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Abstract: This study provides the design, control and comparative analysis of the proposed LCLC coupling hybrid active power
filter (LCLC-HAPF). Compared with the conventional L filter coupling active power filters (APFs), LC filter and LCL filter coupling
HAPFs (LC-HAPFs and LCL-HAPFs), the proposed LCLC-HAPF provides better switching frequency harmonics elimination,
lower dc-link voltage rating and switching loss. Although the LCLC-HAPF has some advantages, two main challenges will still
be confronted in practical implementations. Those are stability problems caused by resonance of LCLC filter, and parameter
design for the LCLC filter. In this study, a new active damping method is proposed to overcome the high order resonance
problem existing in the proposed LCLC-HAPF. After that, the stability analysis and parameter design are given for the proposed
LCLC-HAPF. Finally, the effectiveness of the proposed LCLC-HAPF topology is validated through both simulation and

experimental studies in comparison with the conventional APFs and HAPFs.

1 Introduction

Low power factor and current harmonic distortion are considered
as two major power quality issues in three-phase three-wired power
system. To solve the power quality issues, different power quality
compensators have been proposed among the existing literature [1—
33].

Before the advent of power electronics, passive power filters
(PPFs) [1] and static var compensators (SVCs) [2, 3] have been
widely used to compensate reactive power and/or suppress current
harmonics due to the desirable characteristics of the low cost and
simplicity. However, both PPFs and SVCs have the disadvantages
of slow response, poor dynamic performance and resonance
problems. To address the above potential problems in PPFs and
SVCs, the L filter coupling active power filters (APFs) were
proposed. However, the APFs require high-power rating voltage
source inverters (VSIs) [4], which lead to the increase of the initial
cost and power loss. Some hybrid APFs (HAPFs) topologies have
been proposed to overcome the limitations of the traditional APFs.
There are two common topologies. One is the active filter added in
parallel to a fundamental resonance circuit forming the injection-
type HAPFs (IT-HAPFs) [5-9], and the other is the active filter
added in series to the passive filters (series HAPFs) [10-18]. In the
first case, the topology only outputs harmonic currents, therefore,
the power rating of the active part is low. The series resonance
circuit must tune at the fundamental frequency [5]. However, the
ageing of the components will cause the resonance point to shift,
which will eventually affect the performance. On the other hand,
additional compensators are required to accomplish more
functionalities. For example, thyristor-controlled reactors are
increased to compensate reactive and unbalanced current [7, 9]. For
the second case, the most common types are LC-coupling HAPFs
(LC-HAPFs), the required dc-link voltage rating of the VSIs is also
small since most of the voltage drop occurs on the capacitor.
Meanwhile, it can compensate harmonics and reactive currents
without additional compensators. In addition, SVC coupling
HAPFs (SVC-HAPFs) are studied in [15-18], which have the
characteristics of a wider compensation range than LC-HAPFs.
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However, the topology is more complicated than that of LC-
HAPFs.

For the two type HAPFs discussed above, there is little
discussion about high-frequency harmonic suppression. For most
series HAPFs, the passive part is the LC filter. However, the LC
filter cannot suppress the high order harmonic current well, unless
a big inductance value is used. Otherwise, the switching frequency
sideband harmonics are difficult to meet the IEEE standard
requirements [19]. To reduce the high order harmonic current, the
LCL filter coupling HAPFs (LCL-HAPFs) have been reported in
[20-26]. Compared with the L filter and LC filter with —20 dB/dec
attenuation, the LCL filter can obtain a —60 dB/dec attenuation as
described in [21]. In addition, if the resonance frequency, is set to
bigger than 2 times the highest compensated frequency that will
not affect the compensation performance of the LCL-HAPFs [22].
However, the LCL-HAPFs use a similar dc-link voltage as that of
APFs. To combine the advantages of LC filter and LCL filter,
hybrid distribution static synchronous compensators (hybrid-
DSTATCOMs) topology is proposed in [27]. And, a passive
damping (PD) resistor is inserted into the hybrid-DSTATCOMs to
overcome the system instability. However, the PD resistors can
cause extra power loss and thereby reduce the system efficiency.
Moreover, the additional resistors can weaken the high order
frequency harmonic attenuation.

Actually, the active damping (AD) methods have been
developed for LCL-HAPFs applications [28-33]. Among them, the
virtual resistor (VR) methods are the most popular ones [28-32].
Either the capacitor current [28-30] or the capacitor voltage is
feeding back [31-32] to the system in order to obtain satisfactory
performances without causing the system instability. However,
these VR methods require additional high-precision sensors to get
extra feedback information, which can increase the cost. To avoid
additional sensors, another AD method is proposed in [33], which
is directly used in the grid-side current as a feedback signal.

In this paper, an LCLC coupling HAPF (LCLC-HAPF) is
proposed for reactive power and current harmonics compensation.
Compared with the existing APFs and HAPFs, the LCLC-HAPF
provides better high-frequency harmonics suppression capability,
lower VSIs power rating, lower switching loss and smaller inductor
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Table 1 Characteristics of different compensators

Response Resonance DC-link High order harmonics Power Cost
time problem voltage attenuation loss
PPFs [1] slow yes — — small low
SVCs [2, 3] slow yes — — medium low
APFs [4, 5] fast no high large large high
LC-HAPFs [11-19] medium no low large medium medium
LCL-HAPFs [24-30] fast no high small large high
hybrid-DSTATCOM s [27] medium no low medium medium  medium
proposed LCLC-HAPF medium no low small small medium
Note: Bold text means undesirable characteristics.
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Fig. 1 Circuit configurations of the proposed LCLC-HAPF

value requirement. Based on the above discussions, the
characteristics of different compensators are summarised in
Table 1.

In addition, in order to guarantee the stability of the LCLC-
HAPF system, the AD methods can be used to mitigate the
resonance problem. However, no AD methods for LCLC filters
have been reported before. And the AD method in [33] is not
directly applicable to LCLC-HAPF. In this paper, an AD method is
proposed for the LCLC-HAPF to further reduce the switching
frequency sideband harmonic current and to avoid the high order
resonance phenomenon existed in the LCLC-HAPF.

The main contributions of this paper can be summarised as
follows:

* An LCLC-HAPF is proposed, with the distinctive characteristics
of a lower dc-link voltage rating, lower switching loss and better
harmonic elimination than conventional APFs and HAPFs.

* A new AD method is proposed for LCLC-HAPF to avoid
potential stability issues.

* Comparative analysis of the dc-link voltage requirements and
high-frequency harmonic attenuation capability are provided
among the different topologies.

 Its parameter design method and control strategy are proposed
based on considerations of the compensation function and high-
frequency harmonic current elimination.

The rest of this paper is organised as follows. In Section 2, the
circuit configurations are provided for the APF, the HAPFs (LC
and LCL filters) and the proposed LCLC-HAPF, and their
comparative study is provided. In Section 3, a control strategy
based on the AD method is proposed for the LCLC-HAPF to avoid
the resonance problem, and its stability issues are also discussed. In
Section 4, the parameter design of the LCLC filter is introduced.
Then representative simulation and experimental results are
provided for the conventional APF, LC-HAPF, LCL-HAPF and the
proposed LCLC-HAPF in Section 5, respectively. Finally, the
conclusion is drawn in Section 6.
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Fig. 2 Equivalent single-phase circuits
(a) APF,

(b) LC-HAPF,

(c) LCL-HAPF,

(d) LCLC-HAPF

2 Comparative analysis of APF, LC-HAPF, LCL-
HAPF and the proposed LCLC-HAPF

In this section, the comparative analysis of APF, LC-HAPF, LCL-
HAPF and the proposed LCLC-HAPF are provided and discussed.
Their circuit configurations are introduced in Section 2.1. Then,
their corresponding comparisons in terms of dc-link voltage and
switching frequency harmonic attenuation are provided in Sections
2.2 and 2.3, respectively.

2.1 Circuit configuration of APF, LC-HAPF, LCL-HAPF and
the proposed LCLC-HAPF

Fig. 1 shows the circuit configurations of three-phase three-wired
LCLC-HAPF. In this paper, the subscript ‘x’ denotes phases x=a,
b, ¢, vgy, vy and vigyy are the source phase voltage, load voltage and
inverter voltage, respectively. iy, iy, i1y I and icp, are source
current, load current, inverter-side current, grid-side current, and
current through Cj, respectively. The coupling capacitor C, in
LCLC filter can provide a large voltage drop between v, and vj,y,.
And, Ly, L, and Cj are used to eliminate the harmonic current. If
the passive part is replaced by the coupling L filter, LC filter and
LCL filter, it becomes APF, LC-HAPF and LCL-HAPF,
respectively.

Based on Fig. 1, the single-phase equivalent circuits of APF,
LC-HAPF, LCL-HAPF and LCLC-HAPF are shown in Fig. 2. In
Fig. 2, viny, , represents the inverter output voltage under different
passive filtering circuits, where the subscript ‘y’ denotes different
coupling impedances of L, LC, LCL and LCLC filters. In Fig. 2,
matrix [¥,] is the coupling admittance of the two-port network.
Under the same system and loading conditions, the load voltage v,
and the grid-side current i, are the same idea case, while the
inverter voltage vinyy , and the coupling admittance [¥,] are
different. In the following, the total inductance of each filtering
circuit topology in Fig. 2 is kept the same for a fair comparison,
whichis L=L;+L,.
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2.2 Comparisons of inverter voltage and dc-link voltage

According to the equivalent single-phase circuits in Fig. 2, the
inverter-side current and grid-side current can be expressed as:

Lix_y
by

where Y1y 5, Y12 ), Y21 4, Y22 ) are the admittance parameters of
two-port network [34]. In (1), the grid-side current i, and inverter
voltage Vinyx , can be expressed in terms of fundamental and
harmonic components as follows:

YIIJ’ Y127y

(M

Vinvx. J:|

Vx

Yy y Yzzfy

by = by + Z bxn = Vinvayt * Yoyt + Ve * Yooy
n=2

+ Z Vinvx_yn * ZJJH

n=2

@

Vinvx_y = Vinvx_y1 + 2 Vinvx_yn
n=2

. 0
_bxi = Ve Y227yl Z bxn
YZ]_yI =

where the subscript ‘1’ denotes the fundamental component, the
subscript ‘n’ denotes the harmonic component. Equation (3) can be
re-written in cosine form as:

€)

\/5 - Lyicos(wt + ¢l) — \/f Yo i -

Vinva_y =
i Yoy

V. cos(wt)

“4)

Z \/— ]7xncos(wnt + (pn)

214n

where V is the root-mean-square (rms) value of the source phase
voltage, I, and Iy, are the rms of the grid-side fundamental
current and the nth-order harmonic current, respectively. ¢; is the
phase angle between v, and iy,|, ¢, is the phase angle between v,
and ipg,. The Yy ,, and Y51 ), for APF, LC-HAPF, LCL-HAPF,
LCLC-HAPF can be expressed as follows:

1

Yzz_Ln = Yz]_Ln = W (5)
jnwC,
Yoion=Yurocn=7—"—""5+
2_LC 21_LC 1— (nw)zLCZ (©)
1 — (nw)’L,C,
Y. n= : 7
22 LCL —j(nw)’ LiL,C, + jna(L, + L) @
1
Y. n=— :
P (o) LILC, + jnao(L, + L) ®
y B —j(w)’L,C,\C, + jnwC, ©)
22_LCLCn (1) LL,C,Css" — (nw)(L,C, + LCy) + 1
inwC.
Yzl_LCLCn = o (10)

(hw)*LL,C,C> — (nw)(L,C, + LC,) + 1

According to (4)—(10) with n =1, the fundamental inverter voltage
Viny 51 for APF, LC-HAPF, LCL-HAPF, LCLC-HAPF can be
expressed as follows:

=2V, cos(m1) + 2w, L cos(ant + @,) (11)

Vinvx_L1
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\/flmcos(a)lt + @)

Vinvx_LC1 = \/EVXCOS(G)II’) - a)lcz (12)
+2w, L1 cos(oit + ¢,)
Vinvx LCL1 = 2V cos(@it)(1 — wiL,C) (13)
+\/§w1LI2xlcos(w]t + @)
2L cos(mt + ¢,)
Vinve_LeLCr 2 |2V cos(@it) — % (14)

(1 - @’L,C) + \/E(ullexlcos((ult + @)

On the other hand, with (4)—(10) and »n > 1, the inverter voltage at
the harmonic frequency viny, ,, for APF, LC-HAPF, LCL-HAPF,
LCLC-HAPF can be deduced as follows:

Vinvx_Ln = \/Econlex,,cos(nwlt + ¢n) (15)
1
Vinvx_LCn = \/E(wnl‘ - W)szncos(nwlt + (/)n) (16)
n“-2
Vinvx_LCLn = \/i(wnl‘ + wZLlecl)Izmcos(nwlt + (/)n) (17)
Vinvx_LCLCn =

(18)

,L,C,

1
\/E(CU,,L - m + a)ZLlLZC] + T)ILWCOS(I’ZCU]Z + (ﬂn)

In general, the required dc-link voltage of the inverters should be
larger than the peak value of the inverter output voltage (Vigyx 5) to
ensure proper compensation. According to (4), the vy , is
composed of fundamental and harmonic components. Therefore,
the peak value of vjyy, , is related to the amplitude and phase of
each component. It is very difficult to solve the peak value of
Vinvx_y- Considering the worst phase relation between each
harmonic component, that is, vjyy, , obtains the maximum value.
Equation (4) can be expressed as:

Y. Iy ]xn
VinVX_ymux = \/g I\/— V 2 \/— 2 I|+ Z |\/— 2 ) (19)

Y, 1yt

21 _yn
where 4/3 is the three-phase three-wire system coefficient.
Assuming m is the pulse width modulation index, which is

normally smaller than 1 (m <1), according to (19), the minimum
required de-link voltage V. ,, can be expressed as:

[+

Y227y1 N Vx - szl
Y214r1

IZXV!

20
Voo ol| G2

1
Vdc_y = %vinvx - ymax > \/6

n=2

Vinva_yl Vinvx_yn

where the fundamental component (viyyy y1) can be obtained by
(11)~(14) and harmonic component (Vinyy ,,) can be obtained by
(15)—(18).

According to the above analysis, Ry , is defined as the required
de-link voltage ratio between LCLC-HAPF and other filters (Rqc
= Vae e/ Ve y» y=L, LC, LCL) as shown in Fig. 3. When the
coupling filter is L filter as an APF, it has Ry. 1 = Ve Lene/Vde L
When Ry, 1 =0.5, it means that the required dc-link voltage of
LCLC-HAPF is half of that of APF. As shown in Fig. 3, Ryc 1 1s
less than 0.5 as a result, therefore, the LCLC-HAPF require§ dc-
link voltage is 50% less than that of APF. Similarly, we can obtain
the following results:

(i) The LCLC-HAPF requires a dc-link voltage, which is 50% less
than that of APF and LCL-HAPF.

(i1) Only in a small region, LC-HAPF obtains a dc-link voltage that
can be comparable to the LCLC-HAPF one, but its harmonic
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attention capability is not as good as LCLC-HAPF one (This
characteristic will be explained in the following sections).

2.3 Comparisons
attenuation

of switching frequency harmonic

This section aims to prove that the LCLC part of the proposed
LCLC-HAPF obtains attractive high-frequency harmonic
attenuation, thus low cost and smaller volume of filtering inductor
can be selected for the LCLC-HAPF. According to (5), (6), (9),
(10), the comparative bode plots of the passive parts of the LC-
HAPF, LCL-HAPF and LCLC-HAPF can be plotted in Fig. 4
where C;=10pF, C,=120pF, L;=1mH, L,=23mH, L=3.3
mH. The bode diagram can be divided into three segments:
segment I, segment Il and segment III. The dividing line is the four
resonance points ;.1 c, @ CLs @relLCLC aNd @01 cLc (in radians

per second) or frrc, freLcLs freiLcLe and frorcLc (in hertz).
According to (5), (6), (9), (10), the resonance points can be
calculated as follows:

1
WreLC = Tic. (21)
2
L
WDreLCL = LLC, (22)

\/ C\ + LC, —LIC} + I’C; + 2L2C,C, — 2LL,C,C,
Wre|LCLC =

2L,L,C\C,
w I‘(:2 = WreLC

L,C
DresLCLC =
ﬂ = WreLCL

where w,,1 c and w,, ¢ are the resonance points of the LC filter of

the LC-HAPF and LCL filter of the LCL-HAPF, respectively, and
WrelLcLe and oo cLc are the two resonance points of the LCLC

filter of the proposed LCLC-HAPF.

We focus on the comparison of high-frequency characteristics
(in segment III). The slope of Y51 rcLc/Y21 LeLs 18 0 dB/dec, and
the slope of Y21 LCLCn/YZI Lns Y2_1 LCLCn/Y2_1 LCn are —40 dB/dec
in Fig. 4. The QOlg(YZI J,:) is the attenuation of corresponding
different filters, the subscript ‘)’ denotes different filters, y=L, LC,
or LCL. Atten_y = 2Olg(Y2l_LCLCn/Y21_yn) = 2Olg(YZI_LCLCn)
—201g(Y21 yn), which is defined as the attenuation difference
between LCLC filter and other filters at switching frequency f;.
Therefore, if Aye, =0 dB, which means LCLC filter and y have

(23)

|+ LC, +JLIC} + L’C: + 2LiC,C, — 2L,L,C,C,
2L,L,C\G

24
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Fig. 4 Bode plots of Yz pcrew/Y21 Ln, Y21 Lcrew/Y21 Len and
Y21 LeLen/Y21 LCLn

the same attenuation. if Ayen , > 0 dB, the attenuation of y is bigger
than LCLC filter. Inversely, 4yen , <0 dB, the attenuation of y is
less than LCLC filter.

InFig. 4, Atten_LCL =0dB, Atten_L :Atten_LC- The Atten_L can be
obtained by the asymptote of Y»; ycrcn/Ya21 .- The asymptotic
transition frequency is f,.o1 cLC where the magﬁitude equal to 0 dB.
Thus, Agen 1 1s equal to the slope of Y5; rcrcn/Y21 1, multiplied
by the loggrithmic form of the distance between fs_and Jfre2L.CLCS
which can be expressed as:

s

Alten L — Atten _LC= — 40] N
f re2LCLC

(25

where —40 dB/dec is the slope of Y21 rcLca/Y21 Lo 18(fs/fre2LcLe)
is logarithmic form of the distance between f; and f;eo1 cLc-

According to Fig. 4, the advantage of LCLC filter is that it has
the same attractive attenuation as LCL filter, and a 401g(fy/f;e2.cLC)

dB higher than that of L and LC filter. Thus, low cost and smaller
volume of the inductor can be selected for the LCLC-HAPF under
the same attenuation at f;.

2.4 Summary

Based on the discussions of dc-link voltage requirement in Section
2.2 and high-frequency harmonic attenuation in Section 2.3. These
two items will be reflected into switching frequency sideband
harmonic current 7}, ¢. I, ¢ is caused by the switching frequency
sideband harmonic V_oltag_e Vi s which is positively correlated with
the dc-link voltage [35]. Acco;ding to Ohm's law, the current (4, )
is directly proportional to the voltage (V}, 5) and inversgly
proportional to the impedance (1/Y21 ). Therefore, Iy s is directly
proportional to V4. and high-frequency attenuation (Y21 ). R sy
denotes 1}, ¢ ratio between LCLC-HAPF and APF, LC-HAPF, LCL-
HAPF. thi sy can be expressed as:

Yy LeLen

Rin_sy = Rac_y -
_SYy Yy
’ Y Yo e-gun

(26)

where Y21 rcLca/Y21 yu is the high-frequency attenuation ratio
between the passive part of the LCLC-HAPF and those of the APF,
LC-HAPF and LCL-HAPF. For LCL ﬁlter, Y21 LCLCn/YZI LCLxn is
equal to 0. According to (25), the Yay LcLca/Yai rnand
Ya1 Lenen/Ya1 Len at fi/fy can be obtained as follows: B

Y2 LeLen
Y2I_Ln n=ff

_ Yy 1cLen

_ frezLCLC )2 (27)

n=fs/f1_( fs

Yz 1_LCn
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Table 2 Comparison of the passive parts of the APF, LC-
HAPF, LCL-HAPF and LCLC-HAPF in terms of dc-link
voltage, high order harmonic attenuation and switching
frequency sideband harmonic current

Compensator Rge yin  Agen y, dBin  Ryy sy in (26) and
Fig. 3 Fig. 4 (27)

APF <0.5 -40lg(fs/  0.5(fenLcLC/fs)2 < 1/8
fres2LcLC)

LC-HAPF =1(<1) ~401g(fs/ (FeaLoLClfs)2 < 1/4
fres2LcLC)

LCL-HAPF <0.5 0 <1/2

LCLC-HAPF 1 0 1

L L, G
VinvfoCZC

i
ic]
o ve
RPDﬂ

Fig. 5 Conventional PD method for LCLC-HAPF

In generally, fieso1.cLc 18 required to be less than 0.5f; [22], which
means that both Y»; rcrca/Y21 rand Yo1 roren/Ya1 Len are less
than 1/4 at f;/f; according to (27). In addition, Y»; rcLca/Ya1 LeLa
is equal to 1 at fy/f]. - -
Based on the above discussions, the comparative characteristics
of the passive part of the LCLC-HAPF and those of the APF, LC-
HAPF and LCL-HAPF are summarised in Table 2, in which the
lower Ryc y, Atten y» and Ry g, indicate the higher de-link voltage,
weaker high-frequency attenuation capability and higher switching
frequency sideband harmonic current in terms of the passive part of
the LCLC-HAPF, respectively. From Table 2, it can be seen that:

(i) The LCLC-HAPF filter requires lower dc-link voltage
compared with APF and LCL-HAPF.

(i) The LCLC-HAPF has better high-frequency harmonic
attenuations compared with APF and LC-HAPF.

(iii) The LCLC-HAPF obtains the minimum switching frequency
sideband harmonic current compared with APF, LC-HAPF and
LCL-HAPF, in which the ratio (Ryy g,) is less than 12.5, 25 and
50%, respectively.

Therefore, the LCLC-HAPF obtains low dc-link voltage, good high
order harmonic attenuation and low switching frequency sideband
harmonic current simultaneously, while the others cannot satisfy
those characteristics simultaneously.

3 Damping strategy and stability analysis

In this section, the comparative analysis of the conventional
damping methods and the proposed damping methods are
separately provided in two sections. In Section 3.1, the
conventional PD method is discussed. In Section 3.2, the proposed
AD method for the LCLC-HAPF is analysed.

3.1 Conventional PD method

The conventional PD method that a resistor is inserted to series
with C; [27], is shown in Fig. 5.

The transfer function ip(s)/Vinyx LcLc(s) of the LCLC filter
with PD method in Fig. 5 can be deduced as follows:

i ($) _
Vinvx_LcLc(S) .
CICZRPDSZ + CZS ( )

LL,C,Cos* + LC,C,Rpps” + (L,C, + LC,)s” + C\Rpps + 1
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L (L2C2s2 + 1)
CoRyp

Hicre(s)=

Hy®)=ksyp—5———
s°+2nwy,s + wy,

Fig. 7 AD-based control block

(a) Capacitor current feedback,

(b) Tts equivalent grid-side current feedback,

(¢) Proposed AD method with grid-side current feedback

The bode plots of i,(8)/Vinvx LcLc(s) With different Rpp values is
illustrated in Fig. 6. It can be observed that the magnitude of this
resonant peak can be damped below 0dB at fiopcrc, which
indicates the additional resistor Rpp can prevent the resonance
phenomenon. However, the additional resistor's loss will be
introduced substantially. In addition, Fig. 6 also shows that the
slope of LCLC filter with PD method will be larger than —60
dB/dec as the damping resistance increases. In other words, the
high-frequency attenuation capability is weakened by Rpp.
Therefore, the PD method is not desirable.

3.2 Proposed AD method and system stability analysis

The structure of the AD method based on the capacitor current
feedback is shown in Fig. 7a, where Ryg represents the value of
VR in parallel with C;. G¢(s) is current controller. Gy(s) is the
control delay. By using the signal-flow graph method, the capacitor
current feedback can also be transformed into grid-side current
feedback as shown in Fig. 7b, in which the second-order derivative
feedback H| ¢ c(s) can be expressed as:
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L(L,Cos” + 1
Hycrc(s) = 1(C2+VR) (29)

The bode plot of Hy ¢ c(s) is shown in Fig. 8.

In the high-frequency region, the slope of the Hf ¢ c(s) is —40
dB/dec. And the slope of Hy ¢ c(s) is 0 dB/dec when the frequency
is less than turning frequency f7 ¢ in the following equation:

1
fno= E\/l/l/zcz (30)

However, Hy ¢ c(s) seems to be difficult and unreliable no matter
what digital control is adopted. Therefore, a simple digital
implementation method is required to replace the one needs the
Hicrc(s). The feasibility of using a first-order high-pass filter
(FHPF) and a second-order high-pass filter (SHPF) to replace
Hi crc(s) is discussed as the following.

The FHPF with phase-shifting feedback of the grid-side current
for LCLC filter can be expressed as:

s
Hi(s) = — kADm 31)
where kap represents the proportional feedback index, wp (in
radians per second) or f;, (in hertz) is the turnover frequency of the

FHPF. The negative sign is used for phase-shifting 180°.
The SHPF transfer function can be expressed as:

2
N

H,(s) = kaAp5——"——
A(5) ADS2+277whs+co}21

(32)
where kap represents the proportional feedback factor, wj, is the
turnover frequency of the SHPF, and # is the damping coefficient
of the SHPF. wy, is recommend to 4 times @,,, cLc, and 7 is equal
to 0.707. In the high frequency region, the phase of the SHPF is
consistent with Hy ¢ c(s), therefore, no negative sign is required.
The comparison between H;(s) and H(s) applied to the LCLC
filter is shown in Fig. 8. It can be observed that H(s) and H,(s)
achieve the same damping effect at forcrc. However, the
amplitude of Hy(s) is 16 dB less than H/(s) at f; 52, which avoids
the resonance activated at f7 ,¢> (This conclusion will be discussed

next).
In Fig. 7, Ge(s) is the proportional-integral (PI) controller, the
transfer function of this PI controller is provided in

Guls) = Ky + % (33)

where K, is the proportional gain, Kj is the integral coefficient;
G(s) is the control delay in Fig. 7, which includes one sampling
period T, and the modulator introduces another delay of 0.57;. The
total delay in the control loop is, thus, 1.57,, expressed
exponentially as:

Gd(s) — e—l.5T5s (34)
The open-loop transfer function of Fig. 7b is:

Goorls) = G(5)Ga(s)YLcLc(s)
open 1+ Gy()Y1crels)Hicrc(s)

(33)

Replacing Hy cpc(s) in (35) with H (s) and Hj(s), the open-loop
stability of the two AD methods can be compared. Fig. 9a shows
the bode plots that H oy c(s)=H;(s) when wy is 0.8wepr crc and
kap varies. After enabling AD, the open-loop transfer function
adds two open-loop poles (p =2 in Fig. 9). The gain of the resonant
peak is decreased at fr.or cLc, and the phase margin (PM) is always
getting smaller when kap is increased. When kpp is 30, the PM
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Fig. 9 Bode plots of the open-loop transfer function with different AD
methods

(a) kAD of H{(s) changes from small to large,

(b) koD of Hp(s) changes from small to large

around f;,c» is only 13.1°, which does not meet the engineering
requirements. Fig. 95 shows the bode plots that Hy cpc(s) = Ha(s)
when wy, 1s 4,01 crc and kap varies. With the increase of kap,
the gain margin is increasing and the PM is little changing. Thus,
the SHPF-based AD method is preferred as shown in Fig. 7c.

According to (35), the closed-loop transfer function can be
written as:

Gilosed(s)

Ge(5)G(8)Y1.cL.c() (36)

T T+ Ga(9)Ga(s)YLorc®) + Ga®) YLere®HioLe(s)
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Fig. 10 Pole-zero map by varying kap from small to large
(a) FHPF-based AD,
(b) SHPF-based AD

Replacing Hy cpc(s) in (36) with Hi(s) and H(s), the pole-zero
map of the closed-loop system is shown in Fig. 10 using the Tustin
discretisation method.

In Fig. 10a, two low-frequency poles appear on the outside of
the unit circle as kpp increases. Therefore, the system becomes
unstable, and the unstable frequency is around f; . In Fig. 105,
the low-frequency pole respects insensitively as the kop increases.

In summary, the FHPF-based AD method will activate the low-
frequency resonance at f7,c>. The SHPF-based AD method can
effectively solve this problem without activating low-frequency
instability.

4 Parameter design of the LCLC filter

In the following, the design procedure of the LCLC filter
parameters will be discussed in details.

4.1 Grid-side capacitance C,

The C, should be designed to provide part of reactive power based
on LCLC-HAPF capacity. The C, can be calculated as:

_ 120%Sy
 6nf\V:

2

(37

where Sy is apparent power rating of LCLC-HAPF, f; is the
fundamental frequency. 120% is under compensation margin
consideration. When the LCLC-HAPF's capacity is designed as 5
kVA, C, is selected as 120 pF.

4.2 DC-link voltage Vg,

A sufficient dc-link voltage is necessary to achieve good tracking
performance. In Section 3, we have already analysed the required
dc-link voltage. According to (14), (18) and (20), V4. can be

simplified as:

Loy
Vdc = \/B(Vx - wlcz)(l + Mr) (38)

where M, is the design margin for Vy.. The M, includes not only

the safety margin, but also the dc-link voltage requirement for the
harmonic component. In this paper, a safe margin of 30% is chosen
for reactive and harmonic compensation [22, 33]. Therefore, Vy, is
selected as 220 V according to (38).

4.3 Inverter-side inductance L4

The minimum inductance of L can be selected as:
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where [y is nominal current, Kyjpple is the ratio of the maximum

peak-to-peak current ripple to the rated fundamental current. The
kipple 18 generally set to be less than 20%.

According to (39), L; should be larger than 1.96 mH. In this
paper, L} =2.3 mH is chosen.

4.4 Grid-side inductance L,

The first resonance point frejpcrc iS determined by L;+L,. The
impedance of the LCLC filter is minimised at f;o;; crc. Therefore,

the required dc-link voltage to compensate harmonic current is
minimum at fe | cLC

1

L+h=mmwﬁg

(40)

Considering the test load situation, n=75 is selected and the value
of L +L,=3.38 mH. When L;=2.3 mH is designed before, thus

L,=1.0 mH is chosen.

4.5 Capacitance Cy

The limitation of capacitance C| can be estimated by fieo1 cLc. An
applicable range of resonant frequency fieo1.cLc reaches from twice
of the highest compensated frequency f., to one-half of the
switching frequency f;, i.e. 2fch <freorcrLc <0.5f5 [22]. According
to (24), C; =10 pF is selected, freor cLc is equal to 1950 Hz.

Based on the above analysis, LCLC filter parameters are listed
in Table 3.

5 Simulation and experimental results

In this section, representative simulation and experimental results
will be provided to verify the advantages and effectiveness of the
LCLC-HAPF with the proposed AD method. The section mainly
includes:

e The performance comparison among APF, LC-HAPF, LCL-
HAPF with PD, LCLC-HAPF with PD and LCLC-HAPF with
AD.

» Comparison of dc-link voltage requirement for LC-HAPF and
LCLC-HAPF.

* Proposed AD methods for LCLC-HAPF.

The simulations are verified through PSCAD/EMTDC software. A
5 kVA three-phase three-wire LCLC-HAPF experimental prototype
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Table 3 Simulation and experimental parameters

Component Description Values

source voltage Vy, f1 230V, 50 Hz

loads LR, RR, LRL, RRL 160 mH, 1 Q, 10 mH, 80 Q

L filter L, Vyc 3.3mH, 720V

LC filter L, Co, Ve 3.3mH, 120 pF, 220 V

LCL filter L4, Cq, L, V4e 2.3mH, 10 yF, 1.0 mH, 720 V
LCLC filter L4, Ly, Cq, C2, V4 2.3 mH, 1 mH, 10 pF, 120 pF, 220 V

Fluke435 Oscilloscope

Fig. 11 Experimental hardware platform setup of the 5 kVA prototype
LCLC-HAPF
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Fig. 12 Source current before compensation
(a) Simulation,
(b) Experiment
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Fig. 13 Simulated source current isy after compensation by APF, grid-side
current iy and spectrum of iz, of APF

is designed and constructed in the laboratory as shown in Fig. 11.
The digital control system consists of one digital signal processor
(DSP) TMS320F28335, and one field-programmable gate array
(FPGA) EP1C6Q24017. The DSP mainly does control algorithms,
and the FPGA is mainly used to complete logic functions, such as
protection. The sampling and switching frequency are 10 kHz. The
simulation and experimental parameters are given in Table 3. The
APF, LC-HAPF and LCL-HAPF topologies can be obtained by
bypassing C; and/or C,. The LCLC-HAPF topology becomes APF
topology when C; and C, are bypassed. The LCLC-HAPF
topology becomes LC-HAPF topology when Cj is bypassed. The
LCLC-HAPF topology becomes LCL-HAPF topology when C, is
bypassed.
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Fig. 14 Simulated source current isy after compensation by HAPF's, grid-
side current iy and spectrum of i5, of HAPFs

(@) LC-HAPF,

(b) LCL-HAPF with PD,

(¢) LCLC-HAPF with PD,

(d) LCLC-HAPF with AD

The three-phase source current waveforms before compensation
are shown in Fig. 12. The source currents are distorted due to the
presence of non-linear loads.

5.1 Performance comparison

The performance comparisons through simulation and experiment
will be demonstrated in this section.

Figs. 13 and 14 illustrate the comparison of steady-state
compensation performance. As shown in Figs. 13 and 14, the
harmonic compensation performance of different compensators is
almost the same. However, the APF has the highest switching
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Fig. 16 Experimental source current isy after compensation by HAPFs,
grid-side current iy and spectrum of irq of HAPF's

() LC-HAPF,

(b) LCL-HAPF,

(¢) LCLC-HAPF with PD,

(d) LCLC-HAPF with AD

frequency sideband harmonic component 7, ¢(4.6%) in Fig. 13,
followed by LC-HAPF (1.4%) in Fig. 14a, LCL-HAPF with PD
(1.3%) in Fig. 145, LCLC-HAPF with PD (0.6%) in Fig. 14c and
LCLC-HAPF with AD (0.1%) in Fig. 14d.

In Figs. 15 and 16, the experimental source current after
compensation i, grid-side current iy, and spectrum of i, of

different compensators are presented.
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Fig. 18 THD of experimental iy after compensation by
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(b) LCL-HAPE,

(¢) LCLC-HAPF with PD,

(d) LCLC-HAPF with AD

The experimental results illustrate the same conclusions as the
simulation results, that is, the harmonic compensation performance
of different compensators is almost the same. The total harmonics
distortion (THD) of i, compensated by different compensators are
shown in Figs. 17 and 18. However, the APF obtains highest
switching frequency sideband harmonic component /,  (4.3%) in
Fig. 15 and the LCLC-HAPF with AD obtains smallest switching
frequency sideband harmonic component (<0.1%) in Fig. 16d.

Table 4 summarises the simulation and experimental results.
The power loss Ppog is measured by YOKOGAWA WT1800
PRECISION ANALYZER. The I, ¢ in Table 4 is switching
frequency sideband harmonic measured by Oscilloscope
(KEYSIGHT DSOX2012A). The THD;, results are measured by
Fluke 435.

The loss of the APF and LCL-HAPF are much higher than
those of the LC-HAPF and LCLC-HAPF. The main reason is that
the dc-link voltage of APF and LCL-HAPF is 720 V, while the dc-
link voltage of LC-HAPF and LCLC-HAPF is only 220 V.
Compared with LCLC-HAPF with PD, the loss of LCLC-HAPF
with AD is slightly reduced from 77.7 to 73.3 W. It shows that
LCLC-HAPF with AD obtains better efficiency.

5.2 Comparison of required dc-link voltage

The comparison of the minimum dc-link voltage requirement for
LC-HAPF and LCLC-HAPF will be discussed in this section.

Figs. 19 and 20 show that the simulated and experimental
compensation performance of LC-HAPF and LCLC-HAPF meet
the IEEE Standard (THD < 5%), when the dc-link voltage is 200 V.
In order to verify if they can operate at a lower dc-link voltage, the
de-link voltage is decreased to 195 V. However, the compensation
performance of LC-HAPF become worse (THD is increased from
4.8 to 6.7%). However, when the same situation is applied to
LCLC-HAPF, the performance of THD is only increased by 0.1%.
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Table 4 Simulation and experimental results of different compensators

Compensator Simulation Experiment
Qout, kVar I s % Vie, V Qout, kVar THDjs, % hs % Ploss, W Vde, V
APF 4.01 4.6 720 4.5384 3.5 4.3 218.1 720
LC-HAPF 4.16 1.4 220 4.4295 3.4 1.6 74.7 220
LCL-HAPF 4.06 1.3 720 4.3886 3.9 1.3 253.7 720
LCLC-HAPF (PD) 4.13 0.6 220 4.5692 3.3 0.5 77.2 220
LCLC-HAPF (AD) 4.14 0.1 220 4.5804 3.4 <0.1 73.3 220
T Vai 200V ——je———— 7, 195V — “ AD enabled Q—H AD dlsabled
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Fig. 19 Simulation results after compensation with different dc-link
voltages
(@) LC-HAPF,

(b) LCLC-HAPF
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So that, it shows that, LCLC-HAPF required less dc-link voltage
than LC-HAPF.
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5.3 Effectiveness of proposed AD method

The results indicate that LCLC-HAPF with AD has better
performance than LCLC-HAPF with PD in Section 5.1. Further,
Fig. 21 shows the dynamic process of both simulation and
experiment from AD enabled to AD disabled, where the resonance
occurs after AD disabled. Consequently, the proposed SHPF-based
AD method for LCLC-HAPF can effectively solve the stability
problem.

6 Conclusion

A new LCLC-HAPF with new AD methods and corresponding
parameter design have been proposed in this paper. Through
comparisons among APF, LC-HAPF, LCL-HAPF and LCLC-
HAPF, the proposed LCLC-HAPF brings some advantages, such as
low dc-link voltage, outstanding attenuation characteristics on high
order harmonic and small switching frequency sideband harmonic
current. By applying the proposed AD method to LCLC-HAPF, the
resonance phenomenon of the LCLC-HAPF has been prevented,
which avoids not only extra resistors but also high-precision
sensors. In addition, a suitable parameter selecting criteria and a
design procedure of the LCLC filter are also introduced. Finally,
the advantages and effectiveness of the LCLC-HAPF with AD are
verified by both comparative simulation and experiment with APF,
LC-HAPF and LCL-HAPF with PD and LCLC-HAPF with PD.
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