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Abstract—This paper investigates different dc-link voltage con-
trol strategies in a three-phase four-wire LC coupling hybrid active
power filter (LC-HAPF) for reactive power compensation. By using
direct current (current reference) pulsewidth modulation (PWM)
control method, to achieve dc-link voltage self-charging function
during LC-HAPF start-up process, the dc-link voltage control sig-
nal feedback as reactive current component is more effective than
the traditional method as an active current component. However,
when the LC-HAPF is performing dynamic reactive power com-
pensation, this dc-link voltage control scheme will influence the
reactive power compensation, and thus, makes the LC-HAPF lack
of success to carry out dynamic reactive power compensation. In
this paper, a novel dc-link voltage control scheme for LC-HAPF
is proposed so that the dc-link voltage control with start-up self-
charging process can be obtained as well as providing dynamic re-
active power compensation. Representative simulation and exper-
imental results of the three-phase four-wire center-spilt LC-HAPF
are presented to verify all deductions, and also show the effective-
ness of the proposed dc-link voltage control scheme in dynamic
reactive power compensation.

Index Terms—Active power filters (APFs), dc-link voltage con-
trol, hybrid active power filters (HAPFs), passive power filters
(PPFs), reactive power control.

I. INTRODUCTION

N this modern society, domestic customers’ appliances nor-

mally draw large harmonic and reactive current from the sys-
tem. High harmonic current causes various problems in power
systems and consumer products, such as overheating in equip-
ment and transformer, blown capacitor fuses, excessive neutral
current, low power factor, etc. [1], [2]. On the other hand, load-
ings with low power factor draw more reactive current than those
with high power factor. The larger the reactive current/power, the
larger the system current losses and lower the network stability.
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Thus, electrical utilities usually charge the industrial and com-
mercial customers a higher electricity cost with a low power
factor situation.

To eliminate the harmonic and reactive current problems,
application of power filters is one of the most suitable solutions.
Since the first installation of passive power filters (PPFs) in the
mid 1940s, PPFs have been widely used to suppress harmonic
current and compensate reactive power in distribution power
systems [3] due to their low-cost, simplicity, and high-efficiency
characteristics. However, they have many disadvantages such
as low dynamic performance, filtering characteristics easily be
affected by small variations of the system parameter values and
resonance problems [4]—[11].

Since the concept “active ac power filter” was first devel-
oped by Gyugyi in 1976 [3], [9], the research studies of the
active power filters (APFs) for current quality compensation
have been prospered since then. Although APFs overcome the
disadvantages inherent in PPFs, the initial and operational costs
are relatively high [4]-[10] due to its high dc-link operating
voltage during inductive loading. This results in slowing down
their large-scale applications in distribution networks.

Later on, different hybrid APF (HAPF) topologies composed
of active and passive parts in series and/or parallel have been pro-
posed, in which the active part is a controllable power electronic
converter, and the passive part is formed by RLC component.
This combination aims to improve the compensation character-
istics of PPFs and reduces the voltage and/or current ratings
(costs) of the APFs, thus providing a cost-effective solution for
compensating reactive and harmonic current problems [4]-[18].
Among HAPF topologies in [4]-[13], a transformerless LC cou-
pling HAPF (LC-HAPF) has been proposed and applied recently
for current quality compensation and damping of harmonic
propagation in distribution power system [14]-[16], in which
it has less passive components and lower dc-link operating volt-
age comparing with an APF [14].

In addition, LC-HAPF is normally designed to deal with
harmonic current rather than reactive power compensation
[14]-[17], the inverter part is responsible to compensate har-
monic currents only and the passive part provides a fixed amount
of reactive power. In practical case, the load-side reactive power
consumption usually varies from time to time, and if the load-
ing mainly consists of induction motors such as centralized an
air-conditioning system, its reactive power consumption will be
much higher than the harmonic power consumption [19]. As
a result, it is necessary for the LC-HAPF to perform dynamic
reactive power compensation together with harmonic current
compensation.
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All LC-HAPF and other HAPFs discussed in [4]-[18] are
based on fixed dc-link voltage reference. For the purpose of re-
ducing switching loss and switching noise, an adaptive dc-link
voltage reference control is proposed in [20]. However, the au-
thor did not discuss the dc-link voltage control in details and
also the inherent influence between the reactive power compen-
sation and dc-link voltage controls. Moreover, this influence has
not been discussed.

Due to the limitations among the existing literatures, this pa-
per aims to investigate and explore different dc-link voltage con-
trol techniques for the three-phase four-wire LC-HAPF while
performing dynamic reactive power compensation:

1) By using the traditional dc-link voltage control scheme
as an active current component, an extra start-up dc-link
precharging control process is necessary [5]—[8].

2) To achieve the start-up dc-link voltage self-charging func-
tion, a dc-link voltage control as a reactive current com-
ponent for the LC-HAPF is proposed [21]; however, the
LC-HAPF with this dc-link voltage control scheme fails
to provide dynamic reactive power compensation.

3) A novel dc-link voltage control method is proposed for
achieving start-up dc-link self-charging function, dc-link
voltage control, and dynamic reactive power compensa-
tion. Moreover, the proposed method can be applied for
the adaptive dc-link voltage reference control as discussed
in [20].

In this paper, the designed coupling LC is based on the aver-
age value of the loading reactive power consumption, while the
designed dc-link voltage level is based on the LC-HAPF maxi-
mum reactive power compensation range specification. There-
fore, even though the reactive power compensating range is
small with a low dc-link voltage, the LC-HAPF can still provide
dynamic reactive power compensation. Thus, its reactive power
compensation ability (within its specification) is still effective.
Given that most of the loads in the distribution power systems
are inductive, the following analysis and discussion will only
focus on inductive loads [22].

II. A TRANSFORMERLESS TWO-LEVEL THREE-PHASE
FOUR-WIRE CENTER-SPILT LC-HAPF

A. Circuit Structure of LC-HAPF

The circuit structure of a transformerless three-phase four-
wire center-spilt LC-HAPF is shown in Fig. 1, where subscript
“x” denotes phases a, b, ¢, and n. vy, is the source voltage,
v, 1s the load voltage, L, is the source inductor and normally
neglected due to its low value relatively; thus, vs, vy G5z, 012,
and 7., are the source, load, and compensating current for each
phase. C. and L. are the coupling part capacitor and inductor
for each leg of the converter. Cy.i7, Cacr, Vacr, and Vg p, are
the upper and lower dc-link capacitor and dc-link capacitor
voltages, and the dc-link voltage V. = Vi.+Vier . Since the
transformerless two-level three-phase four-wire center-spilt LC-
HAPF can be treated as three independent single-phase circuits,
its single-phase equivalent circuit model is shown in Fig. 2.
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Fig. 1.  Circuit structure of a transformerless three-phase four-wire center-spilt
LC-HAPE.
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Fig. 2. Single-phase equivalent circuit model of a three-phase four-wire
center-spilt LC-HAPF.

B. Modeling of the DC-Link Voltage in a LC-HAPF
Single-Phase Equivalent Circuit

From Fig. 2, the compensating current i., can flow either
Cqycv or Cyer and returns through the neutral wire in both
directions of insulated-gate bipolar transistors (IGBT) switches.
The dc-link capacitor voltages can be expressed as

1
— tqern dt (1
Cacrr Cacr / ter dt (1)

where ¢4,y and 4.7 are the dc currents of upper and lower
dc-link capacitors, respectively, and

Vier = /ich dt Vaer =

ich - Saricw; ich - (1 - Sar)icw- (2)

Substituting (2) into (1), the completed upper and lower dc
capacitor voltages V. and V.7, become

1
Vvch = /STZ(’I‘ dt
C(ch

1 . .
View = -5 / 11— 8, )iea dt 3)
deL
1, ifT, =1 T,=0
0, ifl,=0 T,=1.

In (3) and (4), s, represents the switching function of one in-
verter leg in « phase based on the hysteresis current pulsewidth
modulation (PWM) method, and that is the binary state of the
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Fig. 3. Operation of a single-phase voltage source inverter under different
switching modes by using hysteresis current PWM method.

TABLE I
THE CHANGE OF THE CAPACITOR VOLTAGES (V.7 , Vicr, ) UNDER
DIFFERENT MODES
Smng i“ Switching function Og ut::lg Change of dc capacitor voltage
a i >0 5,=0,T,=0,T, =1 Inverter Vy decrease
b i <0 $,=0,T,=0,T,=1 | Rectifier Vyq, increase
c i <0 5,=1,T,=1,7,=0 Inverter Viu decrease
d iy >0 s,=1,T,=1,T, =0 | Rectifier Ve increase

upper and lower switches (7}, and T} ). When the positive di-
rection of 7., is assumed as Fig. 2, the switching logic for each
phase is formulated as [23]: if 4., > (i, + hy), T, is ON and
T, is OFF, then s, = 1;if i, < (i}, — hy), T is OFF and T,
is ON, then s, = 0, where ¢, is the reference compensating
current and hy, is the width of the hysteresis band.

According to the mathematical model in (3), if compensat-
ing current ., > 0, the upper dc-link voltage V. is increased
during switching function s, = 1, while the lower dc-link volt-
age Vj.r is decreased for s, = 0. The inverse results can be
obtained if 7., < 0. Fig. 3 shows the operation of a single-phase
voltage source inverter under different switching modes by us-
ing hysteresis current PWM method [24]. The changes of the
upper and lower dc-link voltages V. and Vj.; under different
modes are summarized in Table I.

III. INFLUENCE ON DC-LINK VOLTAGE DURING LC-HAPF
PERFORMS REACTIVE POWER COMPENSATION

This section aims to present and analyze the influence on
the dc-link voltage when LC-HAPF performs reactive power
compensation. Through this analysis, the dc-link capacitor volt-
age will either be increased or decreased during fundamental
reactive power compensation under insufficient dc-link volt-
age. Moreover, the influence is proportional to the difference
between the LC-HAPF compensating current 4., and its pure
reactive reference i;, ., where the subscript “f,” “p,” and “¢”
denote fundamental, actlve, and reactive components.
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A. Reactive Power Compensation Under Sufficient
DC-Link Voltage

Under sufficient dc-link voltage, the compensating current
generated by the LC-HAPF i, can track its pure reactive refer-
ence 7', , as shown in Fig. 4, thus the amplitude I}, =~ I.,.
Prov1ded that the hysteresis band is small enough for ‘the LC-
HAPF to be operated at linear region [25], the PWM switching
function in (4) will be evenly distributed, as shown in Fig. 4.
According to Table I, the LC-HAPF will be changed between
the operating modes of rectifier and inverter (modes a, b, c,
and d), and keeping the average dc-link voltage as a constant.
In ideal lossless case, the dc-link voltage will not be affected
when LC-HAPF performs reactive power compensation during
I(’fr/( ~ [, case.

B. Reactive Power Compensation Under Insufficient
DC-Link Voltage

Under insufficient dc-link voltage, the compensating reactive
current generated by the LC-HAPF i, cannot track its pure re-
active reference ¢}, . ,in which there are two possible situations:
1) If the amplitude I D ;, + thus, the instantaneous relation-
ship gives ., > i, durlng ter > 0, and 7., < z(,Tf during
ter < 0, as shown i 1n F1g 5; 2) If the amplitude I, < I:fxf , the
opposite instantaneous relationship is given as shown in Fig. 6.

Hence, to force the compensating current 4., to track its
reference 7., - correspondingly:

1) For L,T > I ;, case, as shown in Fig. 5, when the hystere-

sis band is relatlvely small compared with the difference
between i., and i, , their instantaneous relationship be-

tween i, and iz, can be expressed as follows:

ica: > (i:wm + hb) for Z(,L >0 (5)
7:(‘,(1,' < (iZ;yf(l - hb) for i(i.’lf <0. (6)

Based on the hysteresis PWM technique, the switching func-
tions of (5) and (6) are
. =1T,=1,T, =0)

for 4., >0 @)



CHOI et al.: ANALYSIS OF DC-LINK VOLTAGE CONTROLS IN THREE-PHASE FOUR-WIRE HYBRID ACTIVE POWER FILTERS

iex(t)

Compensating current (A)

Switching function

- - . rectifier
T, I:linverter

I Time (Is)

Fig.5.
ing function.

Qex andi;zr.q

during I.,, > I}

cTfq

. i Wi A\
lu(t) i Loy

Compensating current (A)

5 ?

£ |

=3 ]

=l

&

o0

£

=

2 ' .

E T . rectifier

? X |:| inverter

Time (s)

Fig.6. ., and ijmm during /., < I:Ifq case and the corresponding switch-
ing function.

for i., < 0. (8)

According to Table I, the PWM switching sequences in (7)
and (8) drive the LC-HAPF to be operated in rectifier mode
(modes b and d), thus increasing the average dc-link capaci-
tor voltage. When the dc-link voltage is increased to sufficient
high level, the LC-HAPF will change the operating mode from
Iew > 17, into I, ~ I, ., and keeping the dc-link voltage
value. Therefore, for a given fundamental reactive current ref-
erence i, (I; > 17, ), the dc-link voltage of LC-HAPF
will be self-increased to a voltage level that lets the reference
compensating current can be tracked.

1) Forl., < I}, ;, case, as shown in Fig. 6, the instantaneous

relationship between i, and i’ ;. 18

iew < (ify, +hy)  foric >0 )

ieo > (if,, —hy)  forig, <0. (10)

case and the corresponding switch-
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The switching functions of (9) and (10) are
s, =0T, =0,T, =1) for 3., > 0 (11)
Sy = 1(TL =1, Ta = O) for i., <0. (12)

According to Table I, the PWM switching sequences in (11)
and (12) drive the LC-HAPF to be operated in inverter mode
(modes a and c), thus decreasing the average dc-link capacitor
voltage.

IV. LC-HAPF OPERATION BY CONVENTIONAL DC-LINK
VOLTAGE CONTROL METHODS

A. DC-Link Voltage Control Method as Active
Current Component

Traditionally, if the indirect current (voltage reference) PWM
control method is applied, the dc-link voltage of the inverter
is controlled by the reactive current component feedback sig-
nal [5]-[8], [14]-[18]. However, when the direct current PWM
control method is applied in [5]-[8], and [14]-[18], the dc-link
voltage should be controlled by the active current component
feedback signal. Both dc-link voltage control methods are equiv-
alent to each other.

When LC-HAPF performs reactive power compensating, the
reference compensating current ¢’ is composed by

Zc:v - ZC(I?f,I + Z(:l‘fl_dv - Zfo,] + chf[’—‘“’ (13)

where @}, +»_a. 18 the de-link voltage controlled signal related to
active current component, and iy, is the loading fundamen-
tal reactive current that is equal to the reference compensating

fundamental reactive current ic, il =17, -

However, to perform the reactive power and dc-link voltage
control action in (13), a sufficient dc-link voltage should be
provided to let the compensating current ¢., track with its ref-
erence 7, . As a result, this conventional dc-link voltage control
method fails to control the dc-link voltage during insufficient
dc-link voltage, such as during start-up process. Due to this
reason, when this dc-link voltage control method is applied in
LC-HAPF, an extra start-up precharging control process is nec-
essary. Usually, a three-phase uncontrollable rectifier is used
to supply the initial dc-link voltage before operation [5]-[8].
Moreover, when the adaptive dc-link voltage control idea is ap-
plied, the reference dc-link voltage may be changed from a low
level to a high level; at that occasion, the dc-link voltage may
be insufficient to track the new reference value. Therefore, the
conventional dc-link voltage control with precharging method
may not work properly in the adaptive dc-link voltage controlled
system [20].

The LC-HAPF in [14]-[16] showed that this dc-link volt-
age control can achieve start-up self-charging function with-
out any external supply. That is actually due to the LC-
HAPF in [14]-[16], which is initially operating at [., >
17, ‘e condition. According to the analysis in Section III, during
ey > 17, ‘e condition, the dc-link voltage will be self-charging
to a sufficient voltage level that lets the LC-HAPF’s compen-
sating current track with its reference iz, & ic,. Thus, the
dc-link voltage can be maintained as its reference value in
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steady state. However, if the LC-HAPF is initially operating at
Lo <1, i condition, this dc-link voltage control method fails
to carry out this function.

Figs. 7 and 8 show the simulation results of LC-HAPF start-
up process by using the conventional dc-link voltage control
method under different cases. From Fig. 7, when LC-HAPF
starts operation during /., > 17, condition, the dc-link volt-
age Vj. can carry out the start-up self-charging function and
sy = icp In steady state. On the contrary, from Fig. 8, nei-
ther the dc-link voltage nor the reactive power compensa-
tion can be controlled when LC-HAPF is operating during
I <17, ‘e condition, in which the simulation results verified
the previous analysis.

B. DC-Link Voltage Control Method as Reactive
Current Component

According to the analysis in Section III, the dc-link volt-
age can be influenced by varying the reference compensating
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fundamental reactive current iz, — under insufficient dc-link
voltage; thus, the dc-link voltage can also be controlled by uti-
lizing this influence. Hence, this dc-link voltage control method
can achieve the start-up self-charging function. Moreover, it has
been shown that this method is more effective than that conven-
tional method as active current component [21]. However, when
it is being applied in LC-HAPF, although the dc-link voltage can
be controlled as its reference value, the LC-HAPF cannot per-
form dynamic reactive power compensation. The corresponding
reason can be derived as follows.

By using the dc-link voltage control method as reactive cur-
rent component, the reference compensating current 7., is com-
posed by

Lo = Zc.’qu - ZL;I:M +1

(14)

*
CTyq_de
where i;, ~ is the dc-link voltage control signal related to
reactive current component.

Based on the analysis in Section III, under insufficient dc-link
voltage, the change of the dc-link voltage is directly propor-
tional to the difference between the amplitude of /., and 17, .
Moreover, it has been concluded that for a given reference i,
(Iex > 1, ), the de-link voltage will be self-charging to a volt-
age level, then i., can trend its reference i;,  ~gradually, and
maintaining this voltage level in steady state. Therefore, to con-

trol the dc-link voltage Vj. as its reference V', it will have a

. A

corresponding fixed reference value, thatis, 17, =17, .
Therefore

Vil _1- — Vac = 0. 15

de Iffl‘fq*I”’/quxed ¢ s)

Equation (15) implies that to control the dc-link voltage, the
LC-HAPF must restrict to provide a fixed amount of reactive
power. Therefore, by using the dc-link voltage control method
as reactive current component, the LC-HAPF fails to perform
dynamic reactive power compensation, in which the corre-
sponding simulation and experimental results will be given in
Section VI.

V. PROPOSED DC-LINK VOLTAGE CONTROL METHOD

From the previous analysis, the dc-link voltage control
method as active current component is effective only under suf-
ficient dc-link voltage. In an insufficient dc-link voltage case,
such as the LC-HAPF start-up process, both dc-link voltage con-
trol and reactive power compensation may fail. On the contrary,
when the dc-link voltage control method as reactive current
component is applied, the dc-link voltage control can be effec-
tively controlled with start-up self-charging function. However,
by using this control method, the LC-HAPF fails to perform dy-
namic reactive power compensation. As a result, a novel dc-link
voltage control method by both reactive and active current com-
ponents as the feedback signals is proposed in this section, so as
to combine the advantages of both methods, which can achieve
the start-up self-charging function, dc-link voltage control, and
dynamic reactive power compensation.

AQae = —ky - (Vi = Vac)
APyc = ky - (Vi — Vac)

16)
A7)
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where AQq. and APy, are the dc control signals related to
the reactive and active current components and &, and k, are
the corresponding positive gains of the controller. By using the
proposed control method, the reference compensating current
1y, 18 calculated by

i, =i, il (18)

cx CTyfq CTfp_dc

where i, = izw/q +la s, g

In (17), APy, represents the active power flow between the
source and the LC-HAPF compensator, APy, > 0 means the
LC-HAPF absorbs active power from the source, and AP, < 0
means the LC-HAPF injects active power to the source [26].
According to the analysis in Section III, the dc-link voltage
will be charged for 1., > I}, e and discharged for I, < I :-qu
during performing reactive power compensation. When V. —
Vie > 0, in order to increase the dc-link voltage, I, ‘ should
be decreased by adding a negative AQq.. On the contrary, when
Vi — Vac <0, in order to decrease the dc-link voltage, I (",“,L.M
should be increased by adding a positive AQy.. Therefore, the
“—" sign is added in (16). In this paper, in order to simplify the
control process, AQq. and AP, in (16) and (17) are calculated
by the same controller, i.e., k; = k.

In (18), i’im sleay, . and i, - are calculated by using

the three-phase instantaneous p — ¢ theory [27]

Lay, 5 . 1/vV2 1 0
By | =45 x —— [ 1/V2 —1/2 3/2
Lby, \/g il /V2 / V3/

iLes, 1/V2 =172 —/3/2
viﬂ 0 0 0
X 0 wvv, —voug 0 (19)
0  wvg VoVa Gap

ij’dfq,dc 1/\/i 1 0
VG —1/2 V32
V3 12 V32

» %
2
chyg_de
ok
CCfq_de

2, 0 0 0
X 0  wv,e —wvovg 0 (20)
0 wuvg Vv, AQqc

D 1/V2 1 0

. 2 1
i :\/>>< — | 1/vV2 —1/2 V3/2
. Ipde 3 VU,
DI 1/vV2 —1/2 —/3/2
vzg 0 0 0
X | 0 v, —vovs APy (21)
0  wvwvg v, 0

where ¢, are the three-phase loading reactive power consump-
tion, v, , vg, and vy are the load voltages on the o — 3 — 0 coor-
dinate after the Clarke transformation [27], and v, 5 = vi + U/%.

Fig. 9 shows the control process of the proposed dc-link volt-
age control method, when the LC-HAPF starts operation, the
dc-link voltage is insufficient to let the compensating current
1., track with its reference 7., . Thus, the dc-link voltage control
signal as reactive current component will dominate the con-
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Fig. 9.  Control process of the proposed dc-link voltage control method.
TABLE 11
COMPARISON BETWEEN CONVENTIONAL AND PROPOSED DC-LINK
CONTROL METHODS
DC-link voltage control methods
Functions Feedback as active current Feedback as reactive current | [, =
p [51-[8], [14] - [18] p [21] PO
Start-up self-charging X o o
DC-link voltage control o* o o
Adaptive dc-link voltage
control [20] o* o o
Dynamic reactive power
compensation o* X 0

Note: O - function, X - failure, O* — conditionally can work under sufficient current tracking ability.

trol action in (18). During this period, the dc-link voltage will
be self-charging under I, > I/, ~ condition. As the dc-link
voltage is increased and approaching the reference value, the
compensating current tracking ability of the LC-HAPF will be
improved gradually, and the control signals AQq. and APy, in
(16) and (17) will also be decreased gradually; thus, i}, ~ 7.,
eventually. According to the analysis in Section III, the dc-link
voltage will not be affected by the reactive component when
iny & 1c,. Hence, during this period, the dc-link voltage control
signal as active current component will dominate the control
action in (18). Therefore, the proposed dc-link voltage control
method can be realized as:

1) AQq. control signal is used to step change the dc-link
voltage under insufficient dc-link voltage that can be effec-
tively applied for start-up process and the adaptive dc-link
voltage control [20];

2) AP, control signal is used to maintain the dc-link voltage
under sufficient dc-link voltage.

By using the proposed method, the LC-HAPF can com-
pensate the reactive power consumed by the load, and
keep the dc-link voltage as its reference one as shown in
Fig. 9 (Qsz, = 0 var, Vi = Vaer =V, /2 = 30 V). There-
fore, the proposed dc-link voltage control method can effectively
control the dc-link voltage without any extra precharging pro-
cess and lets the LC-HAPF provide dynamic reactive power
compensation. Table II shows the comparison among the con-
ventional and proposed dc-link voltage control methods.
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Fig. 10.  Control block diagram for the three-phase four-wire LC-HAPF by

using proposed dc-link voltage control method.

Fig. 10 shows the control block diagram of the proposed
dc-link voltage control method of the three-phase four-wire LC-
HAPEF, in which it consists of three main control blocks: 1)
instantaneous power compensation control block; 2) proposed
dc-link voltage control block; and 3) final reference compensat-
ing current PWM control block.

1) For the instantaneous power compensation control block,
the loading fundamental reactive currents i} , ;, are deter-
mined by the three-phase instantaneous p — ¢ theory [27].

2) The dc-link voltage is controlled by the proposed method.
The dc-link voltage V. is first obtained by summing up
the measured upper and lower dc-link capacitor voltages
(Vaer and Vg.r). A low-pass filter (LPF) is applied to
filter out high-frequency noise. Then, the signal V. is
compared with the reference value V, and their differ-
ence will input to the proportional P controller to obtain
the corresponding dc-link voltage control signals AQ .
and A P,.. If the proportional gains &, and &, in (16) and
(17) are set too large, the stability of the control process
will be degraded, and produces a large fluctuation during
steady state. On the contrary, if proportional gains are set
too small, a long settling time and a large steady-state
error will occur. Moreover, the dc-link voltage control
method can also be applied by PI controller, the integral
term can accelerate the movement of the process toward
the reference value and eliminate the residual steady-state
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TABLE III
LC-HAPF SYSTEM PARAMETERS FOR SIMULATIONS AND EXPERIMENTS
System parameters Physical values
V, 55Vims
Source
Ly 1mH
LC-HAPF: (Reactive power supplied by passive L, Cc 6mH, 140uF
part O, =—145.1VAR) V' 12 30V
st i ing: —
1% inductive loading: Qsz =121.8VAR Ry, ,LLI 120, 30mH
Ry L OmH
1* and 2™ inductive loadings: O, = 176.6 VAR L, 120, 3
Riy Lpp 17.5Q, 30mH

error. Since the parameter design of the dc-link voltage
controller is not the main theme of this paper, a pure pro-
portional controller with an appropriate value is selected.
A limiter is applied to avoid the overflow problem. After
that, the final dc-link voltage control reference currents
oy oo and ¢}, fpae €an be calculated, and they will be
sent to current PWM control block to perform the dc-link
voltage control.

3) Then, the final reference compensating current %,
obtained by summing up the iy, ,’L(IM aoandig,
Then i}, together with compensating current ., will be
sent to the current PWM control part for generating PWM
trigger signals to control the power electronic switches of
the inverter.

can be

VI. SIMULATION AND EXPERIMENTAL VERIFICATIONS

To verify: 1) Failure dynamic reactive power compensation
with dc-link voltage control as reactive current component; and
2) effectiveness of the proposed dc-link control method. The
simulated and experimental results in a small rating three-phase
four-wire center-split LC-HAPF under balanced linear inductive
loading will be given. Table III lists the simulated and experi-
mental system parameters for the LC-HAPF, as shown in Fig. 1.
The coupling LC is designed based on: 1) an approximate mean
value of the reactive power consumption for the first loading
and both first and second loadings, and 2) the switching fre-
quency with switching ripple less than 0.5 A with a maximum
dc-link voltage of V. /2 = 40 V. When the harmonic currents
compensation is also taken in consideration, the resonant fre-
quency of the coupling LC should also be considered. Moreover,
the dc-link voltage reference V. /2 = 30 V in Table III is de-
signed based on the minimum dc-link voltage requirement [20].
Simulation studies were carried out by using PSCAD/EMTDC.
All control algorithms mentioned in this paper are adopted in
the LC-HAPF hardware prototype and implemented by a digital
signal processor (DSP—TMSS320F2407).

Fig. 11 shows the simulated and experimental reactive
power at load side Qr.,. When the first inductive loading is
connected, the simulated Q. ; for three-phase is 121.8 var with
displacement power factor (DPF) = 0.786, while the three-phase
experimental QL‘,,f are 116.0, 114.5, and 117.8 var with DPF =
0.804, 0.815, and 0.812, respectively. When both the first and
second inductive loadings are connected, the simulated () La, for
three-phase increases to 176.6 var with DPF = 0.833, while the
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phase a, and (c) Q. of phase a.

LC-HAPF whole simulated process with dc-link voltage control
method with reactive current component: (a) Vae,, and Ve, , (b) Qcpy of

TABLE IV
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SIMULATION RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH DC-LINK VOLTAGE CONTROL METHOD WITH REACTIVE

CURRENT COMPONENT
Before Comp After Comp
Different Cases: | 22 | per | ‘= | %% | per s | THD;,
(VAR) (Ams) | (VAR) BAms) | (%)
——
! ndhctive 1218 | 078 | 360 | -184 | 0991 | 290 12
loading
B3 nd ; n
Mand2%inductive | 1756 | 0833 | 603 | 451 | 098 | 5.10 1.0
loading
TABLE V

EXPERIMENTAL RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH DC-LINK VOLTAGE CONTROL METHOD WITH REACTIVE

CURRENT COMPONENT
Before Comp ‘After Comp
i i THD;
Different Cases: QLI’ DPF = Q“f DPF & fox
( VAR) (Ams) | (VAR) Ams) | (%)
* it A | 1160 | 0804 | 348 | 235 | 0974 | 298 6.9
londing -~ [B] 1145 | 0815 | 358 | -303 | 0.972 3.07 65
s C 117.8 0.812 3.58 -22.6 0.974 2.90 5.9
1% and 2 A 1714 0.835 5.85 452 0.977 5.16 3.1
inductive B | 168.6 0.842 591 42.1 0.980 5.22 3.5
loading C | 1727 0.841 5.90 53.4 0.976 5.05 3.5
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Fig. 13.

LC-HAPF whole simulated process with proposed dc-link voltage

control method: (a) Vg, and Vi, , (b) Q.. s of phase a, and (¢c) Qs, s of

phase a.
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Fig. 14. LC-HAPF whole experimental process with dc-link voltage control
method with reactive current component: (a) Vi, and Vge, , (b) Qcyy of
phase a, and (c) Qs of phase a.

three-phase experimental Q7 , increases to 171.4, 168.6, and
172.7 var with DPF = 0.835, 0.842, and 0.841, respectively.

A. Failure Dynamic Reactive Power Compensation With
DC-Link Voltage Control as Reactive Current Component

With the implementation of the dc-link voltage control as re-
active current component, Figs. 12 and 14 illustrate the whole
simulated and experimental dynamic reactive power compensa-
tion process for the loading situations, as shown in Fig. 11, they
include the waveforms of: 1) Vy.,, and Vi, ,2) Qe ; of phase a;
and 3) Q. ; of phase a. Figs. 12(a) and 14(a) show that the simu-
lation and experimental V., and Vg, level can be controlled as
the reference value without any precharging process, and being
kept at its reference 30 V no matter when the first inductive load-
ing or first and second loadings are connected, this verifies the
effectiveness of the dc-link voltage control as reactive current
component. Since the simulated and experimental loadings are
approximately balanced, only phase a compensation diagrams
will be illustrated. Even though the dc-link voltage can be con-
trolled by this method, Figs. 12(b) and 14(b) illustrate that the
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Fig. 15. LC-HAPF whole experimental process with proposed dc-link voltage
control method: (a) Vg, and Vg, , (b) Q.. s of phase a, and (¢) Q4. s of
phase a.

simulated and experimental fundamental compensating reactive
power ()., are approximately fixed, no matter when the first
or first and second loadings are connected. That means the LC-
HAPEF fails to provide dynamic reactive power compensation
by using this dc-link voltage control method. This result verifies
the previous analysis in Section I'V. As a result, the residual re-
active power shown in Figs. 12(c) and 14(c) will be supplied by
the source side with simulated and experimental Q. ; of phase
a ~—18.4,45.1 and —23.5, 45.2 var, respectively, when the first
inductive loading or first and second loadings are connected.

Tables IV and V summarize the dynamic reactive power
compensation results of the LC-HAPF based on the dc-link
voltage control method with reactive current component. The
three-phase simulated and experimental DPF of source-side
can be improved when the first loading (or both the first and
second loadings) is connected. The simulated and experimen-
tal THD,,, are within 2.0% and 7.0%. Figs. 12 and 14 and
Tables IV and V verify the previous analysis of the LC-HAPF
failure in dynamic reactive power compensation by using con-
ventional dc-link voltage control method as reactive current
component.
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Fig. 16. Simulated dynamic response of LC-HAPF by using proposed dc-link
voltage control method when (a) the first loading is connected and (b) both the
first and second loadings are connected.

B. Effectiveness of Proposed DC-Link Voltage Control Method

Withthe implementationof theproposed dc-link voltage con-
trol method, Figs. 13 and 15 illustrate the LC-HAPF whole
simulated and experimental dynamic compensation process for
the loading situations, as shown in Fig. 11. Figs. 13(a) and 15(a)
show that the simulation and experimental Vg, and Vj, level
can also be kept at its reference 30 V with start-up self-charging
function, this also verifies the effectiveness of the proposed dc-
link voltage control method. Compared with Figs. 12(b) and
14(b), Figs. 13(b) and 15(b) clearly illustrate that the LC-HAPF
can inject different reactive power values, in which the simu-
lated and experimental (.., are varying with respect to different
loading situations. As a result, the simulated and experimental
(s, can be approximately compensated close to zero no mat-
ter when the first loading or both first and second loadings are
connected, as shown in Figs. 13(c) and 15(c), in which the sim-
ulated and experimental (), are significantly smaller than that
of the dc-link voltage control method, as shown in Fig. 12(c)
and 14(c).

Moreover, the proposed dc-link voltage control method can
provide satisfactory dynamic response for LC-HAPF, as shown
in Figs. 16 and 17. In Figs. 16(a) and 17(a), there is a period of
time for which the source current waveforms are being settled,
this time period is due to the LC-HAPF carrying out start-up
self-charging process, the dc-link voltage is being charged from
0V to its reference value V, /2 = 30 V. Therefore, during the
start-up process, the larger the dc-link voltage reference, the
longer the source current settling time. After the dc-link voltage
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Fig. 17. Experimental dynamic response of LC-HAPF by using proposed dc-
link voltage control method when (a) the first loading is connected and (b) both
the first and second loadings are connected.

is controlled as the reference value, the LC-HAPF can have a
fast dynamic response of less than one cycle after the second
loading is connected, as shown in Figs. 16(b) and 17(b).

Tables VI and VII summarize the dynamic reactive power
compensation results of the LC-HAPF based on the proposed
dc-link voltage control method. The three-phase simulated and
experimental DPF of source-side can be further improved com-
pared with the results of dc-link voltage control method as
reactive current component. The simulated and experimen-
tal THD,  are within 3.0% and 5.0%. Figs. 13 and 15 and
Tables VI and VII verify the effectiveness of the proposed
dc-link voltage control method.

In this paper, as the LC-HAPF is tested under linear inductive
loadings, there does not contain any harmonic components in
source current 74, in ideal case. The simulated and experimental
THD;,, values are actually generated by the switching ripples
with a fixed hysteresis band. Moreover, the large THD differ-
ences between the simulated and experimental results, as shown
in Tables IV-VII, are actually due to the difference of com-
ponent parameters, the resolution of the transducers, the signal
conditional circuit error, the digital computation error, and the
noise in the experiment.

Compared the simulated and experimental results with the
dc-link control method as reactive current component, the pro-
posed method can: 1) also achieve the dc-link voltage control
with start-up self-charging function; 2) provide dynamic reac-
tive power compensation; 3) further improve the DPF; and 4)
further reduce the rms value of source current 7,,. As a re-
sult, it is clearly shown that LC-HAPF adopting the proposed
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TABLE VI
SIMULATION RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH PROPOSED DC-LINK VOLTAGE CONTROL METHOD

Before Comp After Comp
i i THD;
Different Cases: Q”f DPF = Q'“f DPF - Tsx
( VAR) (Ams) | (VAR) (Amms) (%)
1% inductive
oading 1218 | 0786 | 360 | -7.1 0.999 2.85 15
ST nd - -
Mand 2% inductive | 1766 | 0833 | 603 | 164 | 0998 | 501 24
loading

TABLE VII
EXPERIMENTAL RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH PROPOSED DC-LINK VOLTAGE CONTROL METHOD

Before Comp After Comp 1
Different Cases: | 22 | per | | %o | ppr fsw | THD,,
(VAR) (Ams) | (VAR) (Ams) | (%)

I A | 1160 | 0804 | 348 | -84 | 0986 | 2.89 2.9
l:)“a ;if.‘g“'e B | 1145 | 0815 | 358 | -149 | 0985 3.02 4.7
C| 1178 | 0812 | 358 | 43 | 0987 | 2.80 17
"and2® | A | 1714 | 0835 | 585 | 187 | 0991 5.05 29
inductive | B | 168.6 | 0.842 | 591 | 121 | 0992 | 5.6 35
loading C | 1727 | 0841 | 590 | 245 | 0989 | 493 35

dc-link voltage control method can provide better compensating
performances.

VII. CONCLUSION

This paper investigates different dc-link voltage control tech-
niques for a three-phase four-wire center-split LC-HAPF during
dynamic reactive power compensation. By using conventional
dc-link voltage control method as active current component, an
extra start-up dc-link precharging control process may be nec-
essary. To achieve the start-up dc-link self-charging function,
the dc-link voltage control as reactive current component can
be applied; however, it fails to provide dynamic reactive power
compensation. Through the proposed dc-link voltage control
method:

1) the LC-HAPF can achieve start-up dc-link self-charging

function;

2) the dc-link voltage of the LC-HAPF can be controlled as

its reference level,

3) the LC-HAPF can provide dynamic reactive power com-

pensation;

4) the adaptive dc-link voltage reference control can be im-

plemented [20].

Finally, simulation and experimental results of the three-
phase four-wire center-spilt LC-HAPF under dynamic reactive
power compensation application are presented to verify all dis-
cussions and analysis, and also show the effectiveness of the
proposed dc-link voltage control method.
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