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Abstract—This paper proposes a control strategy for a three-
phase three-wire thyristor-controlled LC-coupling hybrid active
power filter (TCLC-HAPF), which can balance active power and
compensate reactive power and harmonic currents under unbal-
anced loading. Compared with TCLC-HAPF with conventional
control strategy, active power filters and hybrid active power filters
which either fail to perform satisfactory compensation or require
high-rating active inverter part for unbalanced compensation, a
control strategy was proposed for TCLC-HAPF to operate with a
small rating active inverter part for a variety of loads with satis-
factory performance. The control idea is to provide different firing
angles for each phase of the thyristor-controlled LC-coupling part
(TCLC) to balance active power and compensate reactive power,
while the active inverter part aims to compensate harmonic cur-
rents. First, the required different TCLC impedances are deduced.
Then, independent firing angles referenced to the phase angle of
voltage across TCLC are calculated. After angle transformations,
final firing angles referenced to phase angle of load voltages are
obtained. In this paper, a novel controller for TCLC-HAPF un-
der unbalanced loading is proposed. Simulation and experimental
results are provided to verify the effectiveness of the proposed con-
troller in comparison with a state-of-the-art controller.

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

I. INTRODUCTION

NDER practical conditions, when unbalanced nonlinear
U inductive loads are connected to the three-phase utility
distribution system, a number of current quality problems, such
as low power factor (PF), harmonic pollution, and unbalanced
currents will rise. If compensation is not provided to the dis-
tribution power system, it will cause a series of undesirable
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consequences, such as additional heating and loss in the stator
windings, damage on the overloaded phase power cable, reduc-
tion of transmission capability, increase in transmission loss, etc
[1]-[4]. Implementation of power filters is one of the solutions
for power quality problems. In the early days, thyristor-based
static var compensators (SVCs) are used. It can inject or absorb
reactive power according to different loading situations [1]-[4].
However, SVCs have many inherent problems including reso-
nance problem, slow response, lack of harmonic compensation
ability, and self-harmonic generation. Later on, the remarkably
progressive concept of active power filters (APFs) was first pro-
posed in 1976 for dynamically compensating reactive power and
current harmonics problems [5]-[13]. However, APFs require
high dc-link voltage levels (V. > v/2 - V;,_1.) to perform com-
pensation, which drives up their initial and operational costs.
Afterward, in order to reduce the cost of APFs, an LC-coupling
hybrid active power filter (HAPF) with low dc-link operational
voltage was proposed by Akagi and Srianthumrong [14]in 2003.
Unfortunately, HAPF has a narrow compensation range, which
may require a high dc-link operation voltage when it is operating
outside its compensation range, thus losing its low inverter rat-
ing characteristic [14]-[19]. Many control techniques have been
proposed to improve the performance of the APFs and HAPFs
and solve the unbalanced problems [5]-[21]. The different cur-
rent quality compensators and their unbalanced control methods
are summarized in Table I, and also compared in the following.

Akagi et al. [5] first proposed instantaneous pg control
method in order to eliminate the reactive power, harmonic
power, and unbalanced power of the loading instantaneously.
In order to adapt instantaneous pq control method under differ-
ent voltage conditions (distorted, unbalanced, etc), many other
control techniques were further developed, such as dq control
method [6], [7], [14]-[17], pgr control method [8], [9], Lya-
punov function-based control method [18], etc. However, those
instantaneous power control methods [5]-[9], [14]-[18] are
dedicated to inverter/converter-based structures and their cor-
responding performances are highly dependent on the computa-
tion speed and the switching frequency of the digital controllers
and the switching devices. On the other hand, another popular
control method for APFs and HAPFs is to balance the sys-
tem by compensating the negative- and zero-sequence current
components under unbalanced loading situation, as the oscil-
lating power/voltages/currents can be analytically expressed as
positive-, negative-, and zero-sequence components (4, —, and
0 sequences) [10]. The major drawback of this control method
is that the sequence components introduced by harmonics are
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TABLE I
CHARACTERISTICS OF DIFFERENT COMPENSATORS AND THEIR UNBALANCED
CONTROL METHODS
SVCs APFs HAPFs TCLC-HA
[11-[4] | [5]-[13],[20]-[21] [14]-[19] PF [22]
Year 1960s 1976 2003 2014
Resonance Yes No No No
problem
R;}tmg of active N High Low Low
inverter part
Harmom; Poor Good Medium Good
compensation
Dynamic
Reactive power | Good Very good Good Very good
compensation
Compensation | /4. Wide Narrow Wide
range
1) Instantaneous
power methods 1) Instantaneous Lack of
+,-and 0 |[5]-[9] power methods
Unbalanced study
X sequence [2) +,-and 0 [14]-[18]
compensation (Proposed
methods [sequence methods |2) +, - and 0 . .
methods in this
[1]-[4] [10]-[13] sequence aper)
3) Power analysis |methods [19] pap
method [20]-[21]

“Notes: The shaded areas mean unfavorable characteristic.

not taken into consideration. To solve this problem, the authors
in [11]-[13] and [19] combine the above instantaneous control
methods with the 4, —, and 0 sequence control method, but the
computation steps increase a lot, thus significantly increasing
the control complexity. Recently, Czarnecki et al. [20], [21] pro-
posed a power analysis control method based on the theory of
currents’ physical component to compensate the reactive power
in unbalanced three-phase four-wire system. However, after this
power analysis method compensation, the active power remains
unbalanced, which means the unbalance power cannot be com-
pletely eliminated.

With all the above control methods, both APFs [5]-[13], [20],
[21] and HAPFs [14]-[18] can effectively compensate the re-
active power and harmonic currents under unbalanced loading
compensation. However, both APFs and HAPFs probably re-
quire high active inverter rating (high initial cost and switching
loss) to perform unbalanced current compensation due to the
inductive coupling structures of APFs and the narrow compen-
sation range limitations of HAPFs. In 2014, Rahmani et al. [22]
proposed the structure of a thyristor-controlled LC-coupling hy-
brid active power filter (TCLC-HAPF) which can operate with
a small rating active inverter part for reactive power and har-
monic current compensation in comparison to the conventional
solutions [5]-[21]. To control TCLC-HAPF, a state-of-the-art
control method is proposed in [22] to reduce the steady-state
error of the TCLC part and improve the performance of current
tracking and voltage regulation of the active inverter part. How-
ever, the control method proposed in [22] was designed based
on the assumption of balanced loading condition. If this control
method is applied to TCLC-HAPF for unbalanced loading com-
pensation, it either fails to perform acceptable current quality
compensation or requires a high-rating active inverter part for
compensation, which results in increasing the system initial cost,
switching loss, and switching noise. Therefore, this paper pro-
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Fig. 1. Circuit configuration of a three-phase three-wire TCLC-HAPFE.

poses a hybrid unbalanced control method for the TCLC-HAPEF,
which can balance source side active power and compensate the
reactive power and harmonic currents with small rating active
inverter part. The control idea is to generate different firing
angles to each phase of the TCLC in order to compensate re-
active power and balance active power, and the active inverter
part aims to compensate the harmonic currents. As a result,
the voltage rating of the active inverter part can be small, and,
consequently, the system initial cost and switching noise can
be significantly reduced. Moreover, the TCLC-HAPF can still
maintain a wide compensation range with satisfactory perfor-
mance comparable to the conventional solutions [5]-[21]. The
proposed unbalanced controlled TCLC-HAPF is a cost-effective
solution to compensate reactive power, harmonic pollution, and
unbalanced currents in distribution system, especially for the
medium voltage-level distribution system. In addition, given
that most of the loads in the distribution power systems are in-
ductive, the following analysis and discussion will only focus
on inductive loads [23].

In this paper, a brief introduction of research background and
motivation is covered in Section I. In Section II, the circuit
configuration of the TCLC-HAPF is presented and discussed.
In Section III, the hybrid controller for the TCLC-HAPF un-
der unbalanced loading is proposed and explained. Afterward,
simulation and experimental results are given to verify the ef-
fectiveness of the proposed unbalanced control strategy for the
TCLC-HAPF in comparison with the state-of-the-art control
method [22] in Section IV. Finally, conclusion is drawn in Sec-
tion V.

II. CIRCUIT CONFIGURATION OF A THREE-PHASE THREE-WIRE
TCLC-HAPF

The circuit configuration of a three-phase three-wire TCLC-
HAPF is given in Fig. 1, where the subscript “x” denotes phase
r=a,b,c. vs;,v,, and vy, are the system voltage, load volt-
age, and inverter output voltage, respectively; L is the system
inductance; i, , %7, and 7., are the source, load, and compen-
sated currents, respectively. Cpc and Vp are dc-link capacitor
and dc-link voltage; L. is the coupling inductor; Lpp and Cpp
are the TCLC part inductor and capacitor.
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Fig. 2. Equivalent fundamental circuit models of the TCLC-HAPF when: (a)
Vinva # 0 and (b) Vinvzf =0.

In this topology, the TCLC part and the active inverter part
can complement each other’s disadvantages. As the TCLC part
offers the reactive power compensation range and provides a
large voltage drop between load voltage and inverter voltage,
the voltage rating of the active inverter part can be significantly
reduced. On the other hand, the active inverter part can solve the
inherent problems of using TCLC alone, such as inrush currents,
resonance problem, noise of thyristors turning on/off, mistuning
of firing angles, and low-harmonic compensation ability. Based
on the circuit configuration as shown in Fig. 1, the unbalanced
control strategy for the TCLC-HAPF will be proposed in next
section.

III. PROPOSED UNBALANCED CONTROL STRATEGY FOR
TCLC-HAPF

The purposes of the proposed unbalanced control strategy can
be described as follows: the TCLC part is controlled to balance
active power and compensate reactive power, while the active
inverter part aims to compensate harmonic currents. The equiv-
alent fundamental circuit models of the TCLC-HAPF for power
analysis are illustrated in Fig. 2, where the subscripts “f” de-
notes the fundamental frequency component. In this paper, Vi, ¢
and Vs are assumed to be pure sinusoidal without harmonic
components (V, = V,,y = V, ) for simplicity.

Fig. 2 is used to calculate the required impedances and the
corresponding firing angles for each phase of the TCLC part
in order to balance and compensate active and reactive power.
In Fig. 2(a), the active inverter can be treated as a controlled
voltage source, and the required fundamental inverter voltage
(Vinvey) depends on the TCLC impedance [24]-[26]. If the
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TCLC impedance is perfectly matched with the load impedance,
then the required Vi,,,s can be equal to zero. In this pa-
per, it is assumed that the TCLC is controlled to be perfectly
matched with the loading to simplify the following analysis;
thus, Vinv,r = 0, then the required TCLC impedance can be
calculated based on Fig. 2(b). In the following, the proposed
hybrid control strategy for the TCLC-HAPF under unbalanced
loading compensation will be presented and explained in three
sections: Section III-A: TCLC part control strategy, which is
based on the fundamental model in Fig. 2(b), Section III-B: Ac-
tive inverter part control strategy, and Section III-C: The overall
hybrid controller for TCLC-HAPF.

A. TCLC Part Control Strategy

From the mathematical analysis as shown in Appendix A, it
can be clearly illustrated that the three-phase source active power
can become balanced once the reactive power is compensated.
With this idea, the control target of the TCLC part is dedicated
to balance and compensate the fundamental active and reactive
power via the calculated required firing angles in this paper. The
firing angles are determined by the required TCLC impedances
(Xay, Xpy,and X, y) for compensation which can be deduced by
Ohm’s law. Referring to Fig. 2(b), in order to obtain the required
TCLC impedances (X,f, Xpr, and X, ) for each phase, the
virtual common point (V}, y) is calculated first. Then, the TCLC
impedance of each phase can be obtained by X, = (V, —
Var)/Ieaxy, x = a, b, ¢, where I, is expressed in terms of
each phase load power and V.. After that three independent
firing angles « , referenced to the phase angle of the voltage
drop (V; — V,,¢) across the TCLC can be obtained. Since the
control of the firing angles of the TCLC usually reference to
the phase angle of the load voltage V, of each phase, an angle
transformation process is required and also proposed in this
paper.

Based on the above discussion, there are three steps to find
the final firing angles o, for controlling the TCLC, namely:
1) Calculation of V,, s, 2) obtain the impedances of X, X,
and Xy, and 3) find the final firing angles o, for each phase
referenced to the phase angle of V,.. In addition, a case study
is provided in Appendix B to verify the proposed TCLC control
method.

1) Calculation of V,,;: Based on Fig. 2(b), the sum of the
compensating currents can be obtained by applying the Kirch-
hoff’s circuit laws as

ﬂa/'+ﬁbf‘+ﬁpf:VG_WL'f+% V'Lf+ =0
- ' N JXaf JXvs ' 0

where Iw I Id, s, and I“ ¢ are vector forms of fundamental

compensating currents. V;, Vb, and V are the vector forms of
load voltages. From (1), Vn s can be obtained as

7 - Xs  Xey 7
! XorXpp + XppXep + Xep Xap
Xy Xay -

+ W
XopXpr + XopXep + Xy Xay ’
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n Xay - Xy N7
XotXop +XppXep + Xep Xap O

2

With the expression of 17,[ t» the TCLC impedances can be
obtained by Ohm’s law as discussed in the next part.

2) Obtain the Impedance of X5, Xyy, and X y: From (1)
and (2), the relationship among the phase compensating currents
fm t» load voltages Vx, and coupling impedances X, can be
expressed as

[ Luas
_::bf =
| Lees
(i Xap) ! 0 0 Vo = Vas
0 (G Xpp) 0 Vy — Vi
_O 0 (]’ch)i1 _‘(’ - _anf
g (ReEe) A i
=1 mr‘ (Xaf:;an) j%
jXTTbl/ jX# (Xa/;;Xb/)
Vs
Vi 3)

where XZL ¢ can be obtained from (2) and m = X,y Xpr +
bech + X(:szLf~

The compensating apparent power S., can be defined as
Ser = Py +7Qcr = V} . f:wf where f:l,f is the conjugate of

I., ;- Modifying S, equation, the expression of the phase com-
pensating currents can be given as

f ] [ (P 5@ V)
Lys | = ((Pcb “"chb)/V’b)* “4)
et 1| (P Q) /72)

9

where the note “x” denotes the conjugate. 1_/:, is set to
be the reference phasor, so ‘_/;, =V, /0°, V}, =V, / —120°,
and ‘_/; =V, /120°, where 1/ —120° = —1/2 — j\/§/2 and
1/120° = —1/2 + j\/§/2, V, is the root-mean-square (rms)
value of load voltage which can be obtained in real time as
Vx = ”ULH /\/g = 'UZ + 'Ug + ’UE/\/g [5]. Qcr and P, are
the compensating reactive power and active power. Theoret-
ically, after compensation, the source reactive power should
become zero and the source active power should all be equal to
(Pra + Pry + Ppr.)/3. Therefore, the reactive power and active
power generated/absorbed by the TCLC part can be expressed
as

3

Pro+ Pry + Pre
Qc:zc:*QL.T, and Pc.q:<PL:t i L‘)

)
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where x = a, b, ¢, Q., and Qp, are the compensating and
load reactive power, and P,, and Pr, are the compensating and
load active power. Combining (1)—(5), the relationship between
TCLC impedances and load power can be deduced as

(ch - ch - Q(:C) /3‘_/52

X,,f/m 3
be/m - (ch - Qca - Qcc) /3‘/12 (6)
ch /m (Qcc - Q(zb - Qca) /3‘7;,2

where m = X,y Xyy + Xyr Xey + Xy Xoy. Further simplify-
ing (6), the coupling impedances X,s, X;r, and X.; can be
obtained as

Xay
be =

L Xer

r 3VE(Qre=Qrp—0Qra) ' (Qry=-Qra—Qr.)™"
(QrLe=Qry—Qra) ' +(Qra—Qry—QrLe) '+ (QLy—Qra—Qre)!

3VE (Qre=Qrp—Qra) ' (Qra—Qry=Qr.)™"
(Qre—Qry—QrLa) '+ (Qra—Qry—Qre) '+ (Qry-QrLa—Qrc)!

3V2 (Qroa—Qrp—Qre) ' (Qry-Qro—Qpc)"
L(Qre-Qrv—Qra) '+ (Qra—-Qrs—-Qre) '+ (Qry—Qra—Qre) !

N

From (7), the TCLC impedances are expressed in terms of the
phase load reactive power ()7, and rms voltage of phase load
voltage V. Then, the TCLC impedances are used to find the
firing angles to control the TCLC part, which will be discussed
in the following part.

3) Find the Final Firing Angles o, Referenced to the Phase
Angle of V,.: The impedance of the TCLC part can be consid-
ered as the X, connected in series with the combination of
X¢,, in parallel with a thyristor-controlled reactance (TCR)

Xrer(aps) (: m X ) . Therefore, the
expression of the TCLC impedances (X, s, X;r, and X, ) in
terms of passive components and firing angles («y ,.) referenced
to the phase angle of voltage across TCLC (V,, — V,, ;) is shown
as

X ppXcpp

Xof(@,a) Xepp2m=2a0.q+sin(2ag,a)]-7Xp +Xp.
Xy Xco
PF PF
be(a(),b) Xcpp [277_200.Iz+Si‘l(QG().?))]_ﬁXLPF +XLr
X X
X. (. TXLpp2Cpp
(f( 0’(') Xcpp [2#*200_(.+sil](ZnnJ,)]fﬂXLPF +XL<:

®)
where X, X¢c,,,and Xy, , are the impedances of the cou-
pling inductor, the TCLC capacitor, and inductor, respectively.
Equation (8) has a term of —2« , + sin(2«y , ) and it does not
have a closed-form solution. Therefore, a look-up table (LUT)
has been implemented into the controller for performing simu-
lations and experiments. Once the required coupling impedance
X r (v, ) is obtained from (7), the precalculated firing angle
oy, can be extracted based on the LUT of (8). As the control of
the firing angles of the TCLC is usually referenced to the phase
angle of the load voltage V. of each phase, an angle transfor-
mation process is required and proposed in the following.
Fig. 3 shows the angle relationship between the phase angle
of the load voltage V, and the phase angle of the voltage across
TCLC (V, — V). From Fig. 3, there will be an angle difference
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for each phase between that of the load voltage V, and that
of voltage across TCLC (V,, — V}, ), thus the above calculated
firing angles «v , should have angle transformation if the control
of the TCLC firing angles is referenced to the load voltage.

To keep the same impedance X, in Section III-A2, an angle
transformation process is required in order to obtain the final
firing angle o, referenced to the phase angle of the load voltage
V.. The final firing angles o, can be obtained as

(6% Q0 q ¢a
ap | = |aop | — | P 9)
Qe Q¢ (Z)c

where the phase angle ¢, is the phase angle of the voltage across
TCLC, and ¢, can be calculated from the expression of V', ¢ in
(2) as

-1 Xey =Xy
R tan (\/E(be*‘Xu/))
_ -1 Xayg—Xey
$ | = |tan (ﬂ(xwxff)) (10)
be tan_l( Xy —Xag )
V3(Xor+Xar) ) tan-t0e[-90°,90°]

Based on (7)—(10), the final firing angle cv, can be obtained
in terms of phase load reactive power, load voltages, and the
passive component values of the TCLC. The phase load reactive
power can be obtained with the help of single phase pg theory
[28] and low-pass filters.The trigger signals to control the TCLC
part are generated by comparing the calculated «, (9) with the
phase angle of the load voltage 6., which is instantaneously
measured by the phase-lock loop. The TCLC part has two back-
to-back connected thyristors 7,,; and 7)o for each phase, and
they are triggered alternately in every half cycle. When 6, > a,,
the gate pulse for thyristor 7),; can be generated. On the other
hand, when 6, < 180° — «,, the gate pulse for thyristor T}, can
be generated. In addition, the thyristors can turn on immediately
when there is a trigger signal, while they can only be turned off
when the inductor current goes to zero.

A case study is included in Appendix B to verify the above
analysis in Sections III-A1-II1-A3.
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B. Active Inverter Part Control Strategy

If only the TCLC part control is used, the harmonic cur-
rents cannot be eliminated satisfactory. The purpose of the ac-
tive inverter part is to instantaneously control the compensating
current to track its reference, so that it can compensate the
load harmonic currents and significantly improve the compen-
sation ability and dynamic performance of the TCLC part. In
the following, the active inverter part control can be discussed
in three sections: Section III-B1: Instantaneous power compen-
sation control, Section III-B2: the dc-link voltage control, and
Section III-B3: current PWM control.

1) Instantaneous Power Compensation Control: As the gen-
eralized instantaneous power theory [5] is valid for unbalanced
three-phase systems, it is chosen to calculate the reference com-
pensating current 7.,..¢. The calculated i.,,.f contains the har-
monics, reactive power, unbalanced power, and the dc-link volt-
age regulating components. By controlling the compensating
current ., to its reference .,..f, the active inverter part can
compensate the load harmonic currents, improve the reactive
power compensation ability and dynamic performance of the
TCLC part, and also regulate the dc-link voltage to its reference
value. The i.,,.t can be calculated through the well-known in-
stantaneous pq theory [5] as

Z‘r:rzrcf 1 0

2 1
et | = A= | —1/2  V/3/2
Lebref \/g Ua T Ufg / f/
iccref —1/2 —\/5/2

(1)

Vo —Ug Dag + dc,

Vg Ve dap + dcq
where the dc,, and dc, are the active and reactive components
for dc-link voltage regulation, and the discussions of dc, and
dc, are provided in the following Section III-B2. p,s and ¢,z
is the instantaneous active and reactive power which include
dc components p, g and g, 3, and ac components p, 3 and g, 3.
Do and g, 3 contain the fundamental active and reactive current
components, respectively, while p, 3 and g, g contain harmonic
currents and negative-sequence components. p, s is obtained
by passing p,g through a high-pass filter. p,3 and ¢, can be

obtained as
Pap | | Va U lo
Gag —v3 Vg ig |

In (11) and (12), the voltages (v, and vs) and currents (i,
and i3) in o3 plane are transformed from abc frames by

12)

w] [ o-12 2]
v |~ o Vi =Bl |
- - L
] [t -2 -1/2] o 5
is| = lo vae —vael ]
- - L 1Le

where v, and ¢z, are load voltage and current signals.
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2) DC-Link Voltage Control: The active inverter part can
effectively control the dc-link voltage by feeding back the
dc-voltage-controlled signals which include both reactive and
active components (dc,, dc,) [26] as shown in Fig. 4

qu = _kq : (VDCI'ef - VDC)
kp : (VDCref - VDC)~

In (14) and (15), k, and k, are the proportional gains of the
dc-link voltage controller. From [25]-[27], through the direct
current hysteresis band PWM control, the dc voltage control
reactive current component dc, is used to step change the
dc-link voltage during the start-up process, while the active
current component dc, is used to maintain the dc-link voltage
as its reference due to the system loss, in which the dc-link
voltage control with feedback both active dc, and reactive dc,
component [25]-[27] can achieve both the start-up dc-link volt-
age self-charging function, maintaining the dc-link voltage and
perform dynamic reactive power compensation simultaneously
[25]-[27]. With the help of the three-phase instantaneous pq
theory [5] and the terms of dc, and dc,, the dc-link voltage Vpc
can track its reference Vpcyer by transforming the dc voltage
control signals into reference compensating currents through
the above (11). Note that the dc-link control block requires a
small amount of active power to maintain dc-link voltage at

(14)
15)

dc,

Proposed hybrid control block diagram for the TCLC-HAPF under unbalanced loads compensation.

its reference value. The active power for maintaining dc-link
voltage is taken equally from three phases, and it is relatively
small comparing with the compensating one, so that it will not
affect the unbalanced loading compensation of the TCLC part.
3) Current PWM Control: The final reference and actual
compensating currents ¢.,fn,) and i., will be sent to the PWM
control, and then PWM trigger signals for controlling the active
inverter switching devices can be generated. The PWM method,
such as triangular carrier-based sinusoid PWM or hysteresis
PWM can be applied. In this paper, the hysteresis current PWM
[29] is selected due to its advantages of fast response, ease of
implementation, and good current limiting capability, etc.

C. Proposed Hybrid Controller for TCLC-HAPF

Based on the above discussions, the proposed hybrid
control block diagram for the TCLC-HAPF under unbal-
anced loads compensation is shown in Fig. 4. It consists
of five main control blocks: the TCLC part control block
(discussed in Section III-A), the instantaneous power compensa-
tion control block (discussed in Section III-B1), the dc-link con-
trol block (discussed in Section III-B2), and the current PWM
control block (discussed in Section I1I-B3).

In the following, simulation and experimental results of the
proposed control strategy will be presented in comparison with
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the state-of-the-art control strategy in [22] in order to verify its
effectiveness and superior compensating performances under
unbalanced loading condition.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulation and experimental results of the
proposed TCLC-HAPF control strategy under unbalanced load-
ing conditions will be presented and discussed in comparison
with the results of the state-of-the-art control method in [22],
in which the same dc-link voltage is applied to both of them. A
110-V 5-kVA three-phase three-wire TCLC-HAPF experimen-
tal prototype is designed and constructed in the laboratory. The
details of the TCLC-HAPF experimental setup and its testing
environment are provided in Appendix C. The simulations are
carried out by using PSCAD/EMTDC, and the system param-
eters used in simulations are the same as the experiments as
shown in Table V of Appendix C. In addition, with reference to
the IEEE standard 519-2014 [31], the acceptable total demand
distortion (TDD) < 15% with Ig¢ /17, is in 100 < 1000 scale (a
small rating 110-V 5-kVA experimental prototype). The nomi-
nal rate current is assumed to be equal to the fundamental load
current at the worst case analysis, which results in THD = TDD
< 15%. Therefore, this paper evaluates the TCLC-HAPF current
harmonics compensating performance by setting an acceptable
THD < 15%.

Figs. 5 and 6 (simulation results) and Figs. 7 and 8 (experi-
mental results) illustrate the waveforms of source currents, load
currents (in Figs. 5, 6), compensating currents, capacitor (Cpr)
currents, inductor (Lpr) currents, and dc-link voltage, source
reactive and active power before and after compensation using
the state-of-the-art control method [22] and the proposed con-
trol method. Figs. 9 and 10 (simulation results) and Figs. 11 and
12 (experimental results) and Table IV demonstrate the source
current spectrums and phasor diagrams of source voltages and
currents before and after the state-of-the-art control method [22]
and the proposed control method. For each harmonic order of
the current spectrum as in Fig. 11, the three bars from left to right
represent phases a, b, and c, respectively. Moreover, Tables 11—
IV summarize all the simulation and experimental results shown
in the aforementioned figures.

By using the control method in [22], the simulated and
experimental system source PFs have been compensated to 0.93
and 0.95 (showing worst phase), respectively, as shown in Figs.
5 and 7, and Tables II and III. From Figs. 5(b), (c) and 7(b),
(c), the source reactive power is compensated to 160 var, 9 var,
and 237 var in the simulations and 130 var, 70 var, and 120 var
in the experiments. Besides, the simulated source active power
(483, 662, and 698 W) and experimental source active power
(510, 680, and 690 W) are not balanced after compensations.
Moreover, from Figs. 9(b) and 11(b) and Tables II and III,
the simulated and experimental source current THD are
compensated to 22.5% and 18.9% (showing worst phase), re-
spectively. From Figs. 10(b) and 12(b), it can be seen that source
voltage and current are not in phase (especially for phases a
and ¢). In addition, as shown in Tables II and III, the simulated
and experimental source current unbalanced factor (UB1fg) is
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Fig. 5. Simulation results of dynamic performance by using the state-of-the-

art control method [22] before and after compensation: (a) Source currents (i ),
load currents (iy,, ), compensating currents (i., ), capacitor (C'p ) currents,
inductor (L p p) currents, and dc-link voltage (Vp ¢ ), (b) source reactive power
Q sz, and (c) source active power P .

33.9% and 32.4%, respectively, after compensation. From Figs.
5 and 7, Figs. 9—12, Tables II-1V, it is proved that the state-of-
the-art control method [22] cannot balance the source currents
and provide good compensation performances with the small
rating active inverter part under unbalanced loading condition.
By applying the proposed control method, the simulated and
experimental system source PFs have been compensated to 0.99
or above in both the simulations and the experiments, as shown
in Figs. 6 and 8, and Tables II and III. Figs. 6(b), (c) and 8(b),
(c) illustrate that the three-phase simulated and experimental
source reactive power have been compensated to close to zero
and the source active power is approximately balanced after
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Fig. 6. Simulation results of dynamic performance by using the proposed
control method before and after compensation: (a) Source currents (is, ), load
currents (i1, , ), compensating currents (i, ), capacitor (C'p ) currents, inductor
(L p p) currents, and dc-link voltage (V¢ ), (b) source reactive power @ s , and
(c) source active power P .

compensation. Moreover, from Figs. 9(c) and 11(c) and
Tables II and III, the simulated and experimental source current
THD have been compensated to 5.5% and 10.5% (showing
worst phase), respectively. From Figs. 10(c) and 12(c), it can
be seen that source voltage and current are in phase for all three
phases. In addition, as shown in Tables II and III, the simulated
and experimental source current unbalance factor (UBIyg)
is significantly reduced to 0.1% and 3.6% (from 26.0% and
29.4%) after compensation. From Figs. 5 and 7, Figs. 9-12,
and Tables II-1V, they prove that the proposed method can
simultaneously and effectively balance the source currents
and provide satisfactory reactive power and current harmonics
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Fig. 7. Experimental results of dynamic performance by using the state-of-
the-art control method [22] before and after compensation: (a) Source currents
(i, ), compensating currents (., ), capacitor (C'p ) currents, inductor (Lp )
currents, and dc-link voltage (Vp ), (b) source reactive power Qs , and (c)
source active power Ps; .

compensation performances with a small rating active inverter
part under unbalanced loading condition.

In addition, the simulation results as shown in Figs. 5 and 6,
Figs. 9 and 10, and Table II are consistent with experimental re-
sults shown in Figs. 7 and 8, Figs. 11 and 12, and Table III, which
clearly verify the effectiveness and viability of the proposed un-
balanced control strategy in comparison with the state-of-the-art
one [22] for unbalanced loading compensation.



1064

1.=5.6A THD\=9.4%

2=6.1A ;,,—:,_,I ;n#,‘,_,

I.=67A THDy=105%

Source

Current (A) Current (A)

LI : : i
83o3883o38 8303883038

current{A)

4

itor{ Crr)Ci

+

current{A)

Inductor( Les) C

”“"1340\,'“: -
ar
‘4‘5 0s . 09s .

0Hz 38’ WVE EHSIHBI]

0.00k 60s  S@s i

495
06705715 23:09:51

139U

Fig. 8. Experimental results of dynamic performance by using the proposed
control method before and after compensation: (a) Source currents (i, ), load
currents (i1, . ), compensating currents (., ), capacitor (C'p ) currents, inductor
(L p p) currents, and dc-link voltage (V¢ ), (b) source reactive power @ s . , and
(c) source active power Ps, .

V. CONCLUSION

In this paper, a novel control strategy for a three-phase
three-wire TCLC-HAPF is proposed, which can maintain it
operating with a small rating active inverter part and at the
same time it can balance the active power and compensate
the reactive power and harmonic currents under unbalanced
loading compensation. The design idea and operation steps
of the proposed hybrid controller for the TCLC-HAPF under
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TABLE II
SIMULATION RESULTS BEFORE AND AFTER TCLC-HAPF COMPENSATION BY
USING THE STATE-OF-THE-ART CONTROL METHOD [22] AND THE PROPOSED

METHOD
Qs: Psx PF i,y THD;,, UBIl;s Vpc
(Var) (W) (A) (%) (%) V)
Before Comp. A 489 450 0.68 6.3 27.8 26.0 -
B 290 600 090 6.3 27.1
C 515 703 0.80 8.1 21.5
Control Method [22] A 160 483 094 438 225 339 60
B 9 662 099 6.1 222
C 237 698 094 68 11.6
Proposed Method A 6 608 099 55 52 0.1 60
B 2 603 099 55 4.8
cC -5 609 099 55 5.5
TABLE III

EXPERIMENTAL RESULTS BEFORE AND AFTER TCLC-HAPF COMPENSATION
BY USING THE STATE-OF-THE-ART CONTROL METHOD [22] AND THE
PROPOSED METHOD

Qs:t Psa; PF isa‘/ THDiSJ‘ UBI/S VDC
(Var) (W) (A) (%) (%) V)
Before Comp. A 510 420 063 6.1 227 29.4 -
B 290 610 089 62 22.4
C 540 670 0.78 8.1 14.5
Control Method [22] A 130 510 095 49 18.9 324 60
B 70 680 098 59 13.3
C 120 69 097 68 14.6
Proposed Method A 50 620 099 5.6 9.4 3.6 60
B 50 610 099 55 10.5
C 40 610 099 57 10.5

unbalanced loading is presented and discussed in details.
Finally, simulation and experimental results are given to verify
the proposed control method in comparison with the state-of-
the-art control method, which shows its superior compensating
performances under the unbalanced loading condition.

APPENDIX

A. Balancing Three-Phase Fundamental Active Power by
Reactive Power Compensation

In this appendix, the mathematical analysis is provided to
show how the active power can be controlled to be balanced
when the reactive power is compensated. Fig. 13 shows the
power flow analysis before TCLC-HAPF compensation.

The phase fundamental apparent power is defined as S5, =
P 4+ Qs = _'SI . f* of where the note “x” denotes the com-

plex conjugate. In Fig. 13, the sum of I <z ¢ can be expressed as
[30]:

PS(l sa S S
Top Iy + Ty = +5Qsa | Pop +7Qs
me V;'bf
PSC ] sc
++—7Q =0 (16)

‘/scf
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Fig. 12.  Experimental phasor diagrams of source voltages and currents: (a) Before compensation, (b) after the state-of-the-art control method compensation

[22], and (c) after the proposed control method compensation.

where Isa I Isb I and Isc j are the fundamental source current
phasors. Vsa I V;b s, and V;c s are the fundamental load volt-
age phasors. V;a 7 1s set to be the reference phasor, so Vsa ;=
Vo 20°, Vigp = Viy £—120°, and Vi.p = V,;£120°, where
1/-120° = —1/2 — j1/3/2 and 1£120° = —1/2 + jV/3/2,

V.. is the rms value of the source voltage. Simplifying (16),
one can get

(2P0 = P = VBQu = P +V3Quc ) +
7 (2Qua = Quv + V3P = Que = VBP.) = 0. (17)
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TABLE IV
EXPERIMENTAL HARMONIC CURRENT VALUE OF EACH HARMONIC ORDER: BEFORE COMPENSATION, AFTER THE STATE-OF-THE-ART CONTROL METHOD
COMPENSATION [22], AND AFTER THE PROPOSED CONTROL METHOD COMPENSATION

Before Compensation

After control method [22] compensation

After proposed method compensation

Phase a Phase b Phase ¢ Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
Harmonic Order (%) (A) (%) (A) (%) (A) (%) (A) (%) (A) (%) A (B A (%) (A) (%) (A)
1 100 51 100 49 100 74 100 38 100 52 100 57 100 46 100 46 100 48
2 01 00l 01 000 01 00l 101 038 73 038 84 048 34 016 41 019 41 020
3 95 048 41 020 64 047 89 034 36 019 61 035 36 017 49 023 43 021
4 02 00l 01 000 01 00l 51 019 25 013 25 014 08 004 03 001 05 002
5 182 093 202 099 121 090 84 032 7.0 037 79 045 40 018 37 017 49 024
6 01 00l 01 000 02 00l 21 008 04 002 05 003 03 00l 03 00l 03 00l
7 68 035 73 036 33 024 65 025 65 034 39 022 46 021 58 027 47 023
8 02 00l 02 00l 01 00l 13 005 02 00l 04 002 02 00l 02 00l 02 00l
9 20 010 08 004 03 002 12 005 02 00l 06 003 03 00l 10 005 02 001
10 02 00l 01 000 02 00l 03 00l 03 002 03 002 12 006 07 003 07 003
11 27 014 22 01l 11 008 17 006 23 012 24 014 26 012 16 007 26 0.2
12 01 00l 02 001 01 00l 08 003 01 00l 03 002 06 003 16 007 18 009
13 28 014 23 011 02 003 12 005 04 002 09 005 28 013 16 007 16 008
14 01 00l 01 000 01 00l 05 002 01 001 03 002 12 006 12 006 12 006
15 08 004 03 00l 01 002 04 002 02 00l 01 00l 13 006 13 006 13 006
16 02 00l 01 000 02 00l 01 00l 01 00l 01 00l 13 006 13 006 13 006
17 07 004 07 003 01 002 15 006 07 004 09 005 18 008 13 006 18 009
THD 227 116 224 109 145 105 189 07 133 068 146 081 94 043 105 047 105 049
I, ; T | B. Case Study of Section III-A
L’ A PytjQsa .Va PritjQra L Y of
Viar © s , In this case study, referring to Fig. 2(b), the rms value of
W Var Ly Ly putio, <. Ve o PutiQuluy ¢ Suay, Tel g g 2(b),, S
v‘fo' s — - 1 B Loads load voltage is given as V, = 110V, where V, =V, Z0°, V}, =
C) . — — —
L, Ly PHjQs 3| v, PrAjOr. Iy V. Z —120°,and V, = V,, £120°, and the unbalanced phase load
' % apparent power is assumed to be
o ° = 9 . .
/ / / Pro 4+ jQra 233 + j438
Pry +7Qry | = | 363 + 5203 21
TCLC-HAPF . .
P +]QLC 498+.7429
Fig. 13.  Power flow analysis before compensation. From (7) and (21), the required TCLC impedances for com-

In (17), both real part and imaginary part needs to be zero.
Thus

_Psb_\/ngb_Psc"'\/ngc =0
- st + \/gpsb - Qsc - \/gpsc = 0.

2Psa

2Qsq (18)

If the source reactive power is compensated to be zero by the
TCLC-HAPF as

Qsa = st = Qsc = 0. (19)

By substituting (19) into (18), the relationship of the three-
phase source active power can be obtained as
Pea, = L'sh = P, (20)
Based on the analysis of (16)—(20), it can be concluded that
the source active power can become balanced once the reactive
power is compensated by the TCLC-HAPF. This idea can also
be verified by the case study provided in the Appendix B.

pensating the above unbalanced loading can be obtained as

_Xaf
be =
L Xer

3V2(Qre—Qry—Qra) ' (Qry—Qra—Qrc)~!
(Qre—Qrv—Qra) '+ (Qra—Qry—Qre) '+ (Qry—Qra—Qre)!

3V2 (Qre—Qry—Qra) ' (Qra—Qry—Qre)!
(Qre—Qrv—Qra) '+ (Qra—Qry—Qre) '+ (Qry—Qroa—Qre)!

3-V2 (Qra—Qus—Qre) ' (Quy—Qra—Qre)?
L(Qre—Qry—Qra) '+ (Qra—Qrs—Qre) '+ (Qry—Qra—Qre)™!

—22.75
= | —=77.58
—24.62

(22)

With the obtained TCLC impedances above, the final firing
angles can be found through (8)—(10) as

Qay ).q Da 145.4° —16.6°
o | = |agp | — | | = |122.3° | — | —1.7°
Qe g, O 141.8° 17.6°
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162.0°
= | 124.0°
124.2°

(23)

Then the corresponding source active power P, and reactive
power (), after TCLC compensation can be calculated by using
the above X,r, X3¢, and X.; values or simulated by using
g, p, and ., which will be discussed in the following. If
the conditions Py, = Py, = Ps. and Qs = Qs = Q5. = Oare
satisfied, it means that TCLC part can balance the active power
and compensate reactive power of the unbalanced loading in
(21). Thus, the validity of the proposed method can be verified.

With the required TCLC impedances in (22), load voltages
V and the help of (3), the compensating currents qu can be

calculated as

caf
_(:bf =
| feef
X, Xy
(F525) TS it
e () g
i ()
V, 4.16./72.98°
7, | = | 1.882£—-30.72° |, (24)
HC 4.14/—133.35°
where
r Xay
Xa/m Xa/be+Xb/X(tf+X(:/Xaf
X
Xb/m = Xqube"beb)?t:fJFX(:quf
X./m X
L Xap Xos+Xps Xep+XepXay
[ 5.37 x 1073
= |18.32x 1073
| 5.81 x 1073
The phase load currents fLJ;f can be calculated as
Iy | = {(PLb +7Qry) /‘7}
T ] | |(Pre +5Que) Ve
[ 4.51/—61.93°
= | 3.76£—149.50° (25)
5.99./79.14°
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Fig. 14. Simulated source reactive power (s, and active power P, before

and after TCLC compensation: (a) Q s, and (b) Ps, .

From (24) and (25), the source currents after TCLC compen-
sation can be calculated as

Lou Inaf Lus 3.34./0°
Tog | = | s | + | Ty | = | 3:342-120° | . (26)
L et Toes 3.34/120°

Moreover, the active power and reactive power at source side
can be calculated as

P, +sta ‘_/:ll_iaf 367 + 50
Py +jQw | = | Villy, | = | 367+ 50 27)
Pie +jQse VoI, 367 + 50

In (27), as Py, = P,. and Qsa = st - Qs(' =0, it
can be clearly shown that the calculated TCLC impedances in
(22) can balance and compensate the active and reactive power.
Moreover, under unbalanced loading as shown in (21), Fig. 14
shows the simulated @), and P, before and after compensation
by applying the proposed TCLC control method with the firing
angles «v, obtained in (23). In Fig. 14, )5, have been compen-
sated to zero while P, are balanced after the TCLC compen-
sation. Besides, the simulation results are consistent with the
theoretical results. Therefore, from the results shown in (27)
and Fig. 14 of the case study, it can be verified that the proposed
TCLC control method can balance active power and compensate
reactive power.

sb —

C. Experimental Setup for a 110-V 5-kVA Three-Phase
Three-Wire TCLC-HAPF Experimental Prototype

An 110-V 5-kVA three-phase three-wire TCLC-HAPF exper-
imental prototype is designed and constructed in the laboratory
and the testing environment is shown in Fig. 15. The digital con-
trol system of the TCLC-HAPF consists of two paralleled digital
signal processors (DSPs) TMS320F2812s, and the basic set-
tings 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) period, the timer will provide
a signal to process analog to digital (A/D) conversion and the
corresponding interrupt. After processing the proposed control
strategy, the output PWMs signal will be generated and the
maximum PWM switching frequency is 12.5 kHz. The SanRex
PK110FG160 thyristors are used for the TCLC part, while the
Mitsubishi IGBT intelligent power modules PM300DSAG60 are
employed as the switching devices of the inverter. To capture
the experimental results, the voltage and current waveforms
are measured by an oscilloscope “Yokogawa DL750” and
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Fig. 15.  Experimental setup: (a) 110-V 5-kVA TCLC-HAPF experimental
prototype and its testing environment and (b) testing loads.

TABLE V
TCLC-HAPF EXPERIMENTAL PARAMETERS FOR POWER QUALITY
COMPENSATION
Parameters Physical values
System parameters Vo f 110 V, 50 Hz
TCLC-HAPF parameters L.,Lpp,Cpp 5 mH(Q = 18, ESR = 0.09 Q)
30 mH(Q = 23, ESR = 0.41 Q)
160 £ F(Q = 310, ESR = 0.06 2)
Cpc, Vb 5 mF 60 V
Q.. range [—630 var, 600 var]

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

the current harmonic spectrums for three phase are measured
by a power quality analyzer “Fluke 435.” The system and
TCLC-HAPF parameters for experiments are summarized in
Table V, and the photograph of TCLC-HAPF experimental
prototype with its testing environment and testing loads is
shown in Fig. 15.

The compensating reactive power Q.. range in term of TCLC
impedance Xrcp,c () or firing angle «v, can be expressed as
V2
Qea () Xrcre(as)

V2
" XippXcpp
Xepp 2720, +sin2a, )] —7Xp

(28)

+ X1,
where V, is the rms value of load voltage, X, X1,,, and
X, , are the impedance of Lc¢, Lpr, and Cpr, respectively.
When both thyristors are turned off for the whole fundamental
period (firing angle o, = 180°), the TCLC part can be con-
sidered as an LC filter (L. and Cpp). In this case, the TCLC
is providing the maximum capacitive compensating reactive
power Q.. (MaxCap)- On the other hand, when one of the thyris-
tors is turned on for half of a fundamental period alternately
(firing angle o, = 90°), the TCLC part can be considered as
the L, in series with the parallel combination of Lpr and Cpp.
At this case, the TCLC filter provides the maximum inductive
compensating reactive power Q.. (Maxind) as o, = 90°. With
the system parameters as shown in Table V and (28), the com-
pensating reactive power range can be plotted in Fig. 16.
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