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Abstract—This paper proposes an adaptive low-dc-link-voltage-
controlled LC' coupling hybrid active power filter (LC-HAPF)
with a neutral inductor, which can compensate both dynamic
reactive power and current harmonics in three-phase four-wire
distribution power systems. Due to its adaptive low-dc-link-voltage
characteristic, it can obtain the least switching loss and switching
noise and the best compensating performances, compared with
the conventional fixed and newly adaptive dc-voltage-controlled
LC-HAPFs. The design procedures of the dc-link voltage con-
troller are discussed, so that the proportional and integral gains
can be designed accordingly. Moreover, the general design pro-
cedures for the adaptive dc-voltage-controlled LC-HAPF with a
neutral inductor are also given. The validity and effectiveness of
the adaptive dc-link voltage-controlled LC-HAPF with a neutral
inductor are confirmed by experimental results obtained from a
220-V 10-kVA laboratory prototype compared with the conven-
tional fixed and adaptive dc-link voltage-controlled LC-HAPFs
without a neutral inductor.

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

I. INTRODUCTION

OWADAYS, with the proliferation and increase use of

power electronics devices (nonlinear loads) and motor
loadings, such as converters, adjustable speed drives, arc fur-
naces, bulk rectifiers, power supplies, computers, fluorescent
lamps, elevators, escalators, large air conditioning systems, and
compressors [1]-[10], they will mainly generate reactive power
and harmonic current (third, fifth, seventh, ninth, etc.) problems
into the distribution power systems. High-current harmonic
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distortion causes various problems in both distribution systems
and consumer products, such as equipment overheating, mal-
operation of protection devices, and transformer overheating.
The larger the reactive power, the larger the system losses and
the lower the network stability. Due to these reasons, electrical
utilities usually charge the industrial and commercial customers
a higher electricity cost with low-power-factor situation.

Since the first installation of passive power filters (PPFs) in
the mid-1940s, PPFs have been widely used to suppress current
harmonics and compensate reactive power in distribution power
systems due to their low cost, simplicity, and high-efficiency
characteristics. Unfortunately, they have many disadvantages
such as low dynamic performance, resonance problems, and
filtering characteristic that is easily affected by small variations
of the system parameters [1]-[5], [9], and [10]. Active power
filters (APFs) can overcome the disadvantages inherent in PPFs,
but their initial and operational costs are relatively high [1],
[9], [10] because a high dc-link operating voltage is necessary.
To provide a cost-effective solution for compensating harmonic
current and reactive power problems in distribution power
systems, different hybrid APF (HAPF) topologies composed
of active and passive parts in series and/or parallel have been
proposed in [1]-[10]. Among different HAPF topologies, a
transformer-less LC' coupling HAPF (LC-HAPF) has been
recently proposed, applied for current quality compensation and
damping of harmonic propagation [6]—-[9], in which it has less
passive components and low-dc-operating-voltage characteris-
tics. To reduce cost and size of their coupling LC, they are
conventionally tuned at the fifth- or seventh-order harmonic
frequencies. In addition, the existing LC-HAPFs [6]-[9] are all
operating at a fixed dc-link voltage level and cannot perform
dynamic reactive power compensation.

To reduce the switching loss and switching noise without
adding-in the soft-switching circuit and implement the dy-
namic reactive power compensation capability, the authors in
[11] have proposed an adaptive dc-link voltage-controlled LC-
HAPEF for reactive power compensation. However, the proposed
adaptive dc control algorithm did not include current harmonic
consideration. When the loading third-order harmonic current
exists significantly, the LC-HAPF filtering performances can
be improved by adding a small tuned coupling neutral inductor
or capacitor [12], [13]. However, the proposed LC-HAPF with
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a neutral inductor [12], [13] is operating at a fixed dc-link
voltage, and its adaptive dc voltage control algorithm is still
absent. Furthermore, the important proportional and integral
(PI)-gain design procedures for the dc-link voltage controller
including stability study and dynamic performance analysis are
not being considered and analyzed in [11]-[13]. Due to the
limitations among the exiting literatures, this paper aims the
following:

1) to propose an adaptive dc-link voltage-controlled LC-
HAPF with a neutral inductor for both dynamic reactive
power and current harmonic compensation, so that the
switching loss, switching noise, and compensating per-
formances can be reduced and improved, compared with
the existing LC-HAPFs;

2) to introduce the design procedures for a novel dc-link
voltage controller including the stability study and dy-
namic performance analysis;

3) to present the general design procedures for the proposed
adaptive dc controlled LC-HAPF with a neutral inductor.

As this paper mainly focuses on the aforementioned three
aspects of the LC-HAPF, the consideration of unbalanced
current compensation is not covered in this paper.

In the following, three-phase four-wire center-split LC-
HAPFs without and with a coupling neutral inductor will be
presented and compared. Then, the design criteria of its system
parameters are given in Section II. Based on its single-phase
equivalent circuit models in the a—b—c coordinates, the required
minimum dc-link voltages without and with a neutral inductor
can be obtained. The main contribution of this paper on the
adaptive dc-link voltage controller for the LC-HAPF in both
reactive power and current harmonic compensation is described
in Section III. Finally, a 220-V 10-kVA LC-HAPF laboratory
prototype is constructed and tested; representative experimental
results are given in Section IV. Given that most of the loads
in the distribution power systems are inductive, the following
analysis and discussion will only focus on inductive loads [14].

II. DESIGN OF THREE-PHASE FOUR-WIRE LC-HAPFs
WITHOUT AND WITH L

Three-phase four-wire center-split LC-HAPFs without and
with a coupling neutral inductor L, are shown in Fig. 1,
where the subscript “z” denotes phase a,b,c,n. vg, is the
system voltage, v, is the load voltage, and Lg is the system
inductance normally neglected due to its low value relatively;
thus, Vs & Vg. %sy, t1g, and i., are the system, load, and
inverter currents for each phase, respectively. C. and L. are
the coupling capacitor and inductor, respectively. Cqc, Vicu,
and V., are the dc capacitor upper, and lower dc capacitor
voltages with Vy.py = Vger = 0.5V4c. The load is a nonlinear
load, a linear load, or their combination. In practical, due
to wide usage of personal computers, uninterruptible power
supplies, and various office and consumer electronic devices
in residential, commercial, and office buildings, the dominant
current harmonics are usually 6k 4+ 1th and 3kth harmonics,
and the even harmonics are almost zero; thus, the following
analysis will be focused on 6k + 1th and 3kth harmonic orders
only.
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Fig. 1. Three-phase four-wire center-split LC-HAPFs without and with L.
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Fig. 2. LC-HAPF single-phase equivalent circuit models in the a—b—c co-
ordinates. (a) At fundamental frequency without or with L,,. (b) At nth =
6k £ 1th harmonic order frequency without or with Ly,. (c) At nth = 3kth
harmonic order frequency without L. (d) At nth = 3kth harmonic order
frequency with L,,.

From [13], the LC-HAPF with L,, can achieve two differ-
ent resonant frequencies (3kth and 6k £ 1th, 6k £ 1th > 3kth)
for harmonic current filtering, while the LC-HAPF without
L,, case only has one (6k £ 1th or 3kth). Fig. 2 shows its
single-phase equivalent circuit models in the a—b—c coordinates,
where the subscripts “f” and “n” denote the fundamental and
harmonic frequency components, respectively, and “_N L” and
“_L” denote the systems without and with L, respectively.
Fig. 2 can help to determine the minimum dc-link operating
voltage of LC-HAPF.

A. Design of Coupling C,, L., and Neutral L,

The coupling C. and L. are designed based on the av-
erage fundamental reactive power consumption and an n; =
6k £ 1th dominant harmonic current order of the loading



LAM et al.: DESIGN AND PERFORMANCE OF AN HAPF WITH A NEUTRAL INDUCTOR IN POWER SYSTEMS

k=1,2,...,00. The reactance of the coupling C, and L. can
be expressed as
V2 1
XCc S — + XLc XLc = ?XCC (1)
’QLQ?f 1

where V/, is the root mean square (rms) load voltage and @, ;
is the phase average fundamental reactive power consumption
of the loading. From (1), C. can be found

2_1 '@L
C, = (1 =L )
ny 2rf -V
Then, the coupling L. can be expressed as

1

Le = (ny-2wf)%-C.

3)
where L. can also smooth the inverter output current ripple.
Moreover, the coupling neutral inductor L,, can be obtained as

1 1

where ns is a 3kth harmonic current order, and nq > ns.

B. Design of Minimum DC-Link Voltage

The switching loss of the switching device can be classified
as turn-on and turnoff losses. Equation (5) is the total turn-on
and turnoff power loss [15], where Ve, Icar, Ion, trn, trn,
and fs, are the dc-link voltage, maximum collector current,
rated collector current, rated rise time, rated fall time, and
switching frequency, respectively. Thus, the higher the dc-link
voltage of the LC-HAPEF, the higher the switching loss obtained
and vice versa

1, Iem 1 1 lem
Pross=Vacl sw | strv——+t o a1 .
Loss = Vaclon | (8 Non TN (37r+2410N>>
)

In addition, the current tracking speed of the LC-HAPF is di-
rectly proportional to the voltage difference between its dc-link
voltage and load voltage, and inversely proportional to its LC
impedance. For each reference compensating current, there is
an optimum dc voltage to get balance between the performances
and suppressing switching noise [16]. If the minimum dc-link
voltage is found, it can optimize the LC-HAPF performances,
switching loss, and switching noise.

From Fig. 2, [11], and [13], the required minimum dc-link
voltage for compensating the reactive power (Vic.s nr and
Vdcar_r) and each nth current harmonic order (Vycyr_nr and
Vdcan_1) can be calculated by (6)—(8) in Table I. Then, the
minimum dc-link voltage requirements (Vgc, nr and Vies 1)
for the single-phase equivalent circuit models can be obtained
by (10) and (12) in Table I. From (7) and (8) in Table I,
when L,, is added, the LC-HAPF does not require voltage for
compensating the dominant no = 3kth harmonic current, thus
reducing its minimum dc-link voltage.

As the minimum dc-link voltage is calculated based on the
single-phase circuit as in Fig. 2, the single-phase pq theory [17]
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TABLE 1
MINIMUM DC-LINK VOLTAGE DEDUCTION STEPS OF THE THREE-PHASE
FOUR-WIRE LC-HAPFs WITHOUT AND WITH L [11], [13]

1) Minimum de-link voltage without and with L, for
Fundamental| compensating reactive power:

F
requency Vd(,’xy"7 NL = Vd(,’xy"7 L= ‘/5 Vinv,xjf _NL ™ ‘/5 VinvxfiL
Or.p
=2 v, Pt A ©)
Qm_/’ _PPF ‘

where Qry is loading fundamental reactive power,
Q. ppr 18 the reactive power provided by coupling LC.
2) Harmonic | Minimum dc-link voltage without and with L, for
Frequencies | compensating each nth order current harmonic:

1
Vd(‘xn,NI‘ = ‘/EVinvxniNL = "/E nal, — m |I(:xn| (7
c

Vd(,’xniL = ‘/Evinvxnil =
\/E‘vamkiij_ = \/5
‘/EvinvxﬁkiL = ‘/5

where [ 1=y |, nth=6k+1th or 3kth,

k=1, 2...0,n=2, 3...0, o=2nf

3) All Minimum dc-link voltage without and with L,:

Frequencies | v, =V, .. = max(2Viea nr, 2Vien Nz, 2Viee NL) 9)

I
(6k+1)acC,

1
3kw(L, +3L, )———]
(L ") 3kaC..

(6kt1)ol, — |1m6ki1|

(®)

|[ ex3k |

- 2.3 2 (10)
Where Vd('x_Nl‘ - Vd(')(f_Nl,‘ + 22 Vd('xn_Nl‘l
n=
Ve 1 =Vae min = maxX2Vaea 1, 2Vaer 1, 2Vaee 1) (11)
2 it 2
Where Vd('x_ll = Vd(')(/_l‘l + zzlvd(rxn_l,l (12)
n=.

where n=2, 3...00

is being chosen; thus, the reactive power and current harmonics
in each phase can be compensated independently, and the final
minimum dc-link voltages for the three-phase four-wire LC-
HAPFs without and with L,, (Va._nr and Vg ) will be
the maximum ones among the calculated minimum values of
each phase indicated by (9) and (11) in Table I. Therefore, the
calculated dc-link voltage must be sufficient for all three phases.
In the next section, the adaptive dc-link voltage controller for
the three-phase four-wire LC-HAPFs without and with L,, will
be proposed. Moreover, the controller also works for the LC-
HAPF initial start-up dc-link self-charging function.

III. PROPOSED ADAPTIVE DC-LINK VOLTAGE
CONTROLLER FOR LC-HAPFs WITHOUT AND WITH L

Fig. 3 shows the proposed adaptive dc-link voltage control
block diagram for the three-phase four-wire LC-HAPFs with-
out and with L,,, in which it consists of three main control
blocks: instantaneous power compensation control block, pro-
posed adaptive dc-link voltage control block, and final refer-
ence compensating current and pulsewidth-modulation (PWM)
control block.

A. Instantaneous Power Compensation Control Block

For the instantaneous power compensation control block,
the reference reactive and harmonic compensating currents for
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Fig. 3. Proposed adaptive dc-link voltage control block diagram for the three-phase four-wire LC-HAPFs without and with Ly,.
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Fig. 5. Block diagram of dc-link voltage control during compensating
system loss.

LC-HAPF (i _g, the subscript z = a, b, c for three phases) are
determined by the single-phase instantaneous pq theory [17].

B. Proposed Adaptive DC-Link Voltage Control Block

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

1) Determination of Adaptive Minimum DC-Link Voltage:
The loading instantaneous fundamental reactive power in each
phase qr.y is calculated by using the single-phase instanta-
neous pq theory [17] and low-pass filters. Usually, —qr,,, /2 can
keep a constant value for more than one cycle; thus, the loading
fundamental reactive power consumption )z, ¢ in each phase
can be approximately treated as Q1. = —qrs/2. Then, the
required minimum dc-link voltage for compensating each phase
Q 1y can be calculated by using (6) in Table 1. With the help
of fast Fourier transform, the load current spectra |I1.,| up to
the considered current harmonic order n can be calculated; the
required minimum dc-link voltage for compensating each nth
order current harmonic can be calculated by using (7) and (8)
in Table I. With the help of (10) and (12) in Table I, the adaptive
minimum dc-link voltages Vi min for the three-phase four-
wire LC-HAPFs without and with L, can be determined by
(9) and (11) in Table I accordingly. To implement the adaptive
dc voltage control function for the LC-HAPF, V¢ min can be
simply treated as the final reference dc voltage V. Itis obvious
that, when the loading is changing, the system adaptively yields
different Vije_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 situation, as the loading
is randomly determined by electric users (different ()1, and
I1..r values). Then, this frequent change would cause a rapid
dc voltage fluctuation, resulting in deterioration of the LC-
HAPF operating performances [18]. To alleviate this problem,
a final reference dc-link voltage level determination process
proposed in [11] is added, so that V, can be maintained as a
constant value within a specific compensation range. If Vi. min
is greater than the maximum level Vi max, Vi, = Vicmax-

3) DC-Link Voltage Feedback P/PI Controller: The LC-
HAPF can effectively control the adaptive dc-link voltage level
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Fig. 6. Stability and dynamic response of dc voltage controller in Fig. 4 when
K1 = 50 and K varies from 5 to 50. (a) Bode diagram. (b) Step response.

by feeding back the dc-voltage-controlled signal as both reac-
tive and active current reference components (d.q and d.,,) [19]

deg = — Ky - (Vi — Vae) — K1/<VJC —Vac)dt  (13)

dey =Ky (Vi = Vi) + K [ (Vi = Vao)dt (14)

where dc, aims to change the dc-link voltage level due to
adaptive dc control and start-up dc-link self-charging function,
while dc,, aims to maintain the dc-link voltage due to the system
loss. K, and K, are the proportional gains, while K; and K
are the integral gains of the controllers. With the help of the
three-phase instantaneous pg theory [20] and the dc, and dc,
terms, the dc-link voltage V. can track its reference V., by
changing the three-phase dc voltage control reference compen-
sating currents %., 4. in the a—b—c coordinates, in which the
calculation details are discussed in [19]. In the following, the
design process for K4, K, Ky, and K will be discussed.
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Fig. 4 shows the dc-link voltage control block diagram
during adaptive dc control and start-up dc-link self-charging
function, and Fig. 5 shows the dc-link voltage control block
diagram during compensating system loss, where Vinyzpp =
Ve — Heapqll Xprryll and Vinvapq = [Leappl| X ppry| are the
inverter fundamental active and reactive voltages, respectively,
and Iy, and I, s, are the fundamental compensating active
and reactive currents, respectively.

When PI controller is applied, from Figs. 4 and 5, their close-
loop transfer functions can be expressed as

% 2Vinve rq Kq s 2Vinve s K1
dC(S) _ Ve ViacClac Ve VacCac (Fl 4) (15)
Vi(s) <21 2ViveroKg . o 2Vimvera K1 &
o) 4 Dmanals ,
Vzvdccdc vadccdc
2Vinve rp Kp 2Vinve rp K11
Vdc(S) — Vi VacCac s+ Vi VacCac (Flg 5) (16)
Vd* (8) 82 + 2Vinvarp Kp 2Vinve rp Kr1 : :
¢ Vzvdccdc VdeCCdc

By the Routh—Hurwitz criterion, the Routh tables for (15)
and (16) can be obtained. As K,, K,, K, and K;; >0,
the dc voltage controllers will be stable. From the LC-HAPF
experimental system parameters in Table IV, C. =50 uF,
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Fig. 8. Stability and dynamic response of dc-link voltage controller in Fig. 4

when K varies from 5 to 50. (a) Bode diagram. (b) Step response.

L. =8 mH, Cy. = 3.3 mF, and V,, = 220 V. For the dc-link
maximum operating voltage is Vg, = 150 V, the fundamental
compensating active and reactive currents are |I,rp| = 0.2 A
and |Iozpq] = 4.2 A, when K7 = K7 = 50, the effects of K
and K, to the controller’s stability and dynamic response are
shown in Figs. 6 and 7. From Figs. 6 and 7, when K, and K,
are varying from 5 to 50, their phase margins are increasing
from PM.1 to PM.2, which enhances the controllers’ stability.
Moreover, larger K, and K, values will yield a faster dynamic
response for the controllers.

When only P controller is applied, i.e., K; = K;; =0 in
Figs. 4 and 5, their close-loop transfer functions can be deduced
from (15) and (16). By the Routh tables, as K, and K, > 0, the
dc voltage controllers will be stable. If the proportional gains
K, and K, are set too large, they produce a large fluctuation
during steady state. On the contrary, if they are set too small,
a long settling time and a large steady-state error will occur. In
addition, the effects of K, and K, to the controllers’ stability
and dynamic response are shown in Figs. 8 and 9. From Figs. 8
and 9, when K, and K, are varying from 5 to 50, their



LAM et al.: DESIGN AND PERFORMANCE OF AN HAPF WITH A NEUTRAL INDUCTOR IN POWER SYSTEMS

Bode Diagram

2641

TABLE II

40 EXPERIMENTAL PARAMETERS FOR TESTING LOADING
= = System P. ters Physical Value:
g IS— i ystem Parameters ysical Values
1 —— K, =50 Vi f 220V ms, S0HZ
T o0 — = § 1*" inductive nonlinear RnL1x Lneix,| 43.2Q, 34.5mH, 392.0uF
2 . A,B,C
5 K.=5 \\ rectifier load CNLIx (Qry = 720.0var)
£ 20 s § 2" inductive linear ABC R L 60Q, 70mH
load » Lhaw ML | () = 200.0var)
-40 1
b ' TABLE III
45 ] EXPERIMENTAL THIRD-, FIFTH-, SEVENTH-, AND NINTH-ORDER
> HARMONIC CURRENT VALUES
2 90
§ Different Situations: Harmonic Current Order
£ 1% P.M.1 P.M.2 1 > 3rd 5th 7th 9th
180 1% loading AB,C| 1.92A | 0.45A | 0.20A | 0.12A
. 1% & 2" Joadings AB,C| 1.90A | 0.46A | 0.23A | 0.12A
10° 10' 10
Frequency (rad/sec)
() TABLE IV
SYSTEM PARAMETERS FOR THE 220-V 10-kVA THREE-PHASE
15 Step Response FOUR-WIRE LC-HAPF
System Parameters Physical Values
Passive part L, C, Ly 8mH, 50uF, 5SmH
DC capacitor Cye 3.3mF
DC-link voltage levels Vacr, Vel 25V, 50V, 75V
& TABLE V
S LC-HAPF EXPERIMENTAL MINIMUM DC-LINK VOLTAGE LEVELS
£
£ Final Mini
< . inal Minimum
Different Situations: l‘i/eqm.rig Adapt. Level
dc_min Vd('U, V([('L
15 loadi A.B, 44.0V \4
L,=OmH . ?la mg C 0 50
1% & 2" loadings | A,B,C 58.3V 75V
15 loadi A.B, 25.3V 25V
Ly=smH |— [Sla mg C 5
0 ) ) ) ) 1%t & 2" loadings | A,B,C 46.3V 50V
0 0.1 0.2 0.3 0.4 0.5
Time (sec)
(b) the process of instantaneous power compensation and adaptive
dc voltage control blocks, as shown in Fig. 3, the final refer-
Fig. 9. Stability and response dynamic of dc-link voltage controller in Fig. 5 oo Compensating current sz can be obtained by summing

when K, varies from 5 to 50. (a) Bode diagram. (b) Step response.

phase margins (P.M.1 and P.M.2) do not change at all, and the
controllers obtain good stability. Moreover, larger K, and K,
values will yield a faster dynamic response.

To simplify the control process, dc, and dc), in (13) and (14)
can be calculated by the same controller, i.e., K, = K,,, and
K7 = Kj;. Even though the P controller yields a steady-state
error, it is chosen in this paper because of its simplicity and
memory resource saving in the digital signal processor (DSP);
therefore, it can yield a faster response than the PI controller,
as verified by Figs. 6(b)-9(b). Moreover, K, = K,, = 40 is
selected in this paper. If the dc-link voltage with zero steady-
state error is taken in consideration, the PI controller is appreci-
ated, and K, = K, = 40 and K; = K; = 50 can be chosen.
A limiter is also applied to avoid the overflow problem of the
controllers.

C. Final Reference Compensating Current and
PWM Control Block

Both hysteresis PWM and triangular carrier-based sinusoidal
PWM methods can be applied for the PWM control part. After

up the i.; 4 and i., 4c. Then, the final reference and actual
compensating currents 4y, and %., will be sent to the PWM
control part, and the PWM trigger signals for the switching
devices can then be generated. If the three-phase loadings are
unbalanced, dc capacitor voltage imbalance may occur; the dc
capacitor voltage balancing concepts and techniques in [21] can
be applied to balance the Vg.y and V., under the adaptive dc
voltage control method.

D. General Design Procedures for Adaptive DC-Link
Voltage-Controlled LC-HAPF With L,,

The general design procedures for the adaptive dc-link
voltage-controlled LC-HAPF with L,,, as shown in Fig. 1, will
be summarized in the following steps.

1) From the average Q. 7> dominant n; = 6k + 1th and
ng = 3kth, ny > ns, C,, L., and L,, can be designed by
()—(4).

2) Viemax 18 designed according to the specification of LC-
HAPF; Viemax/3 or Viemax /4 can be treated as each dc
voltage level step size.
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Fig. 10. Before LC-HAPF compensation. (a) Qgzf. (b) vz and isy of 1+t inductive | ’ a i _
phase a when the first loading is connected. (¢) v, and is4 of phase a when the §; di e 1 and 2" inductive loading 2
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TABLE VI 8
EXPERIMENTAL RESULTS BEFORE LC-HAPF COMPENSATION 3
Before LC-HAPF Compensation for Testing Loading 5
Different Ot op | 7HDi | THDw | s | i .
Cases: (var) (%) (%) (Anm) (Anns)
S inductivel A 7230 | 0804 [ 325 1.7 | 6.506 ’ !
. B| 7185 0.805 31.5 1.9 6.467 | 5.808 PF=0.990, Y | nd
loadin = 2" Joading connects PF=0.997, THD,,,= 4.6%
& [c[ 7212 [ 0804 | 316 | 15 |6am LU 2 i oo it
1tand2™ [A| 9213 | 0870 | 213 1.6 | 9520 = ne L “m(s;”‘ L !
inductive | B| 920.1 0.872 20.5 1.8 9.539 | 5.659 ()
loading  [C| 921.9 | 0.870 20.7 1.5 | 9.493

Fig. 11. LC-HAPF whole experimental dynamic compensation process with
conventional fixed dc-link voltage control scheme. (a) Vgcy and Vicr.
(b) Qszf. (¢) vz and is, of phase a after LC-HAPF starts operation. (d) vy
and 75, of phase a after the second loading is connected.

3) PI gains of dc voltage controller can be designed by
plotting bode and step response plots of (15) and (16).

4) According to Fig. 3, the proposed adaptive dc-link volt-
age controller for the LC-HAPF with L,, can be imple-
mented by using a DSP.

5) Sampling frequency, switching frequency, and hysteresis
band of the LC-HAPF can be designed by referring
to [22].

In the following, the adaptive dc-link voltage-controlled LC-
HAPFs without and with L,, experimental compensation results
will be given, compared with the conventional fixed dc-voltage-
controlled LC-HAPF without L,,.
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TABLE VII
EXPERIMENTAL RESULTS AFTER LC-HAPF COMPENSATION WITH
FI1XED DC-LINK VOLTAGE CONTROL

After LC-HAPF Compensation with Fixed DC-link Voltage Control
Different Qsrf PE THDisx | THD, igx isn | Vacu,
Cases: (var) (%) (%) | (Arms) [(Arms)| Vaer
1 Al -664 | 0990 7.5 1.3 4.943
inductive | B| -50.5 | 0.990 | 8.7 1.2 5.024 | 1.347 | 75V
loading | C| -77.3 | 0.989| 9.0 1.1 5.108
1'and 2| A 15.2 0.997| 4.6 1.1 8.071
inductive | B -3.3 0.997| 5.2 1.0 8.036 |1.324 |75V
loading [C| 3.8 0.997| 5.8 1.1 8.023

IV. EXPERIMENTAL VERIFICATIONS OF THE PROPOSED
ADAPTIVE DC-LINK VOLTAGE CONTROLLER
FOR THE LC-HAPF

In this section, the proposed adaptive dc-link voltage-
controlled LC-HAPFs without and with L,, for dynamic reac-
tive power and current harmonic compensation will be verified
by experiments. A 220-V 10-kVA LC-HAPF experimental
prototype is designed and constructed in the laboratory. The
control system is a DSP TMS320F2812, and its sampling
frequency is set at 25 kHz. Hysteresis current PWM is applied
for the experimental prototype with a hysteresis band of H =
0.0625 A, and the maximum switching frequency is 12.5 kHz,
in which the hysteresis band and sampling frequency satisfy
the LC-HAPF linearization requirement [22]. Moreover, the
Mitsubishi insulated-gate bipolar transistor intelligent power
modules PM300DSA60 are employed as the switching devices
of the inverter, and their switching frequency limitation is at
20 kHz. Fig. 3 shows the adaptive dc-link voltage-controlled
LC-HAPFs without and with L,, control block diagrams for
experiments. For simplicity, the LC-HAPF system has been
tested under approximately balanced loading situations. The
structure of the loads and their parameters’ values are shown
in Fig. 1 and summarized in Table II.

For the full bridge rectifier loading as shown in Fig. 1,
the third- and fifth-order harmonic currents will be the two
dominant harmonic current contents of the loading. For de-
signing the coupling passive part parameters based on aver-
age loading reactive power Qr., = (920 var + 660 var)/2 =
790.0 var, ny; = 5, and ny = 3, from (1)—(4), the system pa-
rameters can be designed as C. = 50.0 puF, L. = 8.0 mH, and
L,, = 5.0 mH, respectively. The physical dimension of L, is
14.5 cm x 8.5 cm x 14 cm with a current rating of 20 A, and
the operating frequency is at 3—5 kHz. It has a quality factor of
around 30. Moreover, a high quality factor for L,, is appreciated
to improve its performance and reduce power loss.

As the experimental loading harmonic current contents be-
yond the ninth order are small, for simplicity, the required
minimum dc-link voltage for current harmonic compensation
will be calculated up to the ninth harmonic order only. Table III
shows the third-, fifth-, seventh-, and ninth-order harmonic
currents in rms values. Based on the loading situations in
Tables II and III and the reactive power provided by the cou-
pling passive part Qc.;_ppr ~ —777.0 var(V, =218 V) ~
—806.0 var(V, = 222 V), the final reference V;, is designed
to have three adaptive dc voltage levels (Vycr, Vaer = 25, 50,
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Fig. 12. LC-HAPF whole experimental dynamic compensation process with

adaptive dc-link voltage control scheme. (a) Vycy and Vier. (b) Qg p. (©) va
and i, of phase a after LC-HAPF starts operation. (d) vz and is5 of phase a
after the second loading is connected.

and 75 V) for the experimental verification. Table IV lists the
system parameters for the 220-V 10-kVA three-phase four-wire
LC-HAPF experimental prototype. From Tables -1V, the final
minimum adaptive levels Vi.py and Vg.r for the experiments
are illustrated in Table V.
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TABLE VIII
EXPERIMENTAL RESULTS AFTER LC-HAPF COMPENSATION WITH
ADAPTIVE DC-LINK VOLTAGE CONTROL

After LC-HAPF Compensation with Adaptive DC-link Voltage Control
Different Qsxf PE THDisx| THDyx | isx isn | Vacu,
Cases: (var) (%) | (%) | (Ams) | (Arms)| Viaer
1 A]-508] 099 ] 83 1.0 | 5.023
inductive | B| -744 | 0.989| 10.3 1.1 [ 5.044 | 1.500 | 50V
loading | C | -793 | 0.989| 10.7 1.0 [ 5.058
1"and 2" A[ 163 ] 0997] 45 [ 1.0 | 8.085
inductive | B| 2.9 | 0997] 5.0 1.0 | 8.047 | 1.414 | 75V
loading |C| 48 | 0997 59 1.0 [ 8.008

Before the LC-HAPF performs compensation, Fig. 10 shows
the experimental reactive power at system source-side Qg f,
load voltage v,., and system current i, waveforms of phase a.
As the experimental loadings are approximately balanced,
only v, and i, waveforms of phase a will be illustrated.
Table VI summarizes the power quality parameters for the test-
ing loadings. When the first inductive loading is connected, the
three-phase (). values are 723.0, 718.5, and 721.2 var with
power factor (PF) = 0.804, 0.805, and 0.804, respectively, and
the total harmonic distortion (THD;, ) values of i, are 32.5%,
31.5%, and 31.6%, in which the THD,, does not satisfy the in-
ternational standards (THD,,, < 16% for IEC and THD,,, <
20%) [23], [24]. When both first and second inductive loadings
are connected, the three-phase ()., values increase to 921.3,
920.1, and 921.9 var with PF = 0.870,0.872,and 0.870 re-
spectively, and the THD,, values become 21.3%, 20.5%, and
20.7%, in which the THD;s, does not satisfy the standards
[23], [24]. In the following, the experimental compensation
results by the following three different LC-HAPFs will be
given and compared: 1) conventional fixed dc-link voltage-
controlled LC-HAPF; 2) adaptive dc-link voltage-controlled
LC-HAPF; and 3) adaptive dc-link voltage-controlled LC-
HAPF with L,,.

With conventional fixed dc-link voltage reference (Vicu,
Vaer = 75 V) for the LC-HAPF, Fig. 11(a) shows that the Vg p/
and Vj.r, levels can be controlled at a reference of 75 V no
matter when the first loading or the first and second loadings
are connected. From Fig. 11(b), the experimental Q.. can
be approximately compensated close to zero for both loading
cases, compared with Fig. 10(a). Fig. 11(c) shows that the PF
and THD;,, of phase a can be improved from 0.804 to 0.990
and from 32.5% to 7.5%, respectively, at the first loading case.
From Fig. 11(d), the PF and THD;, of phase a become 0.997
and 4.6%, respectively, when the second loading is connected.
Table VII summarizes the results of the LC-HAPF with the
conventional fixed dc-link voltage control.

With the adaptive dc-link voltage control for the LC-HAPF,
Fig. 12(a) shows that the Vy.py and Vj.; can be adaptively
changed (Vycr, Vaer, = 50 V for the first loading, and Vy.p,
Vaer, = 75 V for the first and second loadings) according to
different loading cases. From Fig. 12(b), the experimental (),
can be compensated close to zero for both loading cases.
Fig. 12(c) shows that the PF and THD;, of phase a can
be improved from 0.804 to 0.990 and from 32.5% to 8.3%,
respectively, at the first loading case. From Fig. 12(d), the PF
and THD;,, of phase a become 0.997 and 4.5%, respectively,

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 61, NO. 6, JUNE 2014

g | 1%inductive |  1%inductive |  fstand 2w | ftinductive |
J— i inducti e g —»
connected ': ted | g ted | ted |
3 | | | |
2] | I I |
e T t f |
3 I | | |
3 I [ 1 |
| [ [ I
s | I
3 | I
4 LC-HAPF starts | 1
I 1
3 operaﬂon\ | Ve H
© 1
vdcu :
3 VacL I I ]
R LAt k) LA L) LA Ly KA ML) R by RAAH L) RARM LaA) R LAkty RAAM ks WAk] L) bl 1 |“"|""I
U2 UZIB UZD U0 WA UTR UZD UTH UAB WX UL
Time (s)
(a)
81 A=7230var i I 1 |
® j B=7185var | : 1 :
c=7212var__| i : ]
§-1 1 1 |
t t |
1 I A=165var 1 |
3 A =-59.1var | B= g7var | A=-894var |
3 B =-88.3var i C= 40var | B=-883var |
"g‘ C = .00 4var ¢ | C=-90d4var |
3 ! rxﬂ-maaal
3 1 | |
g 1 1*tinductive : 1t inductive : 1t and 2 ll 1t inductive :
loading Joading
¥3 connected : connected i ding ted | ted |
3 1 1 1 1
1 ] I I I
LAk ] et II Ll L I I ] [ 1 f [ [T II
HBH 140B 4D 40D um u:mo “34 14:&42 7] 14:;&« 13345
Time (s)
(b)
§- 19t inducti ]
. h 9 '
i
al A I\/\#\f\/\f\/\f\/\/\o
8 g
i 3
0= —on
§ B

-8|m-200-1|00

LC-HPFsrts

THD...- 32 5% .,/ ogerahon

PF-O 995 THD...— 5 7%

|||||||||w||||

-20

33
Time (s)
(©)
8- 1% inductive ! 1+t and 2™ Inductive loading -8
— = Veq ; connected

§_ nn i Lea

|
& Lo

|
_ns-_ :

1

]

"]

Volts

)
—

-SIOD-ZJD 100
)

=

8

S
[1] D
Ampe peak

P i
THDw,=5.7% 1~ 2 loading connects PF=0.999, THD,p,= 3.4%
T T T T | T T T | T T T | T T T | T T T
0% 404 4045 405 4055
Time (8)

(d)

=20

Fig. 13. LC-HAPF whole experimental dynamic compensation process with
adaptive dc-link voltage control scheme and Ly, (a) Ve and Viger,. (b) Qsp -
(c) v and is, of phase a after LC-HAPF starts operation. (d) v, and i, of
phase a after the second loading is connected.

when the second loading is connected. Table VIII summarizes
the results of the LC-HAPF with the adaptive dc-link voltage
control scheme.
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With the adaptive dc-link voltage control for the LC-HAPF
with L,,, Fig. 13(a) shows that the V4. and Vj.1, can be adap-
tively changed (Vgcu, Vaer, = 25 V for the first loading, and
Vacrs Vaer = 50V for the first and second loadings) according
to different loading cases. From Fig. 13(b), the experimental
Qs 5 can be compensated close to zero for both loading cases.
Fig. 13(c) shows that the PF and THD;,, of phase a can
be improved from 0.804 to 0.995 and from 32.5% to 5.7%,
respectively, at the first loading case. From Fig. 13(d), the PF
and THD;, of phase a become 0.999 and 3.4%, respectively,
when the second loading is connected. Table IX summarizes
the results of the LC-HAPF with the adaptive dc-link voltage
control scheme and L,,.

From Figs. 11-13 and Tables VII-IX, the three different
LC-HAPFs can achieve more or less the same steady-state
reactive power compensation results, and their compensated
THD,s; and THD,, satisfy the international standards
[23]-[25]. Moreover, the system current ¢4, and neutral current
1sn can be significantly reduced after compensation. From
Table X, during the first loading case, the adaptive dc control
scheme (Vycrr, Viaer = 50 V) can reduce the switching loss
compared with the conventional fixed Vycy, Vaer, =75 V
control, which is consistent with (5). Moreover, the adaptive
dc-link voltage-controlled LC-HAPF with L,, can obtain the
least switching loss because it just requires the lowest dc-link
voltage levels for compensating both loading cases. The lowest
dc-link voltage also leads the LC-HAPF to obtain the best
current harmonics and neutral current reduction.

Fig. 14 shows the experimental compensating currents 7.,
of phase a with (a) fixed Vycu, Vaer = 75V, (b) adaptive dc-
link voltage control, and (c) adaptive dc-link voltage control
with L,, at the first loading case. Fig. 14 illustrates that the
adaptive dc voltage control scheme can reduce the switching
noise (~20% | in current ripple) compared with the fixed
dc voltage case. Moreover, the adaptive dc-voltage-controlled
LC-HAPF with L,, can further reduce the switching noise
(~70% | in current ripple). Fig. 15 shows the experimental
neutral inverter currents i.,, which also verifies the switch-
ing noise reduction by the adaptive dc-link voltage control
and L,,.

Fig. 16(a) shows the performance comparison between the
LC-HAPFs with and without L,,. With L,, case, its compen-
sating current tracking ability can be enhanced; thus, the LC-
HAPF can obtain a low THD,,. value under low Vi, Vaer, =
25 V. Without L,, case, a sufficient dc-link voltage (Vy.u,
Vaer, > 50 V) should be applied to ensure its current tracking
ability. To obtain a similar THD;, value, the LC-HAPF with
L,, can have a much lower dc operating voltage. In addition,
the inverter power loss curve of LC-HAPF under different dc
voltage levels is shown in Fig. 16(b). From Fig. 16(b), it clearly
indicates that a lower inverter power loss can be obtained for
the LC-HAPF with L,,.

For the adaptive dc-link voltage-controlled LC-HAPF with
or without L,,, due to the fact that its reference dc voltage
V3, can be varied according to different loading conditions,
its compensating performance will be influenced during each
changing of the dc voltage level. Compared with the fixed
dc voltage control, the adaptive dc control scheme will have
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TABLE IX
EXPERIMENTAL RESULTS AFTER LC-HAPF COMPENSATION WITH
ADAPTIVE DC-LINK VOLTAGE CONTROL AND L

After LC-HAPF Compensation with Adaptive DC-link Voltage Control and L,

Different Osxr PF THDisx | THDyx | isx isn Vaeus
Cases: (var) (%) (%) (Arms) (Arms) Vier
& A|-591]095]( 57 0.9 [5.052
inductive | B | -883 [ 0994 5.9 09 [5.011 |0815 | 25V
loading [ C [ 904 [ 0994 [ 6.4 0.9 |4.962
Stand2™ | A | 165 [ 0999 | 34 0.9 |8.073
inductive B 9.7 0.998 3.6 0.8 |8.017 |0.839 50V
loading | C | 40 [ 0998 43 0.9 |8.031
TABLE X

EXPERIMENTAL INVERTER POWER LOSS OF LC-HAPF WITH FIXED
Vbcu, Vber = 75 V, ADAPTIVE DC-LINK VOLTAGE CONTROL,
AND ADAPTIVE DC-LINK VOLTAGE CONTROL WITH L n

Inverter Power Loss of Fixed V4.u, . Adaptive DC
LC-HAPF Vi = 75 [Adaptive DEF e 7,
1*%inductive W 37W (50V) | 35W (25V)
Power loss loading ~10%| ~15%]|
W) 1%t and 2™ .inductive 50W 59W (75V) 54W (50V)
loading ~9%|
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Fig. 14. Experimental i, of phase a with (a) a fixed Vycrr, Vaer, =75V,
(b) adaptive dc-link voltage control, and (c) adaptive dc-link voltage control
with L.
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Fig. 16.  Experimental results of (a) THD;s, and (b) inverter power loss with
different V. and V.1, levels under balanced first loading situation.

a longer settling time during the load and dc voltage level
changing situation.

The adaptive dc-link voltage-controlled LC-HAPF with L,,
can obtain the least switching loss and switching noise and the
best compensating performances among the three different LC'-
HAPFs. As the switching loss is directly proportional to the dc-
link voltage and switching frequency indicated by (5), applying
the fixed-frequency triangular PWM scheme will also yield the
same trends of loss reduction results.

V. CONCLUSION

In this paper, an adaptive dc-link voltage-controlled LC-
HAPF with a neutral inductor for both dynamic reactive power

Experimental i.,, with (a) a fixed Vgcrr, Vaer, = 75V, (b) adaptive dec-link voltage control, and (c) adaptive dc-link voltage control with L, .

and current harmonic compensation in three-phase four-wire
power systems has been proposed. Its dc controller’s design
procedures are discussed, so that the PI gain values can be
designed accordingly. Moreover, the general design procedures
for the adaptive dc-link voltage-controlled LC-HAPF with a
neutral inductor are also given. Finally, a 220-V 10-kVA LC-
HAPF laboratory prototype has been constructed and tested to
verify the viability and effectiveness of the proposed solution,
in which it can obtain the least switching loss and switching
noise and the best compensating performances compared with
the conventional fixed and newly adaptive dc LC-HAPF with-
out neutral inductor. Moreover, it can significantly decrease the
three-phase and neutral currents to enhance the power network
efficiency.
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