 2016 Unbalanced Inner-flow unbalanced power
TCLC-HAPF three-phase and maximum phase of
design modeling premeasured Q1 (SVC

design) Harmonic
compensation only (Vp ¢
design)

ripples generated by power switches [6]-[10]. And its active
inverter part is used to compensate the load reactive power,
current harmonics, and unbalanced power. In comparison, the
coupling inductor and capacitor (LC) of the HAPF are nor-
mally designed to compensate the average fundamental reactive
power and the dominated harmonic current order of the loading
[11]-[13], so that its active inverter part rating can be signifi-
cantly reduced. The different structures of SVCs and SVC part
of the combined systems [SVC//APFs and SVC+APFs (TCLC-
HAPF)] are proposed for dynamic reactive power compensation
[1]-[4], [14]-[18]. Thus, the parameter design methods are
usually designed to cover the premeasured maximum reac-
tive power only, while the inner flowed three-phase unbalanced
power has not been taken into consideration. For unbalanced
loading compensation, the above conventional parameter de-
sign methods [1]-[4], [14]-[18] may lead the PQ compensators
fall outside their compensation range, thus deteriorates their
compensation performance.

In this paper, a three-phase modeling and parameter design
method for TCLC-HAPF is proposed in order to overcome the
aforementioned compensation problem during unbalanced load-
ing situation. Table I summarizes the different PQ compensators
and their modeling and parameter design methods.

In the following, the circuit configuration of the three-phase
three-wire TCLC-HAPF is presented. Then, the three-phase
modeling for unbalanced compensation analysis is proposed in
Section II. Based on the circuit configuration and modeling, the
parameter design method is proposed and discussed under dif-
ferent types of unbalanced loading in Section III. To verify the
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Fig. 1. Circuit configurations of the TCLC-HAPF.

proposed parameter design method, the simulation case studies
are presented in Section IV in comparison to the conventional
design method [18]. In Section V, representative experimental
results are given. Finally, conclusion is drawn in Section VI.

[I. CIRCUIT CONFIGURATION AND MODELING OF THE
THREE-PHASE TCLC-HAPF

The system topology of a three-phase three-wire TCLC-
HAPF is provided in Fig. 1. The TCLC part of the TCLC-
HAPF consists of a coupling inductor L., a parallel capacitive
Cpr, and a TCR with an inductor Lpp. The active inverter part
is a two-level voltage-source inverter with a dc-link capacitor
Cp - Vsx, Vg, and vy, are the source voltage, load voltage, and
inverter output voltage, respectively, where the subscript “x” de-
notes phase x = a, b, ¢; isx, i1x, and i.x are source current, load
current, and compensating current, respectively.

The active inverter part can be considered as the adjustable
active impedance to improve the TCLC part fundamental and
harmonic current compensation ability [20], [21]. Therefore, the
three-phase modeling for TCLC-HAPF unbalanced compensa-
tion analysis is proposed in Fig. 2. At the fundamental frequency
[see Fig. 2(a)], the active impedance X ¢yt 1S used to help the
TCLC part impedance X, to compensate fundamental reactive
power and balance active power. At the harmonic frequency [see
Fig. 2(b)], the active impedance X s ¢, changes the equivalent
TCLC-HAPF impedance to be zero, so that the load harmonic
current will not pollute the source side. The fundamental and
harmonic active impedance X crxf and Xacrxn are propor-
tional to the inverter voltage. To keep active inverter working at
low rating, X ac7xr and Xacrxn need to be designed as small
as possible.

[ll. PrROPOSED TCLC-HAPF PARAMETER DESIGN FOR
UNBALANCED COMPENSATION

In this section, a parameter design method is discussed and
explained into four parts. In Section III-A, the relationship
between the required TCLC-HAPF fundamental impedances
(Xar + XacTxt) and the load powers is deduced based
on power flow analysis. The parameter design of the re-
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Fig. 2. Three-phase TCLC-HAPF modeling for unbalanced compen-
sation: (a) at fundamental frequency and (b) at harmonic frequency.

quired fundamental dc-link voltage Vpcs, Cpr, and Lpy is
proposed under the fundamental frequency consideration for
three different kinds of unbalanced loading. In Section III-B,
the parameter design the of required harmonic dc-link voltage
Vben is proposed under harmonic frequency consideration. In
Section III-C, the design of L. is given. In Section III-D,
a summary table of TCLC-HAPF parameter design is drawn
in Table II.

A. Design of Vy.t, Cpp, and Lpr Based on Power Flow
Analysis Under Fundamental Frequency Consideration

Referring to Fig. 2(a), the required TCLC-HAPF impedance
(Xxt + XacTxt) can be calculated by applying Ohm’s law as
follows:

JXxr + JXacTxt = (‘Z(f - ‘Zlf)/fcxf (D

where ‘7Zf and I_;Xf are the fundamental load voltage and com-
pensating current phasors, respectively, where x stands for phase
a, b, and c. ‘Zlf is the fundamental common point voltage. By
using Kirchhoff’s circuit laws, the compensating current rela-
tionship can be expressed as follows:

B
Icaf +Ic f+Iccf = v | v
b JXat + JXACTaf

‘727 - ‘Zlf ‘7(.: - ‘Zlf

=0. (2)

JXor +iXacroe  JXer +jXacrer

TABLE Il
PROPOSED PARAMETER DESIGN OF TCLC-HAPF UNDER THREE
DIFFERENT TYPES OF LOADING

Parameter | Load types Cpr design Lpr design
Unbalanced 1 <c !
inductive [@7Lc—aYy " @’L Lpp < c (16)
loads (18) i
Unbalanced 7 Lo < Ky — oL,
i Cpp < as) =z ;
capacitive PF 2y " X Cpp—’L.Cpp+ 0
loads @ Le (22)
Design Lpr Mixed 1 ; Xy -al,
~ |inductive & <Cpp<—5—| LppS$——""F—"
and Cpy e NS L, T L T T Ym0l L Cpp v
pacitive (18)
loads (22)
The final Cpr and Lpr can be expressed as:
Cpr = max( CPFlXu/’CPFlX,,,’CPFlX,, ) (19)
Lpp = min( LPF|X“/ ’LPF|X,,/ ,LpF|X(/ ) (23)
Design L. L.2 7VD¢ (29)
. 8- fs ) AZLL max
Vbc = VDZC/ +Vaan =
Design ¥y m[ﬁ \/ S K L1an Vo V6 \/ S Ko LinV o V6 \/ S (Ko T1en )ZJ
n=2 n=2 n=2
(28)

IX.ris obtained from (11) and x stands for phase a, b and c.
3V (01 =01 =01 ) (Q1p ~01a =01 )
X, | (@~ Q)™ #(Qu ~Qup ~ Q1) (01 =01~ 0uc)”!
Xy |= 3y (Qz‘_-l— 91 =01a) (O1a —_IQu, -0:) -
X (Ql,;_QLh:Zan) +(0L _QU:]_QZ;‘) +(Qm‘Qf -0p)
V(O =9 = Q1) (O —Q1a — Q1)
(Q1e =01 =01 )™ +(010 =01y =01 )™ +(Q1y =010 =01 )™

(an

Simplifying (2), the expression of V,i can be obtained as
follows:

v (Xvr + Xacroe)(Xer + Xacret) =

nf = : ‘/a'
£ Noor f
(Xet + Xacrer)(Xar + XacTat) 7
e Vot
Eqf
(Xar + XACTan)(be + XacTbr) Ve 6
Eqf

where

Xegf = (Xar + Xacrar) (Xor + Xacror)
+ (Xot + Xactvs) (Xet + Xacrer)

+ (Xer + Xacrer)(Xar + XacTar)- 4

I_(:Xf can be expressed in terms of ‘_/;(f (‘_/; = _;,;f for v, is
assumed to be pure sinusoidal without harmonic components
[11]-[13], [18]) and the compensating active and reactive power
P., and )., as follows:

-

Tyt = [(ch +3ch)/v;r 5)

where the note “*”” denotes the conjugate. For unbalanced com-
pensation, the TCLC-HAPF can provide the same amount of
Qcx as the loading required but with opposite directions and
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balance the three-phase source active power to their average
values (P, + Py, + Pc)/3 simultaneously. Thus, the com-
pensating P, and ). can be expressed as follows:

Pra+ Py + PLc>
3 )

ch = _QLX andpcx = - <PLX -

(6)
Based on (1)-(6), the required TCLC-HAPF impedance
(Xt + Xacrxr) can be deduced as (7), shown at the bot-
tom of the page, where V, is the root-mean-square (rms)
value of load voltage. From (7), the TCLC-HAPF impedances
(Xyf + Xacryr) can be calculated based on Qry and V.
With the premeasured variation ranges of (Jy, the required
Xyt + XacTxr can be obtained.
Referring to Fig. 2(a), the fundamental inverter voltage Vit
can be obtained as follows:

Vvinvxf = XACTxf : chf (8)

where X s o1yt and Iy are the fundamental active impedance
and compensating current, and I. ¢ is design to compensate
load fundamental reactive current it tq (Lext = —Irxiq). The
relationship between the Vi, ¢ and Vpcxr can be expressed as
follows:

Voot = V6 - Vigext 9)

In (9), the scale of \/6(: V3. \/5) can be explained by the
following two reasons: 1) to transfer the phase voltage Vi yxs
to line-to-line voltage, the scale of V3 is required; and 2) to
guarantee the sufficient Vpcx¢, the peak value of fundamental
inverter voltage needs to be considered V;,, . ) = V2. Vinvxt-

Moreover, the final required V¢ is designed to be the max-
imum value among each phase. Therefore, the final required
Vbcr can be expressed as follows:

Vber = max (\/6 * Vinvat, \/6 * Vinvbt, \/6 * Vinvet ) . (10

Based on (8)—(10), the Xacrxs is directly proportional to
the required Vpcs. The low dc-link voltage is one of the ma-
jor advantages of TCLC-HAPF. This can be achieved when
the value of Xacpyr is designed to be zero (Xacrxr ~ 0).
In other words, the value of Vpcy is minimized (Vpcr = 0).
With such minimum Vpc¢ design, the TCLC part is mainly
used to compensate reactive power and balance the active
power, while the active inverter part is mainly used to im-
prove the harmonic compensation ability of TCLC part (dis-
cussed in the next part). Therefore, (7) can be simplified as
(11), shown at the bottom of the page.

The TCLC part is an L. (X1.) in series with a paralleled
combination of a Lpp (X1,pr) and a Cpr (Xcpr), in which the
Xt can be deduced as (12), shown at the bottom of the page.

In (12), Xi., Xcpr, and Xppp are the fundamental
impedances of L., Cpp, and Lpp. «, is the firing angle of
the thyristor. The TCLC part has two back-to-back connected
thyristors 7', and T5,, and they are triggered alternately in
every half-cycle. When o, = 180° (thyristors are opened for
the whole cycle), the TCLC part has the maximum capaci-
tive impedance X, p(max) (< 0). On the other hand, when the
firing angle o, = 90° (one of thyristors is closed for whole
cycle), the TCLC part has the minimum inductive impedance
XInd(Min) (> O) Therefore, XCap(Max) and XInd(Min) can be

[ 3V2(Qre — Qub — Qra)  (Qub — Qra — Qre) ™!

Xat + XACTat

(QLe — Qub — Qua) " 4 (Qua — Qub — Que) ' + (Qub — Qua — Que) ™'
3V2(Qre — Qub — Qra)  (Qua — Qi — Que) ™!

Xor + Xaoror | = 7
Xbi N Xith (Que — Qub — Qua) ™" + (Qa — Qb — Qre) ™ + (Qup — Qra — Que) ™ @
‘ e 3V2(Qra — Qub — Que) " (Qub — Qra — Qre) !
L(Qre — Quy, — QLaf1 + (Qua — Qub — QLC)71 + (Qub — Qra — QLCV1 -
i 3V2(Qe — Qub — Qua) (Qub — Qua — Que) ' i
X, (Que — Qub — Qua) " + (Qra — Qub — Qre) " + (Qup — Qra — Que) ™
X | = 3V2(Qre — Qub — Qra)” (Qra — Quy — Qre) " (11
X)f (Que — Qub — Qua) " + (Qua — Qb — Qre) ™ + (Qub — Qua — Que) ™
’ 3V2(Qra — Quy, — Qre) (Quy — Qra — Qre)
L(Qre — Qb — Qua) " + (Qra — Quy — Que) ™ + (Qub — Qra — Que)
i 7T'XL”. XC”. 7]
Xaf(au) XCPF (27T - 20[); + 5;120[(1) - ﬂ—XLPF‘ * XL(‘
TALpp ACpy
Koe(aw) | = Xepr (21 — 20y +sin20,) — X7, + XL, (12)
ch(Oé(:) 7TXL1>F XCPF N ¥
| Xopr (27 — 200, + sin2a,.) — X1, Le |
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expressed as follows:

XcapMax) = X1, — Xcpp = whe — 1/ wCpr (13)
X Xe wlpr

KXnapain) = 5=~ X, =7 5wk

Ind(Min) Xeo. — X1, +X5. 1 — w2 LppCpp +wlL,

(14

where w(= 27f) is the angular frequency. To guarantee the
TCLC part has inductive compensation range and capacitive
compensation range, the basic conditions of Xc,pax) <0
and Xy,q(min) > 0 need to be satisfied. Thus, from (13) and
(14) the following relationships can be obtained:

Cpr < (15)

w?L,

Lpr < (16)

w2 CPF ’

In the following, the design of Cpy and Lpy will be separated
into three different kinds of loading for discussion: 1) unbal-
anced inductive loads; 2) unbalanced capacitive loads; and 3)
mixed inductive and capacitive loads.

1) For the unbalanced inductive loading compensation, the
required TCLC impedance Xy obtained in (11) is ca-
pacitive (Xx¢ < 0). To compensate inductive loads, the
design maximum capacitive impedances Xcap(Max) 0
(13) are required to be equal to or larger than the required
Xyt in (11). Therefore, the X, design criteria can be

given as follows:
Xyt < XCap(Max) <0. (17)

Substituting (13) into (17), the design criteria of Cpy can be
obtained as follows:

1
- < 18
w2l, —wXy — PF < w?L, (18)
where the final Cpr can be obtained as follows:
Cpp = max (Cprly , Cprly,, . Cprly, ). (19)

To ensure the TCLC part can cover the entire inductive load-
ing range, the compensating range needs to cover the capacitive
boundary (left hand side term of (18)). Then, the TCLC induc-
tance Lpy can be designed by (16) accordingly.

2) For unbalanced capacitive loads compensation, the re-
quired TCLC impedances X in (11) are inductive
(Xxt > 0). To compensate capacitive loads, the design
minimum inductive impedances Xt,,q(min) in (14) are re-
quired to be equal or smaller than X ;. Therefore, the X ¢
design criterion for each phase can be given as follows:

Xur > XInd(Min) > 0. (20)

Substituting (14) into (20), the design criteria of Lpr can be
obtained as follows:
Lc Xxf - WL(:
—_ < Lpp < - .
wQLCCpF —1 P = w2XXprF — wSLCCpF + w
(

21)

Similarly, to ensure X can cover the entire capacitive load-
ing range, the compensating range needs to reach the induc-
tive boundary. Then, Cpp can be designed by (15) accordingly.

However, with satisfying (15), the left-side boundary of (21) is a
negative value, so that (21) can be further simplified as follows:

Xxf — wLC

Lpy < ‘ 22
"= WX Cpr — WL Cpp +w 22

where the final Lpg can be obtained as follows:
Lpp =min (Lprly , Lerly, , Lerly,,)-  (23)

3) When the unbalanced loading is mixed (mixed inductive
and capacitive loads), the phase load reactive power can
be positive (Qrx > 0) ornegative (1 < 0). Therefore,
both (18) and (22) are required to be satisfied. If the
Xt < 0, the design criterion of Cpp can be obtained by
substituting the calculated Xy¢ into (18). On the other
hand, the design criterion of Lpp can be obtained by
substituting the calculated Xy > 0 into (22).

Based on previous analysis, the design of Cpyr and Lpy under
the different types of loads can be summarized in Table II.

B. Design of Vpcn, Based on Harmonic Frequency
Analysis

Referred to the harmonic models in Fig. 2(b), the harmonic
current circulating in the source is provided as follows:

Xxn + XACTxn

I, e
o XLsn + Xxn + XACTxn

: Ian (24)

where I, and [}y, are the source and load harmonic currents,
respectively. Xy s, is the harmonic source-side inductance. The
purpose of the X'y cr«y, 1S to reduce the harmonic currents flow-
ing into the source side. Ideally, I, can be reduced to be zero
(Isxn = 0). Therefore, X yc1xn can be controlled to be

XACTxn = _Xxn~ (25)

In (25), Xacrxn and Xy, are the harmonic active impedance
and harmonic impedance of TCLC part. The absolute value of
Xacrxn and Xy, in each harmonic order can be expressed as
follows:

| XacTsm (@) = [ Xsn ()]

L
_ m(nwLpy) . +nwl,
(2m — 2a + sin 2a) — w(nw)” - LprCpy

(26)

where n is the harmonic order. Based on (26), the absolute value
of the X, (n) and active impedance X s ¢, (1) under different
harmonic order can be plotted as Fig. 3.

The similar deduction steps to obtain Vpc¢ in (8)—(10) can
also be used to deduce the required dc-link voltage Vpcy, for
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In (27), Ii «n is the load harmonic current, and the final Vh  Fig- 4. Control block diagram of TCLC-HAPF.

in (28) is calculated as the sum of the square value of Vpct in
(10) and the square value of Vpcy, in (27):

Vpe = \/VD20f+V]§Ch =max | V6 Z (X
n=2

Z an ILbn 27 \/6

2
an ° [Lan) )

n ILcn)2

(28)

In (28), 1<y is premeasured from the loading and Xy, is
obtained from Fig. 3. To guarantee a sufficient V¢ for TCLC-
HAPF compensation, V¢ is designed based on worst case I1,xp,
during the premeasured period.

C. Design of L. for Current Ripple Filtering

The purposed of L. is to filter out the current ripple caused
by the power switches of the active inverter part. The value of
the L. can be designed as follows:

Vbe
L,>—Pb¢
T 8fs 'AZerax

where Vp ¢ is the de-link voltage, f; is the switching frequency,
and Aif_ max is the maximum allowed output current ripple
value.

(29)

D. Summary of TCLC-HAPF Parameter Design

Based on previous discussions, the proposed parameter de-
sign method of TCLC-HAPF under three different types of

loadings can be summarized in Table II. Once the ranges of
I1xn and Qpx are premeasured, the TCLC-HAPF parameters
can be designed accordingly by those equations in Table II.

IV. CONTROL STRATEGY OF TCLC-HAPF

In this section, the control strategy of TCLC-HAPF is sepa-
rately into two parts: 1) the TCLC part; and 2) the active inverter
part. The overall control block diagram of TCLC-HAPF is pro-
vided in Fig. 4.

A. TCLC Part Control

According to (11), the required TCLC impedance can be
calculated through Q) and V. Qrx and V, can be calculated
in real time as follows:

.D D .

qLa Vo "1, — Uy " 1La
»D D .

quv | = | - i, — vy c L (30)
=D D -

qLc Ve U, — Ve *lLc

V. ||v||/\f \Jv2+ vl —|—v2/\f 31

where v and i can be obtained by delaying v, and i1 by
a phase angle of 90°. g1« is the phase instantaneous reactive
power. Then, Qr« &~ —{Lx /2 can be obtained by passing gr« in
(30) though low-pass filters [13]. ||v]| is the norm of three-phase
instantaneous load voltage.

After obtaining Qpx &~ —@ix/2, the required X; can be ob-
tained from (11), that is controlled by the firing angle «,. through
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(12). However, (12) does not have a closed-form solution. A
lookup table has been installed to directly obtain the firing angle
o, with the known X;. By comparing the firing angle o, with
the phase angle of the voltage between TCLC part (V, — Vi),
the trigger signals to control the thyristors can be obtained. The
phase angle of voltage between TCLC part (V, — Vj¢) can be
expressed as follows:

¢Vaf —Vnf

OVhf -V

(Z)V(:f —Vnf

_9 —tan~! (XCf — Xt )-
‘ V3 (Xt + Xer)

= |6, —tan~! (Xaf — X )

\/g(Xaf + ch)
0, —tan~! (be = Xar >
e V3 (Xt + Xar) /|

where 6, is phase angle of load voltage V, which can be ob-
tained by using phase-lock loop. By comparing the «, with
Ovaf —vny, the trigger signals to control thyristors can be ob-
tained.

(32)

tan=l#€[—90°,90°]

B. Active Inverter Part Control

For the active inverter part control, the modified synchronous
reference frame method: instantaneous active and reactive cur-
rent ¢; — ¢, method [22] is implemented to improve the current
harmonic compensation performance. Specifically, the active
inverter part is generating the compensating current . to track
its reference value 7}, by using current hysteresis PWM control
due to its simplicity of implementation, fast dynamic response,
and good current-limiting capability. And the reference 7, can
be calculated as follows:

2 cosf, —sin iq
il =2 | Ve || T
. 3 sinf, cosd, iy
it —1/2 —/3/2
(33)
where i, and 7, are the instantaneous active and reactive current,
which contain both dc components and ac components. The ac

component iy is obtained by passing iy through a high-pass
filter. And ¢4 and 7, can be obtained as follows:

14 cosf, sind, o
iq B —sin#, cosb, ig '

In (34), ¢, and i3 in o3 plane are transformed from abc plane

as follows:
o 1-1/2 —1/27 |™
— L
is|  lov3/2 =32 |
1

Le

(34)

(35)

where 1,5 is the phase load current.
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TABLE I
PARAMETER DESIGN FOR (A) UNBALANCED INDUCTIVE LOADS
COMPENSATION

Conventional Proposed

method [18] method
Required Xar = —28.0, Xt = —27.2, Xy,¢ =
Xt Xpp = —41.6, —=50.5, Xof = —20.9 (11)

Xep = —25.7(37)
Cpy design [107,74, 116 pF]m ax < [111, 61, 141 pFly ax <
by(18) Cp}? S 2026 ;lF Cpp S 2026 ,LLF
Lpy design Lpr < Lpr <
by (16) [94, 137, 86 mH],;, (92, 165, 71 mH],,;,
TABLE IV
PARAMETER DESIGN FOR (B) MIXED INDUCTIVE AND CAPACITIVE LOADS
COMPENSATION

Conventional Proposed

method [18] method
Required X.r = —45.2, X.r = —36.3,
Xt Xyp = 49.4, Xpp = —88.2,

Xep = —56.5(37) Xep = —23.2(11)

Cpy design [68, —67, 54 pF]p ax < [84, =36, 129 pFly ax <
by (18) Cpp < 2026 puF Cpp < 2026 pF
Lpp design Lpyp < Lprp <
by (22) P[156, 54, 195 mH], ;, (134, 52, 324 mH];,

V. SIMULATION CASE STUDIES

In this section, simulation case studies are provided to ver-
ify the proposed parameter design method for TCLC-HAPF
which can perform full compensation under different unbal-
anced loading, while the TCLC-HAPF with the conventional
design method [18] cannot always perform full compensation.

Two sets of testing loads are constructed for compensations
namely: 1) unbalanced inductive loads; and 2) mixed inductive
and capacitive loads. Referred to Fig. 2(a), with the V, =110V,
the active and reactive powers of two sets of testing loads are
given as follows:

[Pra+7Qua|  [435 + j432]
P, +7Qu, | = |571 + 5291 (36.2)
| Pre +jQre | 1629 + ;470
[PLa + jQua | [185 + 5268
Pry, +jQuy | = 425 — 5245 (36.b)
| Pre +jQurc | | 745 + j214]

Through the conventional parameter design method [18], X ¢
calculated by conventional method is expressed as follows:

Xaf ‘712/QLa
Xoe | = |V2/Quy (37)
ch ‘ZIZ/QLL

Based on load power given in (36.a) and (36.b), the param-
eter design procedures of the conventional [18] and proposed
methods are summarized in Tables 11T and I'V.
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DESIGN OF TCLC-HAPF BY APPLYING THE CONVENTIONAL AND

TABLE V

PROPOSED DESIGN METHODS

Cpr Lpr Vbe (28) L. (29)
Conventional method 120 uF 30 mH 60V 5 mH
Proposed method 160 nF 30 mH 60 V 5 mH
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Fig. 5.

vsx and igy,

To obtain the parameter values in Table V, the following three

conditions

1) Since TCLC-HAPF aims to compensate both unbalanced
inductive loads and mixed inductive and capacitive loads,
their corresponding design values (Cpr and Lpy) should

Dynamic performance by using TCLC-HAPF with conventional
design method [18] for unbalanced inductive loads compensation: (a)

(b) Qsx, and (c) Pyy.

are required to be satisfied simultaneously.

0 40ms  80ms  120ms  160ms  200ms
Time (s)
(@
600 -—= = = = = =
500 - 470var
—
S
g 400 - 432var
Nt
5" 291var
o‘ 200
3
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[-%
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g 445W
3
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TCLC-HAPFOn !
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0 2s 4s 6s 8s
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()

Fig. 6.  Dynamic performance by using TCLC-HAPF with the proposed
design method for unbalanced inductive loads compensation: (a) vsx
and isx, (b) Qsx, and (¢) Pox.

satisfy the conditions listed in Tables IT and III simulta-
neously.
2) To prove the conventional method may provide insuffi-
cient compensation range, the conventionally designed
Cpr should be within the range calculated by the con-
ventional method and outside of the range calculated by
the proposed method simultaneously.
3) The designed component values should be the commonly
used experimental component values in the laboratory.
By satisfying the previous conditions, the final selected Cpy
value using the conventional method is 120 uF (two parallel-
connected CCB65-AC450V-60 pF capacitors), and the final se-
lected Cpr value using the proposed method is 160 uF (two
parallel connected CCB65-AC450V-80 pF capacitors). Fol-
lowing the same design process of Cpp, Lpp is selected as
30 mH. Besides, according to the constructed loading harmonic
current (I1y,) in Sections IV and V, Vp is designed to be
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Fig. 7. Dynamic performance by using TCLC-HAPF with the conven-
tional design method [18] for mixed inductive and capacitive loads com-
pensation: (a) vsx and iy, (b) Qsx, and (c) Puy.

60 V (28), which is sufficient for compensations. Also, accord-
ing to simulation and experimental settings (f; = 5 kHz and
Aifemax = 0.4 A), L. is designed to be 5 mH, which can
satisfy (29) (>3.75 mH).

To compensate the two sets of testing loads as shown in
(36.a2) and (36.b), the TCLC-HAPF designed by the con-
ventional method [18] and the proposed method are applied.
Figs. 5-8 show the simulation compensation results of source
voltages (vsx) and currents (isy ), source reactive (Qsx) and ac-
tive power (Pyy) before and after TCLC-HAPF compensation.
Figs. 8 and 9 show phasor diagrams of source voltages and cur-
rents. Table VI summarizes the simulated compensation results.
In this paper, with referenced to the IEEE standard 519-2014
[23], the current T'H D;gy is required to be lower than 15% un-
der conditions of Is¢/I;, € [100, 1000] (this laboratory-scaled
setup) and TH Disxy = T DD, = 15% at the worst case anal-
ysis [18].
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Fig. 8. Dynamic performance by using TCLC-HAPF with the proposed
design method for mixed inductive and capacitive loads compensation:
(a) vsx and isx, (b) Qsx, and (c) Pix.

After the TCLC-HAPF compensation with the conventional
design method, the fundamental source reactive power of phases
a and c (unbalanced inductive loads in Fig. 5) and phase ¢ (mixed
inductive and capacitive loads in Fig. 7) cannot be compensated
to be close to zero, and the fundamental source active powers
are not balanced for both loadings cases. The source voltage
and current are not all in phase with each other after compensa-
tions as shown in Figs. 9 and 10. From Figs. 5(a) and 7(a) and
Table VI, the worst phase source current total harmonic dis-
tortions (T'H D) after TCLC-HAPF (by the conventional
method) compensation are 11.5% for unbalanced inductive
loads case, and 18.5% for mixed inductive and capacitive loads
case, in which the compensated T H D5, = 18.5% does not sat-
isfy the IEEE standard (THD < 15%) [23]. The source current
unbalanced factor (U Blig) is 12.0% for unbalanced inductive
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Phasor Diagram
Phasor Diagram
Phasor Diagram

§
|

(2) (b)

Fig. 9. Simulated phasor diagrams of vs, and iy for unbalanced in-
ductive loads compensation: (a) before compensation, (b) after TCLC-
HAPF (by the conventional method [18]) compensation, and (c) after
TCLC-HAPF (by the proposed design method) compensation.

TABLE VI
SIMULATION RESULTS FOR UNBALANCED LOADS COMPENSATION BEFORE
AND AFTER TCLC-HAPF COMPENSATION

Ou [ Pu [ ppp | i | THD [ UBIs] Ve
(var) | (W) @A ) | ) |V
. Al 432 [ 445 [0.69] 5.6 | 267
£ Before Comp. B| 201 | 571 0.86]5.8| 259 | 258 | -
g C| 470 [629[0.78] 72| 20.8
2. Al 36 |500]098[45] 9.6
3% (Conzgrif)ﬁf\nlz;ho o[BI T 1565[099[51 68 1120 60
g~ C| 68 |565]098]5.1] 115
E Al 4 55009948 42
& (Prggégﬁfefo o Bl 2 [559]099149] 58] 20 |60
C| 10 [559(099]49] 57
A | 268 | 185 [0.50] 3.1 | 52.2
I o Before Comp. B|-245[425[0.82|46| 353 | 76.5 | --
23 C| 214 [ 745 [094] 6.8 | 224
S =" TCLCHAPF  |A| 1 [416]0.99[40] 185
E B (Conventional B| 10 [544]099|5.1| 183 | 24.1 | 60
égé method) Cl 112 [472]097]4.6] 15.1
£ 8 Al 5 46509944 87
=©| TCLC-HAPF oo m 100945 | 99 | 22 | 60
(Proposed method) - F == 510 00 T2 5| 6.7

“Notes the shades areas mean undesirable results.

Phasor Diagram

Phasor Diagram
Phasor Diagram

(@ (b)

Fig. 10.  Simulated phasor diagrams of vy, and iy for mixed induc-
tive and capacitive loads compensation: (a) before compensation, (b)
after TCLC-HAPF (by the conventional method [18]) compensation, and
(c) after TCLC-HAPF (by the proposed design method) compensation.

loads compensation and 24.1% for mixed inductive and capac-
itive loads compensation, respectively.

With the proposed parameter design method, the TCLC-
HAPF can balance the three-phase active power and compensate
the reactive power for both loading cases as shown in Figs. 6
and 8 and Table VI. As shown in Figs. 8 and 9, the source
voltage and current are in phase with each other after TCLC-
HAPF compensation. Moreover, the T'H D;g, has been reduced
to less than 6% for unbalanced inductive loading compensation
and 10% for mixed inductive and capacitive loading compen-
sation, which can satisfy the IEEE standard [23]. In Table VI,

Fig. 11.  Experimental setup of the 110 V-5 kV-A TCLC-HAPF experi-
mental prototype.

it is shown that the source current unbalanced factor (U Blg)
is less than 3.0% after compensation by TCLC-HAPF with the
proposed design method.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Experimental Results

In this section, a 110 V=5 kV-A experimental proto-
type of TCLC-HAPF with the proposed design method is
built in laboratory as shown in Fig. 11. The digital con-
trol system of the TCLC-HAPF is digital signal processor
TMS320F2812, and the sampling frequency of the control
system is 25 kHz. The switching devices for the inverter are
Mitsubishi IGBT intelligent power modules PM300DSA060.
And the switching devices for the TCLC are thyristors
SanRex PK110FG160. Moreover, the experimental parame-
ters of the TCLC-HAPF and the test loadings are basically
the same as the above simulation in Table V and (36.a)
and (36.b).

From Figs. 12(a) and 13(a), after TCLC-HAPF compensa-
tion, the worst phase PF has been compensated from original
0.56 for unbalanced inductive loads and 0.60 for mixed induc-
tive and capacitive loads to 0.99. The worst phase T'H D have
been compensated to 9.5% and 10.6% from the original 22.7%
for unbalanced inductive loads and 38.6% for mixed inductive
and capacitive loads, which can meet the IEEE standard (THD
< 15%) [23]. From Figs. 12 and 13(b) and (c) and Table VII,
with the proposed parameter design method, the TCLC-HAPF
can compensate the fundamental reactive power from 460, 150,
and 450 var for unbalanced inductive loads and 260, —150,
and 290 var for mixed loads to almost zero. Also, the pro-
posed TCLC-HAPF can balance the fundamental active power
from 310, 520, and 600 W to about 530 W for unbalanced in-
ductive loads and from 230, 510, and 680 W to about 500 W
for mixed loads. As shown in Fig. 14, the source voltage and
current are in phase with each other after TCLC-HAPF com-
pensation. Moreover, the U Blg is less than 5.0% after com-
pensation from the original 43.1% and 54.3% for two sets of
loading.
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Fig. 12. Dynamic unbalanced inductive loads compensation by using
TCLC-HAPF with the proposed design: (a) vsx and isy, (b) Qsx, and
(€) Py

B. Discussions and Error Analysis

The experimental results as in Figs. 12—14 and Table VII
are consistent with the simulation results as in Figs. 6, 8—10,
and Table VI, which verifies that the proposed TCLC-HAPF
modeling and parameter design method can achieve superior
compensating performance for unbalanced compensation when
compared with the conventional design method [18]. Table VIII
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Fig. 13.  Dynamic mixed inductive and capacitive loads compensation
by using TCLC-HAPF with the proposed design: (a) vsx and isx, (b) Qsx,
and (¢) Pux-

shows the comparison between the conventional TCLC-HAPF
parameter design method and the proposed one.

However, comparing Tables VII and VI, there are differences
between simulation and experimental results, which are actually
due to the equivalent series resistance in hardware components,
the difference of the resolution of the transducers, the digital
computation error and the noise in the experiment. Also, these
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TABLE VI
EXPERIMENTAL RESULTS FOR UNBALANCED LOADS COMPENSATION
BEFORE AND AFTER TCLC-HAPF COMPENSATION

TABLE IX
COMPARISON BETWEEN THE CONVENTIONAL METHOD [18] AND THE
PROPOSED METHOD

st Psx PF isx THDisx UBIfs VDC
(var) | (W) (A) | (%) | (%) | (V)
A | 460 | 310 |0.56 | 5.1 | 22.7
?3 0 Before Comp. | B | 150 | 520 [0.94 |[4.9| 22.4 |43.1 | --
§ 5 é C | 450 1600 |0.82|7.4| 14.5
E32 2| TCLC-HAPF [A] 20 [510]0.99]4.6] 9.5
5 = (Proposed B| -10 [ 530]0.99]|4.6| 94 4.3 | 60
method) C| 20 |540(0.99]|4.8| 94
A 260 | 230]0.60]3.1| 38.6
_O‘ig Before Comp. | B | -150 | 510 {0.93 [4.6| 239 |54.3 | --
g 25 —?‘: C 290 | 680]091]|6.8] 17.9
Eé §2 TCLC-HAPF | A | -30 | 480 [0.99[4.5| 9.7
S0 (Proposed B| -30 |510]0.99]|45] 104 | 2.2 | 60
method) C 0 5001099 |4.6| 10.6
*«Notes the shades areas mean undesirable results.
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Fig. 14. Experimental phasor diagrams of vy, and isx compensa-
tion: (a) before compensation for unbalanced inductive loads, (b) after
TCLC-HAPF compensation for unbalanced inductive loads, (c) before
compensation for mixed inductive and capacitive loads, and (d) after
TCLC-HAPF compensation for mixed inductive and capacitive loads.

TABLE VI
COMPARISON BETWEEN THE CONVENTIONAL TCLC-HAPF PARAMETER
DESIGN METHOD [18] AND THE PROPOSED ONE

Modeling TCLC part Advantages Disadvantages
design
Conventional  Single-phase Max. phase of Smaller Insufficient
TCLC-HAPF  modeling premeasured parameter values ~ compensation
design [18] Qrx range/poor
performance
Proposed Unbalanced Inner flow Sufficient Slightly larger
TCLC-HAPF  three-phase unbalanced compensation  component values
design modeling power and max.  range/good
phase of performance
premeasured
Qrx

Conventional method [18] Proposed method

Circuit model in Fig.3 of [18] Circuit model in Fig.2(a) in this paper

Calculate the TCLC fundamental impedance X,, based on (37) and (11) with
target Xyens = 0

3V (01 =0 =01 ) (01 =01 =01 )
(01 =01 =0 )™ +(0ra =01 = 01 )™ +(01y = 01y - 01 )™
_ 3V (O =0 =0 )" (01 =01 =01 )
(01 =0 =)™+ (01 =01 = O ) +(0y = 00 =01 )™
3V (010 =00 =0 ) (01 -0 =01 )
(01 =01 =0 )™ (010 =01 = 01 )" +(01y = 01 = 01 )™

Ko

Xe

Yo | P2 /0| [-280
Xy |=| 72 fog, |=| 416

Xep VXZ/QLC -27.7

Calculate the fundamental compensating current |,

Ty | [Va=Vos)ixa 4.0276.2°

Ly | =\ Wy =g )fiXoy |=| 272-25.2°

Lt | [V)ixy ) | 3920007 Ier | |V )ix.| |#42-140.8°

Ty |=| Py iXys |=| 27£-30.0° || where

Lo | |VefiKep | 4341500 || Xy Xy v Xy Xy 7,
Kop Xop + Xy Xop + X op Xy Nop Xop + Xy Xy + Xop Xy

ety
XopXop + Xy Xop + XXy €

Calculate the source current 7

Tor | [Trar | [Hear 5.020°
Ly |=| Tupy |+| Lopy |=| 5.0£—120°
Ior 5.02120°

Lo | o | Lo 4.020°
Lap |=| Ty |*| Terr | = 5.2£-120°
Lyey I1es Tees 5.72120°

of | rer ] |Leer

Calculate the active power and reactive power in source side

I ) — -
Py + jOsu Vulmf 440+ jO Py + jOsq Valsuf 550+ jO
ook . . 5 oTE .
Py +jOu |=| Valgay |=| 572+ j0 Py +jOsp |=| Vplspr |=| 350+ jO
Pet O | Vel | 162740 P+ jOs | |Vosy | 350+ /0

factors can affect the TCLC-HAPF compensation performances
in experimental results.

VIl. CONCLUSION

In this paper, a three-phase modeling of TCLC-HAPF for
unbalanced compensation was proposed instead of using the
conventional equivalent single-phase modeling. Based on the
above proposed modeling, the parameter design method for
TCLC-HAPF was proposed considering inner flowed unbal-
anced power among each phase in order to obtain a sufficient
compensation range. To prove the advantages of the proposed
method over the conventional one in Table VIII, representative
simulation and experimental results were given. It is proved that
the TCLC-HAPF can balance the source active power, compen-
sate loading reactive power and harmonic currents, while the
conventional parameter design method cannot achieve satisfac-
tory compensation due to its insufficient compensation range
design.

APPENDIX

A. Comparison Between the Conventional and
Proposed Modeling Methods

A case study is provided to prove the advantage of the pro-
posed modeling method over the conventional one [18]. Refer-
ring to Fig. 1, the unbalanced phase load apparent powers are
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assumed to be

Py +jQra 435 + 7432
Py +7Quy | = |571 4+ 5291 (38)
PLC +jQLc 629 + ]470

The phase load currents fLXf can be calculated as follows:

Tt [(PLa “QM)/%T 5.57/ —44.8°
Iipe| = [(PLb +jQLb)/Vbr — |5.82/ —147.0°
Tt (P +jQLC)/17CT 7.13/83.2°

(39)

where the rms value of load voltage is given as: V, = 110V,
where V, =V, £0°, V, = V,Z —120°, and V. = V, £120°.
The comparison between the conventional method [18] and the
proposed method are shown in Table IX.

Based on previous comparison, it can be shown that

the
not
0).

and compensate Quy (P =

conventional method can compensate (), while it can-

balance Psz(Psa 7é Py, 7& Py, and Qsa = st = Qsc =
On the other hand, the proposed method can balance Py

sb = Psc and Qsa = st =

Qsc = 0). The proposed modeling has also been verified by
simulation (see Figs. 6, 8—10 and Table VI) and experimental
results (see Figs. 12—14 and Table VII).
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