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Abstract—This paper presents a novel adaptive dc-link voltage-
controlled LC coupling hybrid active power filter (LC-HAPF) for
reducing switching loss and switching noise under reactive power
compensation. First, the mathematical relationship between LC-
HAPF dc-link voltage and reactive power compensation range is
deduced and presented. Based on the compensation range analy-
sis, the required minimum dc-link voltage with respect to different
loading reactive power is deduced. Then, an adaptive dc-link volt-
age controller for the three-phase four-wire LC-HAPF is proposed,
in which the dc-link voltage as well as the reactive power com-
pensation range can be adaptively changed according to different
inductive loading situations. Therefore, the compensation range,
switching loss, and switching noise of the LC-HAPF can be deter-
mined and reduced correspondingly. In this paper, the reference
dc-link voltage is classified into certain levels for selection in order
to alleviate the problem of dc voltage fluctuation caused by its refer-
ence frequent variation, and hence reducing the fluctuation impact
on the compensation performances. Finally, representative simu-
lation and experimental results of a three-phase four-wire center-
split LC-HAPF are presented to verify the validity and effectiveness
of the proposed adaptive dc-link voltage-controlled LC-HAPF 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

INCE the first installation of passive power filters (PPFs)
S in the mid-1940s, PPFs have been widely used to suppress
current harmonics and compensate reactive power in distribu-
tion power systems [1] due to their low cost, simplicity, and
high-efficiency characteristics. Unfortunately, PPFs have many
disadvantages such as low dynamic performance, resonance
problems, and filtering characteristics that are easily affected
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by small variations of the system parameters [2]-[9]. Since the
concept of an “active ac power filter” was first developed by
L. Gyugyi in 1976 [1], [7], research studies on active power
filters (APFs) for current quality compensation are getting more
and more attention. APFs can overcome the disadvantages inher-
ent in PPFs, but their initial and operational costs are relatively
high [2]-[8] because the dc-link operating voltage should be
higher than the system voltage. This slows down their large-
scale application in distribution networks. In addition, different
hybrid active power filter (HAPF) topologies composed of ac-
tive and passive components in series and/or parallel have been
proposed, aiming to improve the compensation characteristics
of PPFs and reduce the voltage and/or current ratings (costs)
of the APFs, thus leading to improvements in cost and perfor-
mance [2]-[16].

The HAPF topologies in [2]-[11] consist of many passive
components, such as transformers, capacitors, reactors, and re-
sistors, thus increasing the size and cost of the whole system.
A transformerless LC coupling HAPF (LC-HAPF) has been re-
cently proposed and applied for current quality compensation
and damping of harmonic propagation in distribution power sys-
tems [12]-[16], in which it has only a few passive components
and the dc-link operating voltage can be much lower than the
APF. Its low dc-link voltage characteristic is due to the system
fundamental voltage dropped across the coupling capacitance
but not the active part of the LC-HAPF [12]. In addition, the
passive part LC is designed basing on the fundamental reactive
power consumption and the dominant harmonic current of the
loading. And the active part is solely responsible for the current
harmonics compensation. Therefore, this LC-HAPF can only
inject a fixed amount of reactive power which is provided by the
coupling LC and thus achieving a low dc-link voltage level re-
quirement in this special situation. In practical use, the load-side
reactive power consumption varies from time to time; the LC-
HAPF [12]-[16] cannot perform satisfactory dynamic reactive
power compensation. The larger the reactive power compensa-
tion difference between the load-side and coupling LC, the larger
the system current and loss, and it will lower the power network
stability. In addition, if the loading is dominated by a centralized
air-conditioning system, its reactive power consumption will
be much higher than the harmonic power consumption [17].
Therefore, it is important and necessary for the LC-HAPF to
possess dynamic reactive power compensation capability under
this loading situation.

Besides, the LC-HAPF and other HAPF topologies are all
operating at a fixed dc-link voltage level [1]-[16]. Since the
switching loss is directly proportional to the de-link voltage [18],
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the system will obtain a larger switching loss if a higher dc-
link voltage is used, and vice versa. Therefore, if the dc-link
voltage can be adaptively changed according to different load-
ing reactive power situations, the system can achieve better
performances and operational flexibility. Compared with the
traditional fixed dc-link voltage LC-HAPF, the proposed adap-
tive dc-link voltage-controlled LC-HAPF will experience less
switching loss, switching noise, and improve the compensation
performances.

In this paper, an adaptive dc-link voltage control scheme
for the three-phase four-wire LC-HAPF is proposed and stud-
ied, so that the switching loss and switching noise can be re-
duced, and so too the operational cost. However, the maximum
compensation range is determined by the specifications of the
LC-HAPF only, which cannot be affected by this adaptive dc
voltage control method. So, it would not affect the initial cost of
the LC-HAPF either. In order to implement the proposed adap-
tive control algorithm for LC-HAPF, it requires the following.

1) Minimum dc-link voltage with respect to different loading

reactive power.

2) Control algorithm for reactive power compensation to-

gether with dc-link voltage control.

Unfortunately, due to the limitations in the existing litera-
ture, there is no mathematical deduction between the LC-HAPF
required minimum dc-link voltage and loading reactive power.
There are only a few studies investigating the LC-HAPF control
algorithm for dynamic reactive power compensation together
with dc-link voltage control. In the following, a transformer-
less two-level three-phase four-wire center-split current quality
compensator (CCQC) and its single-phase fundamental equiva-
lent circuit model are initially illustrated in Section II. Based on
the circuit model, the relationship between the LC-HAPF dc-
link voltage and reactive power compensation range can be ob-
tained. Then, the required minimum dc-link voltage with respect
to different loading reactive power is deduced in Section III.
The main contribution of this paper on the adaptive dc-link
voltage controller for three-phase four-wire LC-HAPF in dy-
namic reactive power compensation is described in Section IV.
The simulation and experimental verification of the proposed
adaptive dc-link voltage-controlled LC-HAPF is presented in
Section V. Given that most of the loads in the distribution power
systems are inductive, the following analysis and discussion
will only focus on inductive loads [19]. Moreover, as this paper
focuses mainly on LC-HAPF dynamic reactive power compen-
sation capability analysis, only the LC-HAPF reactive power
compensation analysis, simulation, and experimental results are
included in this paper.

II. TRANSFORMERLESS TWO-LEVEL THREE-PHASE
FOUR-WIRE CCQC

A transformerless two-level three-phase four-wire CCQC
is shown in Fig. 1, where the subscript “z” denotes phase
a, b, c, andn. vy, is the system voltage, v, is the load voltage,
Ly is the system inductance normally neglected due to its low
value relatively, thus vs, ~ v,. %s,, i1, and i., are the system,
load, and inverter current for each phase. PPF is the coupling
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Fig. 1. Configuration of a transformerless two-level three-phase four-wire
CCQC.
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Fig. 2. CCQC single-phase fundamental equivalent circuit model.

passive power filter part, which can be composed of a resistor,
inductor, capacitor, or any combinations of them. Cy., Vi, »
and Vg, are the dc capacitance, upper and lower dc capacitor
voltages with V., = Vi, = 0.5 V.. The dc-link midpoint is
assumed to be ground reference g. From Fig. 1, the inverter line-
to-ground voltages vi,yx—g Will be equal to the inverter line-to-
neutral voltages vi,vx—, because the neutral point n is connected
to the dc-link midpoint g. Based on the pulsewidth modulation
(PWM) technique, vi,vx—,, can be simply treated as a controlled
voltage source. From the CCQC circuit configuration, as shown
in Fig. 1, its single-phase fundamental equivalent circuit model
is shown in Fig. 2, where the subscript “f” denotes the funda-
mental frequency component. In the following analysis, all the
parameters are in root-mean-square (rms) values.

For simplicity, v,, and v, are assumed to be pure sinusoidal
without harmonic components (i.e., 171 = ‘71 ;= |Vx\ =V,).
From Fig. 2, the inverter fundamental voltage phasor v,

invxy can
be expressed as

—

‘;iillVXf = ‘7:5 - ZPPFf : Icw/- (1)

Here, the fundamental compensating current phasor I,

vy Of
the CCQCcanbeexpressedas I, = Ioy;, + jlcy;,, Where the
subscripts “p” and “q” denote the active and reactive compo-
nents. ., is the fundamental active current for compensating
loss and dc-link voltage control, while /., is the fundamental

reactive current for compensating reactive power of the loading.
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Simplify (1) yields
fiinv;q - ‘/invx“, + j‘/invxm (2)
where
‘/invx“ - ‘71“ + Icm/qXPPFf
Vinvxjr,, = _Icmfp XPPF‘, . (3)
From (3), the fundamental compensating active current /., I
and reactive current Icmm are
‘/EDVX
1 =_——J 4
sy Xrrr, 4)
‘/invx - V:fz:
I, =— = 5
CXfg XPPFf ( )

Since the CCQC aims to compensate fundamental reactive
power, the steady-state active fundamental current /.., from
the inverter is small (I.,,, ~ 0), provided that the dc-link volt-
age control is implemented. Thus, Vi,yx,, & 0. Therefore, the
effect of dc-link voltage control for the CCQC system can be
simply neglected during steady-state situation.

For a fixed dc-link voltage level V., = Vg, = 0.5 V4. and
modulation index m is assumed as m ~ 1, Ry, represents the
ratio between the dc-link voltage Vi, , Vi, , and load voltage
V, reference to neutral n, which can be expressed as

Vdc
22V,

where Vi, is the inverter fundamental rms voltage. If the
PPF part is a pure inductor L.o, the CCQC will be the tradi-
tional APF. If the PPF part is composed of a series connec-
tion of an inductor L., and a capacitor C.;, the CCQC will
be the LC-HAPF, in which C,.; dominates the passive part at
fundamental frequency. With the effect of dc-link voltage con-
trol is being neglected (I, = 0) at steady state, substituting
prpf = AXLCQ]r for APF and XPPFf = —|X(7df — XLle|
for LC-HAPEF, their corresponding fundamental reactive power

R o iv{nvxf o i05vdc/\/§ o
L

(6)
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injection range () ., per square of the load voltage level 1%
with respect to different Ry, can be shown in Fig. 3.

Since (.., should be negative for inductive loading com-
pensation, from Fig. 3, the ratio Ry, for APF must be at least
greater than 1, while the ratio Ry, for LC-HAPF can be smaller
than 1 within a specific operational range. This means that the
required Vg, , Vic, for APF must be larger than the peak of
load voltage V, regardless of the coupling inductance L., while
the Vi, , Vae, for LC-HAPF can be smaller than the peak of
V., within that operational range. When Ry, = 0, it means that
both the APF and LC-HAPF are operating at pure passive filter
mode, in which the APF at Ry, = 0 cannot support induc-
tive loading compensation while the LC-HAPF can support a
fixed Q.» ;- Moreover, this fixed Qcr ,depends on the passive
part parameters. Fig. 3 clearly illustrates the main advantage
of LC-HAPF over the traditional APF under inductive loading
reactive power compensation. Under the same dc-link voltage
consideration in Fig. 3(b), when the coupling capacitance C,;
or inductance L.; increases, the upper limit of |Q.., | for in-
ductive loading compensation region increases; however, the
lower limit of |Q.., | for that region decreases and vice versa.
In the following section, the mathematical deduction details of
the LC-HAPF fundamental reactive power compensation range
with respect to the dc-link voltage under I, = 0 assumption
will be given. After that, the required minimum dc-link voltage
with respect to different loading reactive power can be deduced.

III. LC-HAPF REQUIRED MINIMUM DC-LINK VOLTAGE WITH
RESPECT TO LOADING REACTIVE POWER

Based on the previous assumption that the active funda-
mental current I, is very small (I.,,, ~ 0) at steady state,

the inverter injects pure reactive fundamental current I.,, =

J1cxy, - Therefore, the Vi, —in (2) contains pure active part
as Vinyx;, = Vi — lea;, (Xce1, — Xre1,) only. Then, the LC-
HAPEF single-phase fundamental phasor diagram under induc-

tive loading can be shown in Fig. 4. The vertical y-axis can be
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Fig. 4. LC-HAPF single-phase fundamental phasor diagram under inductive loading during (a) full-compensation, (b) undercompensation, and (c) overcompen-

sation by passive part.

considered as the LC-HAPF active power (P/W) when locating
17; onto the LC-HAPF horizontal reactive power (Q/VAR) z-
axis. The circle and its radius of Viyvx, .. = (0.5 Vac/V/2) rep-
resent the LC-HAPF fundamental compensation range and max-
imum compensation limit under a fixed dc-link voltage. ‘713 Fa;

is the fundamental voltage phasor of the passive part. I}, is
the fundamental load current phasor, where I, . and I, ;, are
the fundamental load active and reactive current. In Fig. 4, the
white semi-circle area represents LC-HAPF active power ab-
sorption region, whereas the shaded semi-circle area represents
LC-HAPF active power injection region. When V;nvw is located
inside the white semi-circle area, the LC-HAPF is absorbing ac-
tive power; on the other hand, the LC-HAPF is injecting active
power when 1 is located inside the shaded semi-circle area.

—

invxy
When V., is located onto the Q/VAR z-axis, the LC-HAPF
does not absorb active power. From Fig. 4, the LC-HAPF reac-
tive power compensation range with respect to different dc-link

voltage can be deduced.

A. Full-Compensation by Passive Part

When the loading reactive power (0., is full-compensation
by passive part (Qme = \QcmLPF |) as shown in Fig. 4(a), the
inverter does not need operation and output voltage (Vi ==
0). Thus, the switching loss and switching noise will be min-

imized in this situation. The LC-HAPF compensating reactive
power Q. is equal to the reactive power provided by the pas-
sive part Q. _, . , which can be expressed as

V?
cr; — Weay = - L <0 7
Q“ ! Q r=re ’XC'clf - XLclf | ( )

where Q. ,, < 0meansinjecting reactive power or providing
leading reactive power.

B. Undercompensation by Passive Part

When the loading reactive power 1, is undercompensation
by passive part (Qr., > [Qcz; . |) as shown in Fig. 4(b), in
order to generate a larger I ., , the inverter should output a
negative inverter fundamental active voltage (V;, =< 0), as
indicated by (5). With a fixed V., the LC-HAPF maximum
compensating reactive power limit Q.,, . can be deduced
through the undercompensation by passive part case, which can
be expressed as

_ VL2(1 + |RV(1L» )

|XCcl_f - XLclf |

chf,mx = = ch/,py (1 + |RV(1C

) < 0.
(®)
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TABLE I
LC-HAPF REACTIVE POWER COMPENSATION RANGE DEDUCTION STEPS UNDER A FIXED DC-LINK VOLTAGE Vi, = Ve, = 0.5 Ve
1 With a fixed dc-link voltage V. = Ve, =0.5V,:
2
VX
O i e N @)
‘Xcuf ~XLel, ‘
chf,max = chf,PF ( I+ ‘RV(I(‘ ‘ ) < 0 (8)
ch_f,min = chf _PF (I- ‘Rvdc | )<0 ®
\%
Where (R, |=|—4%& (©6)
‘ & ‘ 242V,
2 LC-HAPF reactive power compensating range for loading Qfo :
(10)
chf _min < Qfo < chf_m(u

C. Overcompensation by Passive Part

When the loading reactive power (0, is overcompensation
by passive part (Qr,; < |Qcz, . |), as shown in Fig. 4(c), in
order to generate a smaller /. , the inverter should output a
positive inverter fundamental active voltage (V;,,, > 0), as
indicated by (5). With a fixed Vq., the LC-HAPF minimum
compensating reactive power limit Q..,_,, can be deduced
through the overcompensation by passive part case, which can

be expressed as

_ V(A —|Rv.])
|XCCIf - XLle |

Q&w/,m'm = = QC-’E/,PF (1 - ‘RVdc |) <0.

©))
From (8) and (9), the larger the dc-link voltage V. or ratio
Ry, , the larger the LC-HAPF compensation range can be ob-
tained, and vice versa. However, a larger dc-link voltage will
increase the LC-HAPF switching loss and generate a larger
switching noise into the system, while a smaller dc-link will
deteriorate the compensating performances if Q7 , is outside
the LC-HAPF compensation range. When V. is designed, the
LC-HAPF reactive power compensating range for loading Q1.
can be expressed as

’QCI_f,nnn S Qfo S ’QCI_f,max .

Table I summarizes the LC-HAPF reactive power compen-
sating range deduction steps under a fixed dc-link voltage
Vieo = Viae, = 0.5 Vyq.. When Qr,, ; is perfectly compensated
by the passive part, the minimum dc-link voltage requirement
(Vae, = Ve, = 0) can be achieved. In addition, the larger the
reactive power compensation differences between the loading
and the passive part, the larger the dc-link voltage require-
ment and vice versa. From Table I, the required minimum dc-
link voltage Vj._min. in each phase can be found by setting

QL-Tf ~ |Qcm_¢,min | ~ |chf,max in (10)

(10)

V;lc,min;l: - 2\/5‘/1 1- M . (11)
|Qeay o |

Thus, (11) can be applied for the proposed adaptive dc-link
voltage control algorithm. Once the ()., is calculated, the
corresponding Vi._min, in each phase can be obtained. Then,
the final three-phase required minimum dc-link voltage Vic_min
can be chosen as follows:

V;lc,min = maX(Vdc,minaa ‘/dc,minba ‘/dc,minc)- (12)

In the next section, the adaptive dc-link voltage controller for
the three-phase four-wire LC-HAPF will be proposed, so that
the LC-HAPF reactive power compensation range can be deter-
mined, and switching loss and switching noise can be reduced
compared with the traditional fixed dc-link voltage LC-HAPF.

IV. PROPOSED ADAPTIVE DC-LINK VOLTAGE CONTROLLER
FOR A THREE-PHASE FOUR-WIRE LC-HAPF

Fig. 5 shows the proposed adaptive dc-link voltage control
block diagram for the three-phase four-wire LC-HAPF, which
consists of three main control blocks: instantaneous power com-
pensation control block, the proposed adaptive dc-link voltage
control block, and final reference compensating current and
PWM control block.

A. Instantaneous Power Compensation Control Block

For the instantaneous power compensation control block, the
reference compensating active and reactive currents for LC-
HAPF (i), 44, the subscript ¢ = a, b, ¢ for three phases) are
determined by the three-phase instantaneous pq theory [20].

B. Proposed Adaptive DC-Link Voltage Control Block

The proposed adaptive dc-link voltage control block consists
of three parts: 1) determination of adaptive minimum dc-link
voltage Vj._min; 2) determination of final reference dc-link volt-
age level V' ; and 3) dc-link voltage feedback P/PI controller.

1) Determination of Adaptive Minimum DC-Link Voltage:
Initially, the loading instantaneous fundamental reactive power



LAM et al.: ADAPTIVE DC-LINK VOLTAGE-CONTROLLED HYBRID ACTIVE POWER FILTERS FOR REACTIVE POWER COMPENSATION

1763

Compensation Current

r ____________________________________ A
| Instantaneous Power Compensation Control Block |
: . ; |
: iLa ILa Do N tap | tap I
: i alculation D. Ipp ibp
i m e |  CACAON P g P e abe e |
. / . 0,
O irg | OTPandq | qap » Calculation -7 Py |
| 5 &
I of igp, 1
| d i [.Sp X X I Determination of Final Reference
Iy Ve andlog, 1 | j,, lag | DC-link Voltage Level
P v (op=ivo) g, ™ B ! ITTT T T T T T T T 1
| Vo> a-B-0 > AP NP R A | | Ve min |
V i
Ve > 0 0}~ e :
| i s s s i s i s i o L i i i e |
___________________ I | |
| . |
| Proposed Adaptive DC-link Voltage lap_de lap de | | 1% df =Vge1 —> :
Control Block i > 7 b | |
| Calculati Upp_dc b Lbp_de | |
I DC-link Voltage Feedback P/PI Controller a cilation R I el |
—™ ofi Lep de |
| Ol 1gp_des @” | | |
| igp dc and . |
| ] Apac » - Bp_de . Lag_dc lag_de | | I
A log des 1g de [ > e | |
| Limiter [_] qde pg_dc_| a-b-c Ipg de | | X v |
o > ale ™ de =Vdc2 — >
| @ leg_de | | ‘ “ |
| Deter of Adaptive Mini DC-link Voltage Value in 3-phase 4-wire System : | |
[ R n |
s Determination of Final Reference »
| Subs. Oras Ouis Orerinto DC-link Voltage Level L- | |
I 01, o | I
i
! VdciminxzzﬁVxlf 1% I | |
: et "de_min * : | |
2 3 - |
| Obtaining de;mi/l(z , Vl/ciminb: Vdcimim‘ | : |
| Vae.min=max(Vige_mine ., Vite_mints Vite_mine) | | % |
| | | Ve =Viemax —>] |
e o o e o e e e e e — e — —— — —— — —— — — — — — — — — — — — — — — — — — - I
_____________________________________ |
I ! I
| Final Reference Compensating Current and PWM Control Block | : N |
; 4
A : | [
i *
: A T8 2 I | Vie =Viemax :
. i
[ Ja e B VAIA T | l |
VYV » |
| i A | | / |
| el Triancular W | | Retumn v e |
| . ipp riangu a?‘ ave | \ / |
| Ibg b Carrier | - -
; |
: . PWM |
. Control |
: Lbg_de I
icp ;
| i Trigger |
| Ay Signals |
| ey de o P P |
| €P_ac T Lee lee I
| ic‘q_dc/ Final Reference |
|

Fig. 5.

in each phase qr,, (r =a,b,c) are calculated using single-
phase instantaneous pq theory [21] and low-pass filters. Usu-
ally, q1.., can keep as a constant value for more than one cycle;
thus, Q1. ; can be approximately treated as Qra ;A —qLa;-
Then, the required minimum dc-link voltage Vj._ iy » for com-
pensating each phase ()1, can be calculated using (11), where
V. is the rms load voltage and Q..,_,,can be obtained ac-
cording to (7). The adaptive minimum dc-link voltage will be
equal to Vi._min, Which can be determined by (12). During
the balanced loading case, the three-phase fundamental reactive
power consumptions are the same (QL,” = QLbf =Qr ¢ ), and
therefore, Vac_min = Viac_mine = Viac_mins = Vic_minc. In or-
der to implement the adaptive dc-link voltage control function
for the three-phase four-wire LC-HAPF, Vy._,i, can be simply
treated as the final reference dc-link voltage V. It is obvious

Proposed adaptive dc-link voltage control block diagram for the three-phase four-wire LC-HAPF.

that when the loading reactive power consumption (Qr,) is
changing, the system will adaptively yield different Vi._yin
and Vg._min values.

2) Determination of Final Reference DC-Link Voltage Level:
However, this adaptive control scheme may frequently change
the dc voltage reference V', in practical situations, as the load-
ing is randomly determined by electric users (different Q1. ).
Then, this frequent change would cause a rapid dc voltage
fluctuation, resulting in deterioration of the LC-HAPF opera-
tional performances [22]. In order to alleviate this problem, a
final reference dc-link voltage level determination process is
added as shown in Fig. 5. The final reference dc-link voltage
V. is classified into certain levels (Vici, Vac2, -+ Vaemaxs
Vet < Vae2 -« < Viemax) for selection, so that V. can be
maintained as a constant value within a specific compensation
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range. From Fig. 5, when the input Vg._pi, is less than the
lowest dc voltage level Vj.;, the final reference dc-link volt-
age will be V. = Vj.1. If not, repeat the steps until Vie_in
is found to be less than a dc-link voltage level. However, if
Vie_min 18 greater than the maximum voltage level Vi max, the
final reference dc-link voltage will be V. = Vicmax. In this
way, the dc-link voltage fluctuation problem under the adaptive
dc voltage control method can be lessened.

3) DC-Link Voltage Feedback P/PI Controller: In addition,
the LC-HAPF can effectively control the dc-link voltage by feed-
back the dc-link voltage error signal as a positive fundamental
active and negative fundamental reactive current components
(—Apge, —Agqe)- Then, the de-link voltage Vg, can trend its
reference V. by changing the dc voltage reference compensat-
ing currents (%, 4, tzq_dc). Therefore, the proposed adaptive
dc-link voltage control scheme for the LC-HAPF can then be
implemented under various inductive linear loading conditions.
The adaptive control scheme can apply either P or PI controller
for the dc-link voltage control. Even though the P controller
can yield a steady-state error, it is chosen because it is simpler
and has less operational machine cycles in the digital signal
processor (DSP); therefore, it can yield a faster response than
the PI controller. If the dc-link voltage with zero steady-state
error is taken into consideration, PI controller is appreciated.
In addition, the LC-HAPF initial start-up dc-link self-charging
function can also be carried out by the proposed adaptive dc-link
voltage control scheme.

C. Final Reference Compensating Current and
PWM Contriol Block

The triangular carrier-based sinusoidal PWM method with
current error limiter is applied, so that the compensating current
error must be within the triangular wave. And the frequency of
the triangular wave is set to fi,; = 7.5kHz. After the process
of instantaneous power compensation and proposed adaptive
dc-link voltage control blocks as in Fig. 5, the final reference
compensating current 4., can be obtained by summing up the
Taps bags xp_de, and iyq_qc. Then, the final reference and actual
compensating currents 4, and i., will be sent to the PWM
control part, and the PWM trigger signals for the switching
devices can then be generated. The proposed adaptive dc-link
voltage-controlled LC-HAPF can compensate the dynamic reac-
tive power and reduce the switching loss and switching noise. In
the following, the LC-HAPF simulated and experimental com-
pensation results using the proposed adaptive dc-link voltage
control algorithm will be given.

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS OF THE
PROPOSED ADAPTIVE DC-LINK VOLTAGE CONTROLLER FOR
THE THREE-PHASE FOUR-WIRE LC-HAPF

In this section, the proposed adaptive dc-link voltage-
controlled LC-HAPF for dynamic reactive power compensation
in three-phase four-wire system will be verified by simulations
and experiments. Table II lists the simulated and experimental
system parameters for the LC-HAPF. When the loading reac-
tive power consumption is close to that provided by the passive
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TABLE II
LC-HAPF SYSTEM PARAMETERS FOR SIMULATIONS AND EXPERIMENTS

System Parameters Physical Values
Vi 55 Vims
Ly, R, 0.5mH, 0Q

s

X Resistance R;; and inductance L ;
(a) Under-compensation: e . . : 109, 30mH
L= 6mH, C,) =140pF for 1" inductive loading
Q”f,m =—145.1VAR Resistance R;, and inductance L;, 220, 30mH
for 2" inductive loading ’
. Resistance R;; and inductance L; ;
(b) Over-compensation: st . . 10Q, 30mH
L.;=6mH, C.; =190uF for 1" inductive loading
ch,_,,,.- =-203.5VAR Resistance R;, and inductance L;, 220, 30mE
for 2" inductive loading |

part at undercompensation and overcompensation situations, the
dc-link voltage requirement can be low. In order to show this
phenomenon, two sets of passive part parameters for the LC-
HAPF are chosen for testing. For the undercompensation case,
L.y =6mH, C.y = 140 uF, and the passive part supports a fixed
reactive power of Q.. ,, = —145.1 VAR. For the overcom-
pensation case, L.; = 6 mH, C.; = 190 yF, and the passive part
supports a fixed Q.. _,, = —203.5 VAR. The L., is designed
based on the switching frequency with switching ripple less than
0.5 A under a maximum dc-link voltage of Vg, , Vi, =40V
consideration. Then, the two C..; are designed based on the re-
active power consumption for the first inductive loading, and
both the first and second inductive loadings listed in Table II.

In order to simplify the verification in this paper, the simu-
lated and experimental three-phase loadings are approximately
balanced as shown in Fig. 6, so that the difference between
Viep and Vg, is small (Vg ~ Vg, ) during the adaptive dc-
link voltage control. If the three-phase loadings are unbalanced,
the dc capacitor voltage imbalance can occur, and the dc capac-
itor voltage balancing concepts and techniques in [23] and [24]
can be applied to balance the V., and Vg, under the proposed
adaptive dc voltage control method.

When the active part is operated together, the LC-HAPF can
support a reactive power compensation range. As discussed in
the previous section, in order to alleviate the dc-link voltage
fluctuation problem under the adaptive control method, the final
reference dc-link voltage V', can be classified into certain levels
for selection, in which V7 is set to have three levels (Vi ,
Vie, =10, 20, and 30 V) for the following simulation and
experimental verification.

Simulation studies were carried out using PSCAD/EMTDC.
In order to verify the simulation results, a two-level three-phase
four-wire center-split LC-HAPF prototype is also implemented
in the laboratory. The control system of the prototype is a DSP
TMS320F2407 and the sampling frequency of the LC-HAPF
system is set at 20 kHz. Fig. 5 shows the LC-HAPF control block
diagram for both simulations and experiments. Fig. 6 shows the
simulated and experimental reactive power at load-side Qr, .
When the first inductive loading is connected, the three-phase
simulated @, are 150.4 VAR with displacement power factor
(DPF) = cos 0, = 0.729, while the three-phase experimen-
tal Qr,, are 148.5, 146.4, and 145.1 VAR with DPF = 0.763,
0.742, and 0.746, respectively. When both the first and sec-
ond inductive loadings are connected, the three-phase simulated
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Fig.6. QL. ; for both undercompensation and overcompensation by passive part cases: (a) simulated @, , s and (b) experimental Q1 . IE
TABLE III
LC-HAPF SIMULATED AND EXPERIMENTAL MINIMUM DC-LINK VOLTAGE LEVEL WITH RESPECT TO @), s WITHIN Vycp, > Vae, = 10,20, AND 30 V
Reactive power by passive Simulated and experimental Required Minimum Level
part QCXffPF Qfo for three phases (VAR) Vie min/ 2 Vch s Vch
(a) Under-compensation: | 1 Joading Sim. | 150.4,150.4, 150.4 2.9V 10V
L.;= 6mH, C,;=140pF : Exp. | 148.5,146.4,145.1 1.8V 10V
=—_]45.1VAR 1t & 2™ Sim. | 200.0, 200.0, 200.0 29.5V 30V
chf PF AV, .
- loadings Exp. | 188.7, 184.5, 183.6 23.4V 30V
(b) Over-compensation: | 1 loading Sim. | 150.4, 150.4, 150.4 20.3V 30V
L.;=6mH, C,;=190pF . h E.xp. 148.5, 146.4, 145.1 22.3V 30V
Oy o = —203.5VAR 1™ & 2" Sim. | 200.0, 200.0, 200.0 1.4V 10V
f- loadings Exp. | 188.7,184.5, 183.6 7.6V 10V
Q1+, increase to 200.0 VAR with DPF = 0.810, while the three- and ~experimental ~dynamic process of the adaptive

phase experimental Q) , ; increase to 188.7, 184.5, and 183.6
VAR with DPF = 0.805, 0.815, and 0.822 respectively.

According to the designed three voltage levels (Vyc,, , Vac, =
10, 20, and 30 V) for both simulations and experiments, from
Table III, the LC-HAPF required minimum dc-link voltage level
will be Vi, , Vie, =10 Vor Vye, , Vae, = 30 V for compen-
sating the first loading or both the first and second loadings
during the undercompensation case. During the overcompen-
sation case, the LC-HAPF required minimum dc-link voltage
level will become Vi, , Vi, =30V or Vg, , Vi, =10V
for compensating the same loadings. In the following section,
the corresponding simulation and experimental results after the
proposed adaptive dc-link voltage-controlled LC-HAPF com-
pensation will be presented.

A. Undercompensation by Passive Part Situation (L.1 = 6 mH,
C.1 = 140 uF)

From Table III, the required minimum dc-link voltage level
for the LC-HAPF is Vg, , Vie, = 10V for the first load-
ing and Vi, , Vac, =30V for the first and second load-
ings. Therefore, the proposed adaptive control method for
the LC-HAPF can reduce the switching loss and switching
noise compared with a fixed Vg.,, Vi., = 30 Vcase. For
the simulated and experimental (Qz.,as shown in Fig. 6,
Figs. 7 and 8 illustrate the LC-HAPF whole simulated

dc-link voltage level and compensation performances during
undercompensation by passive part situation. Figs. 7(a) and 8(a)
show that the simulated and experimental dc-link voltage level
(Vdey » Ve, ) can be adaptively changed according to different
reactive power consumption of the loading. As the simulated and
experimental loadings are approximately balanced, only phase
b compensation diagrams will be illustrated. From Figs. 7(b)
and 8(b), the simulated and experimental system-side reactive
power Qs , of phase b can be compensated close to zero when
the first inductive loading or both the first and second inductive
loadings are connected, compared with Fig. 6. Figs. 7(c) and
8(c) show that the simulated and experimental DPF of phase
b can be compensated from 0.729 to 1 and 0.742 to 0.999, re-
spectively once the LC-HAPF starts operation during the first
inductive loading situation. Figs. 7(c) and 8(c) also clearly show
that the simulated and experimental system current ¢, of phase
b can be significantly reduced after the LC-HAPF compensa-
tion. From Figs. 7(d) and 8(d), the simulated and experimental
DPF of phase b can be kept at 0.990 or above when the second
loading is connected. The simulation results, as shown in Fig. 7,
are consistent with the experimental results as shown in Fig. 8.
Tables IV and V summarize the simulation and experimental
compensation results of the proposed adaptive dc-link voltage-
controlled LC-HAPF during undercompensation by passive
part situation. Compared with (7, , the three-phase simulated
Qsz, (5.0 or 22.0 VAR) and experimental Qs , (0.8, —1.5, 3.5
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Fig. 7. LC-HAPF whole simulated dynamic process during undercompensa-
tion by passive part. (a) Adaptive Vi, » Vie, - (0) Qsu 7 of phase b. (c) DPF of
phase b before and after LC-HAPF starts operation. (d) DPF of phase b before
and after the second loading is connected.

VAR or 25.2, 15.3, 22.2 VAR) have been compensated close to
zero when the first loading or both the first and second load-
ings are connected. These can be verified by showing three-
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of phase b before and after LC-HAPF starts operation. (d) DPF of phase b before
and after the second loading is connected.

phase simulated and experimental DPF = 0.990 or above and
THD,;  are within 3.0% and 5.0%, respectively. Moreover,
the simulated and experimental i, can be significantly reduced
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TABLE IV
SIMULATION RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH AN ADAPTIVE DC-LINK VOLTAGE CONTROL
(UNDERCOMPENSATION BY PASSIVE PART, L. = 6 mH, C.; = 140 uF)

Before Compensation After Compensation
Orx DPF= - Oy DPF= ise | THD;
Different Cases: 4 ’ - ’ s
( VAR) cosOLy | (Ams) ( VAR) €05 by | (Ammy) (%)
SCs :
1" inductive 1504 | 0729 | 401 | 50 1000 | 295 | 24
loading
5, nd
_ Tand2% o000 | 0810 | 625 | 220 | 0997 | 504 | 238
inductive loading
TABLE V

EXPERIMENTAL RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH AN ADAPTIVE DC-LINK VOLTAGE CONTROL
(UNDERCOMPENSATION BY PASSIVE PART, L.; = 6 mH, C.; = 140 uF)

Before Compensation After Compensation

Different Cases: QLY’ L],))‘P ; s st/ clzf g b 1D,
( VAR) “PLf | (Am) | (VAR) S| (Am) | (%)
™ inductive A | 1485 0.763 4.06 0.8 0.999 3.04 3.4
loading B | 1464 0.742 3.90 -1.5 0.999 3.05 4.9
C | 145.1 0.746 4.01 3.5 0.999 3.02 4.7
1"and2™ |[A ]| 1887 0.805 6.03 25.2 0.990 4.97 3.3
inductive B | 1845 0.815 5.87 15.3 0.993 4.96 4.1
loading C | 183.6 0.822 5.94 22.2 0.991 4.90 4.7

after LC-HAPF compensation. Figs. 7 and 8 and Tables IV
and V verify the proposed adaptive dc-link voltage-controlled
LC-HAPF for dynamic reactive power compensation during the
undercompensation case.

B. Overcompensation by Passive Part Situation (L.1 = 6 mH,
C.1 =190 uF)

From Table III, the required minimum dc-link voltage level
for the LC-HAPF is Vg, , Ve, = 30 V for the first loading and
Viey » Vae, =10V for the first and second loadings. There-
fore, the proposed adaptive control method for the LC-HAPF
can reduce the switching loss and switching noise compared
with a fixed Vj.,, Vie, = 30 Vcase. For the simulated and
experimental (7. ,as shown in Fig. 6, Figs. 9 and 10 illus-
trate the LC-HAPF whole simulated and experimental dynamic
processes of the adaptive dc-link voltage level and compen-
sation performances during overcompensation by passive part
situation. Figs. 9(a) and 10(a) show that the simulated and ex-
perimental dc-link voltage level (Vy., , Vi, ) can be adaptively
changed according to different reactive power consumption of
the loading. From Figs. 9(b) and 10(b), the simulated and ex-
perimental ), , of phase b can be compensated close to zero
when the first loading or both the first and second loadings are
connected. Figs. 9(c) and 10(c) show that the simulated and
experimental DPF of phase b can be compensated from 0.729
to 0.998 and 0.742 to 0.989, respectively, once the LC-HAPF
starts operation. Figs. 9(c) and 10(c) also clearly show that the
simulated and experimental system current i, of phase b can be
significantly reduced after the LC-HAPF compensation. From
Figs. 9(d) and 10(d), the simulated and experimental DPF of
phase b can be kept at 0.999 or above when the second loading
is connected. The simulation results, as shown in Fig. 9, are
consistent with the experimental results shown in Fig. 10.

Tables VI and VII summarize the simulation and experi-
mental compensation results of the proposed adaptive dc-link
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Fig.9. LC-HAPF whole simulated dynamic process during overcompensation
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voltage-controlled LC-HAPF during overcompensation by pas-
sive part situation. Compared with )1, , the three-phase simu-
lated Q. ,(—10.8 or 3.2 VAR) and experimental Qs ,(—13.4,
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TABLE VI
SIMULATION RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH AN ADAPTIVE DC-LINK VOLTAGE CONTROL
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TABLE VII
EXPERIMENTAL RESULTS BEFORE AND AFTER LC-HAPF REACTIVE POWER
COMPENSATION WITH AN ADAPTIVE DC-LINK VOLTAGE CONTROL
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Fig. 10. LC-HAPF whole experimental dynamic process during overcompen-
sation by passive part. (a) Adaptive Vyc,; , Vi, - (b) Qsz ; of phase b. (c) DPF
of phase b before and after LC-HAPF starts operation. (d) DPF of phase b before
and after the second loading is connected.

—16.8, —13.8 VAR or —3.4, —2.9, —0.8 VAR) have been com-
pensated close to zero when the first loading or both the first and
second loadings are connected. These can be verified by showing

three-phase simulated and experimental DPF = 0.990 or above
and THD;_ are within 4.0% and 6.0%, respectively. Moreover,
the simulated and experimental i, can be significantly reduced
after LC-HAPF compensation. Figs. 9 and 10 and Tables VI
and VII verify the proposed adaptive dc-link voltage-controlled
LC-HAPF for dynamic reactive power compensation during the
overcompensation case.

C. Comparison Between Fixed and Adaptive DC-Link
Voltage Control

During undercompensation by passive part case (L.; =
6 mH, C.; = 140 pF), with a fixed dc-link voltage of Vj,, ,
Vie, =30V, Figs. 11 and 12 show the LC-HAPF whole sim-
ulated and experimental dynamic compensation process for the
same loading situations as shown in Fig. 6. Comparing Figs. 11
and 12 with Figs. 7 and 8, the fixed and adaptive dc-link volt-
age control can achieve more or less the same steady-state
reactive power compensation results. However, the adaptive
control scheme just requires a lower dc-link voltage of V., ,
Vie, = 10 V for compensating the first loading as shown in
Figs. 7(a) and 8(a). For the adaptive dc-link voltage control of
the LC-HAPEF, due to its final reference dc-link voltage level
V. can be varied according to different loading conditions,
the compensation performance will be influenced during each
changing of the dc voltage level. Compared with the fixed dc-
link voltage control, the proposed adaptive control scheme will
have a longer settling time during the load and dc voltage level
changing situation, which can be verified by the compensated
stf as shown in Figs. 7, 8, 11, and 12.

Figs. 13 and 14 show the LC-HAPF simulated and experi-
mental compensating current 7., of phase b and their spectra
with 1) a fixed dc-link voltage of Vg, , Vi, = 30 V; and 2)
the proposed adaptive dc-link voltage control during the first
loading connected case. Since the reactive power consumption
of the first inductive loading can almost be fully compensated by
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Fig. 11. LC-HAPF whole simulated dynamic process during undercompen-  Fig. 12.  LC-HAPF whole experimental dynamic process during undercom-
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before and after the second loading is connected. phase b before and after the second loading is connected.

the passive part, as shown in Table II1, it is clearly illustrated, in  traditional fixed Vj., , Vic, = 30 V operation. Therefore, the
Figs. 13 and 14, that the adaptive dc-link voltage control scheme proposed adaptive control method for the LC-HAPF can reduce
can effectively reduce the switching noise compared with the the switching loss and switching noise compared with the
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undercompensation by passive part case.

traditional fixed dc-link voltage case. During overcompensation
by passive part case, the similar simulated and experimental
results can be obtained as well when both the first and second
inductive loadings are connected.

From Figs. 6-14 and Tables IV-VII, verify that the proposed
adaptive dc-link voltage-controlled LC-HAPF can obtain good
dynamic reactive power compensation performance and reduce
the system switching loss and switching noise.

In addition, the advantages offered by the proposed adap-
tive dc-link voltage control method for three-phase four-wire
LC-HAPF system can also be achieved in a three-phase three-
wire LC-HAPF system [12]-[14], [16]. With the help of the
three-phase three-wire LC-HAPF modeling [16], the required
minimum dc-link voltage Vi._min. With respect to different
Qrz,in (11) becomes

3v2
2

Qfo

1 <=4

Vv,
[

13)

Vdc_min r =

From Fig. 5, after replacing the determination of adaptive min-
imum dc-link voltage in the three-phase four-wire system part
by a three-phase three-wire one as shown in Fig. 15, the pro-
posed adaptive dc-link voltage control block diagram as shown
in Fig. 5 can also be applied for the three-phase three-wire LC-
HAPF.

Moreover, the proposed adaptive dc-link voltage control
scheme for the LC-HAPF in this paper can also be extended
to include current harmonics as well. When the current har-
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, Vie, =30V and (b) the proposed adaptive dc-link voltage control during

monics is also taken into consideration, from (11) and (13),
there will be an extra harmonic component term added to the
required minimum dc-link voltage Vjc_min.. Thus, the final
three-phase required minimum dc-link voltage Vy._pi, for the
LC-HAPF will be increased. Since this paper focuses on the
adaptive dc-link voltage control for the three-phase four-wire
LC-HAPF system in dynamic reactive power compensation, the
adaptive dc voltage control details, simulation, and experimental
results for the three-phase three-wire and three-phase four-wire
LC-HAPF under fundamental reactive power and current har-
monics consideration are not covered in this paper.

VI. CONCLUSION

An adaptive dc-link voltage-controlled LC-HAPF with dy-
namic reactive power compensation capability in the three-
phase four-wire system is proposed in this paper. In order to
implement the adaptive dc-link voltage control algorithm, the
LC-HAPF required minimum dc-link voltage for compensat-
ing different reactive power is deduced and its adaptive control
block diagram is also built. The final reference dc-link voltage
is classified into certain levels for selection, so that the impact
on the compensation performances by the fluctuation of the
adaptive dc-link voltage in the practical case can be reduced.
Moreover, the viability and effectiveness of the proposed adap-
tive dc-link voltage control for the three-phase four-wire LC-
HAPF have been proved by both simulation and experimental
results, in which it can achieve a good dynamic reactive power



LAM et al.: ADAPTIVE DC-LINK VOLTAGE-CONTROLLED HYBRID ACTIVE POWER FILTERS FOR REACTIVE POWER COMPENSATION

Simulated I, Spectrum

100.0

1771

Experimental I, Spectrum

100
90
a0
K 0_
s 60 2
E 50 %
2 T
2 403
< ae
= 30
20
0.0 || — — 10
1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 3 il L]
Harmonic Number 13 5 7 9 1 13 15 17 13 21 23
Harmonic Number
()
Simulated Ic, Spectrum Experimental I, Spectrum
100.0 100
90
80
e
o =
:
s rrrrererrbrrererrerrbrEErErrEr 503
€ 5
3 40,2
< a¢
= a0
20
10
0.0 — 0 I
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 e i A T T T T T T T
Harmonic Number (b) Harmonic Number
Fig. 14.  Simulated and experimental frequency spectrum for i.,; of phase b with (a) a fixed V¢, , Vac, = 30 V and (b) the proposed adaptive dc-link voltage

control during undercompensation by passive part case.

Determination of Adaptive Minimum DC-link Voltage Value in 3-phase 3-wire System
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Fig. 15. Determination of adaptive minimum dc-link voltage in the three-
phase three-wire system.

compensation performance as well as reducing the switching
loss and switching noise compared with the traditional fixed
dc-link voltage LC-HAPF. Therefore, the proposed adaptive dc-
link voltage-controlled LC-HAPF is a cost-effective solution
for dynamic reactive power compensation in practical situation.
Nevertheless, this adaptive control method would not reduce the
initial cost of the LC-HAPF because its maximum compensation
range is merely determined by its specifications.
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