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Abstract—In this paper, a new structure of a single-phase
hybrid active power filter (HAPF) with adaptive passive part and
active part is proposed. The HAPF as a state-of-the-art power
quality compensator is combining the advantage of passive filter
and active filter. However, it may still suffer the high initial and
operational costs situation under the capacitive load case. With
the proposed topology, the reactive power and harmonics of the
loading can be compensated dynamically. The structure can be
applied to general household appliances including inductive and
capacitive loading. Compared with the traditional APF for
inductive loading compensation and HAPF for capacitive loading
compensation, the proposed HAPF requires a low dc-linked
voltage under both inductive and capacitive loading
compensation, which can reduce the initial and operational costs.
Especially, the transient condition has been analyzed when the
passive part is switched to verify the feasibility of this topology.
Finally, representative simulation and experimental results are
presented to prove the compensation effect of this single-phase
HAPF with adaptive passive part.

Index Terms—Adaptive passive part, Hybrid active power filter
(HAPF), DC-link voltage, Low cost;

I. INTRODUCTION

In contemporary society, with the proliferation of power
electronics equipment and switching devices, it is getting
more difficult for the electric utility to supply its customers
with a sinusoidal voltage and current within an acceptable
tolerance [1]. Basically, the great increase usage of nonlinear
loads can produce reactive power, harmonic currents and
neutral current problems, which consequently distort the
voltage waveform. Therefore, the research of power quality
issues has captured exponentially increasing attention in the
power engineering community in the past decades [2] —[11].
From that time, different power quality compensators have
been proposed successively.

At the beginning, capacitor banks (CBs), passive power
filter (PPFs) have been proposed to compensate the reactive
power and harmonic [2] —[5]. Due to its economical efficiency,
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these fixed passive compensators have been applied
successfully. However, with the development of the demand
of the request of power quality and the increase number of
complex load. These compensators cannot satisfy the
requirement. Thus, active power filer (APF) has been present.
Because it can compensate the power quality based on the
load conditions, APF brought many benefits to power system
and it can be installed in different conditions. On the other
hand, due to the initial costs and running costs of the APF,
APF cannot be applied massively [2], [3], [7]-[13]. To
overcome the shortages of APF, the hybrid active power
filters (HAPFs) were proposed. The HAPF uses the passive
elements to reduce the ratings of the costly active part. In [5]-
[7], the passive part of HAPF is designed to minimizing the
ratings of the active part so as to reduce the cost of the whole
system under the inductive loading. Usually, the passive part
in HAPF is fixed and cannot adapt the changing of the loads
[4], [5] which may bring the loss when the passive part cannot
fit the load, for example when the load is capacitive, the
HAPF need produce more inductive current to compensate
than APF. As a result, the research direction of the passive
part should be adjusted accordingly and subjected to the
dynamical loads.
Therefore, this paper aims to:

B Propose the passive part of the HAPF design method
according to the compensation range analysis;

B Analysis the transient problems during the dynamic load
changing and avoid the transient effect caused by the
change-over between each passive component are proposed,;
B Propose adaptive passive part of HAPF with the
functions of enlarge compensation range of traditional
HAPF while keeping a low operating dc-link voltage.

The layout of this paper is given as follows. In section II,
the structure of HAPF with adaptive passive part is proposed
to adapt different load conditions. A realistic power using
condition is set as analysing example. Based on that, the
passive part of the HAPF can be designed according to the
compensation range analysis. In section III, the transient
problems during the dynamic load changing will be analysed
and solutions for avoid the transient effect caused by the
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change-over between each passive component are proposed.
In section IV, the detail in control of mode selecting and best
switches turning time is going to be decided Then, the
simulation and experimented results are provided in section V
and VI to verify the proposed the adaptive HAPF for reactive
power and harmonics current compensation Finally, the
conclusion is drawn in section VII.

II. THE DESIGN METHOD OF ADAPTIVE PASSIVE PART OF
HAPF
A. Structure of Adaptive Passive Part of HAPF
The design of HAPF with adaptive passive part need to
ensure the nonlinear load can be compensated under both
inductive load and capacitive load with a relatively low DC-
link voltage level, so the following structure shown in Fig. 1
combing APF and HAPF together to fulfill the target.
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Fig. 1. Structure of designed HAPF with adaptive passive part

In Fig. 1, S;,S,,S; are three controllable switches, which
are controlled based on the load condition. L, and C. are

coupling inductor and capacitor which is an adaptive capacitor.

For the controllable part, the control block is shown in Fig. 2.
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Fig. 2 The control block of adaptive capacitor in HAPF
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With the control block, the controller can choose the
mode automatically to fit the load conditions. In traditional
HAPF structure, coupling LC structure is fixed, when the load
is capacitive the active part of HAPF has to produce more
inductive current, which means the dc-link voltage needed is
higher than the traditional one and high-cost. Thus, the
adaptive capacitor is designed to fit different load conditions.
As for the value of the capacitor and the inductor, the value is
determined and designed by the using environment. In this
paper, the environment is mainly focused on low-dc system
and home use environment. After the parament of power
quality is obtained, the design can be started based on the
statics.

B. Design of the passive part of HAPF

The main purpose of the passive part of the HAPF is to
compensate the loading reactive power load consumption. In
this design, ideally the reactive power fully compensated by
passive part components, the fundamental load reactive power
Oir and compensating reactive power Opr have the same
magnitude and opposite direction under the inductive load
case.

Qi +0p =0 (1)

The passive filter fundamental relative power QOpg;
generation can be expressed as[5] :

Oppy :[ o L

C
@’L.C.—1
where L. means the value of coupling inductor; C¢ is the value
of coupling capacitor and w=2zf. Thus, the coupling capacitor
C¢ can be expressed as[7] :

@)

B I,,sing,
© (1, sin6,0L.+V,)

3)

The purpose of Lc mainly is to eliminate the harmonics
which is produced by the active part of HAPF due to the turn-
on and turn-off of the power switches devices. The value of
the L¢ can be expressed as [11] :

4
L > DC
¢ 8 : f; : Al.LC max (4)
where, Vpc is the dc-link voltage, f; is the switching frequency,
Al ., 18 the maximum allowed output current ripple value.

Therefore, all of Ly and C¢ can be calculated. As for the Vpc
is determined by the current which is produced by the inverter,
and the equation can be expressed by

VDC = A z I/din + decre (5 )
n=2
where V,,, =6V, x 1—% and V,, =/6|n27 /L + —||7,
3 n2z fC

The values of the parameters in the adaptive HAPF can be
selected in this paper based on the characteristics of the loads
shown before. Parameters under inductive loading case will be
obtained. Based on a realistic example of power using
example, the conditions can be drafty divided according to the



amount of reactive power need to be compensated as shown in

Table 1.
TABLE I THE DIVIDED LOAD LEVELS BASED ON COMPENSATED

REACTIVE POWER
Level Inductive Inductive {nililcl?::l Inductive
load level 1 load level 2 30 load level 4
Reactive 750< 1250< 1750<
Power (VAR)  220<2<730 1759 0<1750  0<2250
As a result, the corresponding capacitance and

inductance in this paper is calculated as followed.

TABLE II THE COMPENSATED REACTIVE POWER AND THE
CORRESPONDING CAPACITANCE AND INDUCTANCE

Level (inductive) level 1 level 2 level 3
Reactive Power Best case  633.54 VAR 1269.07VAR 11{900'61VA
Coupling Capacitance 40uF 80uF 120uF
Coupling Inductive 10mH 10mH 10mH

III. TRANSIENT STUDY OF ADAPTIVE PASSIVE PART OF
HAPF

Refer to the design structure as shown in Fig. 1, there may
be large transient problems occurring in system if the switches
are not turned on/off at the proper time. In order to avoid the
transient problems, all of the possible transient equations are
deduced and the ideal switch turning on/off time can be found
to find the time point of minimum transient current. There are
totally 4 categories of transient situation will be contained in
the designed system, namely, a) Start-up transient; b)
inductive load transient when load changed; c) transient
analysis when capacitive load change to inductive load; d)
transient analysis when inductive load change to capacitive
load.

So Lc
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Fig. 3 Simplified model of the start-up transient

The simplified model of condition a) is shown in Fig. 3, the
switch Sy is set to be open before it is being used. In this
situation, there are two conditions need to be satisfied before
starting the adaptive HAPF, namely, 1) The dc link voltage
V,. at the low level or equal to zero and 2) Capacitor voltage
equal to zero V¢=0. The simplified model of the start-up
transient is further mortified as Fig. 3.

According to basic circuit analysis theory, the differential
equation shown in Fig. 3 can be deduced as:

di 1 ¢,
LC$+C—CJ.01[M:V (6)
After mathematics calculation, the transient equation of
inductor current can be obtained as below:

. v, C
i:—%sin(a}tﬂzﬁﬂ wcos(#)Cc sin ! t
1-L.C.w JLC(1-LCoar’) |\ {LC,
(N
V,@C,si
4 Sm(?) cos| ———1
1-L.Cotw L.C.

where, the transient voltage of the power supply is expressed
as v=V cos(wr+9)

The worst-case situation during start-up process is based
on the magnitude of capacitor voltage and inductor current.
For minimum case, the switch will be turned on at

p= i% which is the zero point of the load voltage. While for

the worse case, the switch will be turned on at ¢ = +nz ,where

n=1, 2, 3.... And these are the maximum point of the load
voltage.

For condition b) to e), the mathematics calculation
progress is used the same circuit theory Kirchhoff voltage law
(KVL) and the solution of second order differential equation

the following results can be obtained.
TABLE III THE BRIEF SUMMARY OF THE TRANSIENT SITUATIONS

IS\;thCh Best Switch Turn-on Time Best Switch Turn-off Time
Zero load Voltage V,.a=0V and L

So Zero capacitor voltage V..=0V No limitations

S, Zero capacitor Voltage V.. =0V No limitations

S, Zero capacitor Voltage V,.=0V [Z/er;) ;{‘;p acitor Voltage

S3 Zero capacitor Voltage V.. =0V IZ/er: Oc\z;pamtor Voltage

IV. MODE SELECTING AND BEST SWITCHES TURNING TIME

The reasonable structure of HAPF is chosen for a single-
phase system, which combines the adaptive passive part and
controllable active part. Based on the pervious fundamental
reactive power compensation’s discussion, it found that the
structure of HAPF can reduce the dc-linked voltage under
inductive load case, while the APF is more suitable for
capacitive load case.

The circuit structure and control block of passive part are
shown in Fig. 1 and Fig. 2 separately. The system parameters
after calculated is shown as below.

TABLE IV CALCULATED SYSTEM PARAMETERS FOR DIFFERENT CASES

System Parameters Physical Values

7L (RMS) , Vg
I, (RMS), THD Varying, 30%
Le, Ce, C,y, C,; 10mH, 40uF,40uF, 40uF

220V,

According there two considerations, the programming of
passive switches control can be drafty divided into two parts,
namely a) Best switches turning time obtaining and b) Mode
selecting.

A. Best switches turning time obtaining

The trigger signals obtained only according to the load
reactive power cannot be treated as the final switch driving
signals. However, if the best switches turning conditions are
combined with the trigger signals obtained from (Qy,., the
whole control programming of passive switches can be
obtained.

According to the transient analysis in section III. , the
switches have the best turning on/off time which can
minimize the transient problems. From Table III, it can be
clearly seen that the designed switch turn on/off times are
related to zero Vee, Ic, Vipaa the trigger ranges of the Ve,
Ic ,Vigaaare listedin Table V.
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TABLE V THE TRIGGER RANGES OF THE VCC, IC,V .

TABLE VI THE DIFFERENT MODES WITH CORRESPONDING LOAD

Trigger REACTIVE POWER RANGES
g8
Vee, Ic Vioad
component Mode Range of Mode Range of Qroua
Trigger Ranges  -2V<Vce<2V 0.014<Vce<0.014  -2V<Vee<2V Qroad(VAR) (VAR)
. . Inductive load ~ 422.28< Capacitive -1867.42< QO<-
The process chart and the waveform illustrations of  jevel 1 0<844.28 load 933.70
obtaining the best switch driving signals are shown in Fig. 4 (a)  Inductive load ~ 844.28 < 933.70< 0< 422.28
nd (b) level 2 0<1688.56 " : .
a . . Initial State 0>2532.84 and O<
Inductive load 1266.41<
-1867.42
— level 3 0<2532.84
Instantaneous Vfl'CL[CCd
Vee Ic or Vioad or Vioa
_MMEWC V. SIMULATION RESULT
Generate oAt i The overall simulation need cover all the types of
Logic “1” 0 . . . .
o SRR ! transient situations. Therefore, time steps of the overall
Lt Il LI T 1} " . . . .
’ SO IR n transients can be listed as shown in Table VII and the setting
Compare with the — i ' of the simulation is shown in Table IV.
°"9'S’i‘§:1‘a'|'§99' T I n TABLE VII TIME STEPS OF THE OVERALL TRANSIENT
Original [~ " « M £
i trigger signal ‘ Period ode o Types of transient
p— L 2 ; compensator
Final switch diving i i W 0-1s Initial state
signals Final switch |1 i ¢ 12 Inductive load Start up transient
driving signal ” ” | 48 level 1
238 Inductive load Inductive load transient- more inductive
level 2 load are added
3.4s Inductive load Inductive load transient- part of
_ (@) o (b) o ) level 1 inductive load are taken out
Fig. 4 (a) process chart of the obtaining the best switch driving signals; (b) 4-5s Capacitive load Capacitive load change to inductive load
corresponding waveform illustration of the obtaining the best switch driving Inductive load . .
ional 5-6s Inductive load change to capacitive load
signals level 1
. 6-7s Initial state Close off transient
B. Mode selecting
According to the previous discussion, the different 200"
modes with corresponding load reactive power ranges table § b
and the flowchart in can be obtained. o 10K
-2.0k”
InstaD:Lt:r::;ous 2.0k--Me
Qroad ’g 1.0k
IR
® 1o _‘
933.70<QLoad<422728 Enable Initial State -2.0k-
Qroad>2532.84 ‘Yes—m| switches trigger-
QLoad<-1867 424 signals 2.0k—- Q Conpensétor
1.0k
No § 00 i
Enable Inductive ° ;z:
422.28<QLoa0<844.28 Yes—»| L.°idLe‘.“e' [ R— T : )
SW"cs.es trigger- Ornitial state 1.0 1nductive 20 1nductive 30 nductive 4.0 capacitive 5.0 1nductive 6.0 mitial statd -0
ignals o Level 1 Level 2 Level 1 Load Level 1 (Load off)
No Fig. 6 Dynamic reactive power diagram
Enable Inductive 00" E
844.28<QLoac<1688.56 Yes—»! svt.‘:;lﬁ‘:;ggr_ —— 0
signals 2
S 200
No 400
30 -k
Enable /nductive @ 15
1266.41<QLoas<2532.84 Yes—»| sbﬁg:ef“:.;’;’e’p [ g' o
signals -15
No 0
400 B2
Enable Capacitive 43 200+
-1867.42<Qload<-918.90 Yes—m Load switches g 07
trigger- signals 200
400
30
Q 159
E o7
Delay 0.01 Second < 154
304

y
Return

Fig. 5 The routine of mode section

00 Initial State 10 Inductive 20 Inductive 30 Inductive 40 Capacitive 50 Inductive 6.0 Initial State 7.0
ot Lever1 Levels Tevel1 Toad Levers (Load offy

compensation)

Fig. 7 Dynamic waveforms of Vg Is V. and I¢
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The waveform of the overall simulation of reactive
power diagram is shown in Fig. 6 and waveforms of Vi Is V.
and /¢ are shown in Fig. 7.

VI. EXPERIMENT RESULTS

A. Environment Setting

APF is composed of DC/AC inverter, transducer with
signal conditioning boards, DSP control board, IGBT drivers
and DC-link capacitor. The DSP control board is based on a
high-speed Digital Signal Processor (D.S.P)-TMS320F2812,
which has high performances in the real-time control and
motor/machine control. And the integral PWM outputs make
it more suitable for inverter control [13] [15] . Additional
signal conditioning circuits are designed to transfer the
transducer output signals into a voltage range signal that can
satisfy the requirements of the A/D conversion. And then the
A/D signals are transmitted to the DSP controller for
processing. When the PWM control is employed [12] , the
DSP will generate trigger signals to control the output of the
inverter. The experimental environment is built in laboratory
and the photo is below.

Top Layer: Control system
(Transducer with signal
conditioning boards and DSP
controller)

4
=

S A S -

Middle Layer: IGBT switches

b e At d and their divers, DC link
_/ [wis f capacitors with discharge
resistors

Bottom Layer: passive part of
HPF inductors and capacitors

Fig. 8 The photos of a single phase adaptive HAPF experiment prototype

In Fig. 8, Several meters (load voltage meters, load current
meters, coupling current meter, capacitor voltage meter and
DC voltage meter) are set to have real-time monitor of the
working states of the system. The power supply of control
system is given by an individual 220V source voltage with
isolated transformer for protection. Furtherly, the technical

data of adaptive HAPF system is shown in Table VIII.
TABLE VIII TECHNICAL DATA OF ADAPTIVE HAPF SYSTEM

CBu 081eF B0 031er B4u 038 pr
088 3 100
B4u St B0 S Bdu Shon
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1000 00y, 100w
e, fa. p e, o, £ P
....... S b
SRR | [
S RV v, AV A
A i B RECA i BA RECA (I}
(a) (d) (2)
aro =
354;@1 14 350 THD 140 143 THD 140
3 5003+ & 4995 o 5000k:
1267, @ 1180, 0a7n 1178x TG4
24 9324 25 CEIER 48 990 %,
0 0o 0o
s @ «
it i o
% % %
S nnANARTAER TR ARSI ES 59 131721252933 37 41 45 40
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D oLD 1= ARMD oD ARMD oD =
110 14 11 3o 140 14 1400
5003 u: \ 5000w 4995 H
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Fig. 9 The waveforms of source current Is and voltage Vs before

compensation (a) power diagram (b) current spectrum (c) voltage spectrum;
after pure passive filter compensation (d) power diagram (e) current spectrum
(f) voltage spectrum; after adaptive HAPF compensation (g) power diagram
(h) current spectrum (i) voltage spectrum;

C. Dynamic Compensation

The experimental system can adaptively respond to the
changing of loading. The transient states during the loading
change will be observed and the control strategy will be
confirmed. All the experiment results in this section are

obtained via Meridian Ultra PQ analyzer.
TABLE IX EXPERIMENTAL STEPS OF DYNAMIC COMPENSATION

Step 1 2 3 4
Mode of Initial state Inductive Inductive Inductive
without load level load level load level
compensator .
compensation 1 2 1
Step 5 6 7
Inductive .,
Mode of Initial state

load level
1

Capacitive load

compensator HAPF off

System Parameters Value
Source voltage magnitude 55V/50Hz
Filtering inductance Lc, Cc, C¢;, Ce 9.5 mH,41.0pF
DC-link reference voltage V. 20V
Hysteresis PWM
PWM control (comparator period = 14.6kHz)
Load current THD Nonlinear Case 36.4%

B. Static Compensation Experimental Results

Fig. 9 shows the waveforms of source current /g and
voltage Vs, their THDs and spectrums taken by Fluke. The
three cases are compared which are before compensation,
after pure PF compensation and after adaptive HAPF
compensation.

The experiment in the hardware follows the same steps
as the simulation which can be shown in Table IX The
experimental system is tested under 55V. The power diagram
of the load reactive power and source reactive power off the
overall simulation is shown in Fig. 10.
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Fig. 10 Experiment results of source reactive power and load reactive power
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From Fig. 10, it shows that the source reactive power can
be compensated to almost zero after the turn on the adaptive
HAPF which primarily proves the correctness and validity of
the proposed adaptive HAPF.

D. Experiment of Transient States

The purposes of the transient experiment are to prove the
proposed adaptive HAPF can dynamically switch the
compensation mode without serious transient problems. The
source voltage Vs (or load voltage V;,.), source current /g,
capacitor voltage V. and compensating current /- will be

zﬁ‘

V V B VV V'V VUV
PR pr— A o EY Ty
2 o 3 [ o

grl com:

(e) ®
Fig. 11 The waveforms in experiment of transient states of Vs I V. and Ic(a)
when initial state change to inductive level I; (b) when inductive level I
change to inductive level II (c) when inductive level II change to inductive
level I; (d) when inductive level I change to capacitive load; (e) when
inductive level I change to capacitive load; (f) when inductive level I change
to initial state

Form the above Fig. 11, it can be seen that the adaptive
HAPF can perform compensation dynamically without
causing large transient problems. To be more exactly, there
are no current or voltage overshooting problems (dv/dt or
di/df) and the peak value in transient state is much smaller
than 3 times of it in steady state.

VII. CONCLUSIONS

In this paper, a reasonable structure of the adaptive
hybrid active power filter (HAPF) is proposed for a single-
phase low dc system. The reactive power and harmonics of
the loads can be compensated dynamically, and the proposed
HAPF has a low dc-linked voltage under both inductive and
capacitive loading compensation. The capacitance and
inductance in the passive part are calculated based on realistic
example. The compensation range is deduced based on the
capacitance and inductance in passive part. Transient analysis

of the adaptive HAPF is studied. And the best switches turn-
on/off time are found based on calculated and simulation
results.

An experimental prototype of a single-phase adaptive
HAPF was established and all the experimental results are
consistent with the simulation results. All the simulation and
experimental results satisfied the IEEE 519:1992 and IEC 61
000-3-2 standards. And the proposed adaptive HAPF can
dynamicly compensate reactive power and current harmonics
problem with a low dc-link voltage under both inductive and
capacitive loading situations. Compared with the traditional
APF for inductive loading compensation and HAPF for
capacitive loading compensation, the proposed HAPF requires
a low dc-linked voltage under both inductive and capacitive
loading compensation, which can reduce the initial and
operational costs.
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