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Abstract-This paper presents a three-level hybrid active power 

filter (HAPF) combined with Quasi-Resonant DC-Link (QRDCL) 

soft-switching circuits in a three-phase four-wire system. Hybrid 

active power filter is a combined system of passive filter and 

active power filter, so it can compensate system harmonic current, 

reactive power and neutral current with a low dc voltage. Quasi­

resonant dc-link circuits use the mirror symmetrical approach to 

achieve zero voltage switching for main switching devices in a 

three-level inverter in order to decrease switching power losses. 

By combining the hybrid active power filter and the soft­

switching circuits, the proposed topology not only has a lower 

inverter rating but can also reduce switching power losses. 

Simulation results of this soft-switching hybrid active power filter 

are provided to verify this proposed system and its control 

strategy. 

I. [NTRODUCTION 

Nowadays, more nonlinear power devices are used in 
industrial fie [d. Nonlinear loads cause hannonic currents, 
reactive power and excessive neutral current in three-phase 
four-wire system. Therefore, three-phase four-wire active 
power filter and hybrid active power filter are proposed to 
solve these power quality issues [1, 2]. 

Hybrid active power filter is a combined system of passive 
filter and active power filter. It can avoid parallel resonant 
between a source and a passive filter at some specific 
frequencies, moreover, hybrid active power filter reduces the 
power rating, initial costs and running costs of active power 
filter [3, 4]. So that, according to the different connections 
between passive filter and active filter, hybrid active power 
filters have several topologies and respective own 
characteristics [5]. [n the recent years, hybrid active power 
filter has been developed in three-level structure, so that it can 
be used in high voltage applications [6]. 

Soft-switching techniques have been developed about 
several decades. Applying soft-switching techniques into 
power converters can reduce switching losses of power devices 
as well as release power stresses on devices, along with dvldt 
and di/dt. As a result, the system efficiency is improved and 
life time of devices is prolonged. Quasi-resonant dc-link is an 
outstanding topology among soft-switching techniques. This 
circuit consists of a LC resonant circuit and two switches in dc 
side of the inverter, so it can build zero voltage switching for a 
two-level inverter. Two mirror symmetrical quasi-resonant dc-
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linl( circuits can be used in a three-level inverter [8]. 
Furthennore, soft-switching circuits have been applied in 
power compensators to reduce switching power losses and 
improve efficiency of compensation system [9, [0]. 

In this paper, quasi-resonant dc-link circuits are integrated 
into three-level hybrid active power filter in three-phase four­
wire system as illustrated in Fig. 1. The passive filters of the 
hybrid active power filter are directly connected to the power 
system, and the active power filter is in series with the passive 
filter. Two quasi-resonant dc-link circuits are added to the dc 
bus of the inverter, as shown in the grey area. [n section II, the 
operational principle and control of the quasi-resonant circuits 
are discussed. Section III provides the control system of the 
proposed hybrid active power filter combined with quasi­
resonant dc-link circuits. Section [V presents the simulation 
results for verifying the validity of this proposed topology. 

[I. QUASI-RESONANT DC-LINK CIRCUITS IN THREE-LEVEL 
[NVERTER 

A. Operational Principle of Quasi-Resonant DC-Link 

Circuit 

The controls of quasi-resonant dc-link circuits for three­
level inverter have been reported in several papers [8, 10]. The 
upper equivalent circuit of quasi-resonant dc-link circuit in 
three-level inverter is illustrated in Fig. 2, and it is also marked 
in Fig. 1. The upper quasi-resonant bank includes two auxiliary 
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Fig. I Three-level hybrid active power filter combined with quasi-resonant dc­
link circuits in three-phase four-wire system 
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switches Sxl and Sxz, a resonant inductor Lrb a resonant 
capacitor Cr], and the resonant period is Trl. They form a 
second-order resonant circuit inside the inverter between two 
dc capacitors (Cl, C2) and the inverter bridge. The dc capacitor 
CI=CZ, so the voltage Vcl=Vc2, but the resonant capacitor Crl is 
much smaller than CI or C2. The current source 101 indicates as 
an equivalent output current of the inverter, and the diode Dinvl 
represents the power diode which is anti-parallel with IGBT 
devices of the upper inverter, which are marked by dash line. 
The resonant waveform of this upper QRDCL circuit is shown 
in Fig. 3. The operation of this resonant circuit can be divided 
into five modes which are described as follow. 

Mode A [before td: before activating the resonant circuit, 
this is a normal state of the inverter. The auxiliary switch Sx! is 
conducted to clamp the input voltage limited to half of DC 
voltage, V dj2, so the resonant capacitor Crl is charged up to the 
half of the normal dc voltage. The auxiliary switch Sx2 is not 
conducted, so that the resonant is not activated. In addition, the 
voltages of the capacitor CI and C2 are Vd/4 respectively. 

Mode B [tb tz]: from Fig. 3 Sinvl represents switching state. 
When inverter switching state Sinv! should be changed at tl, it 
needs to activate soft-switching first. After activating the 
resonant circuit at the time t], the clamping switch Sxl is 
turned off and the auxiliary switch Sx2 is turned on. When the 
resonance begins, the voltage Vr! decreases rapidly, in the 
meantime the resonant current irl is increased rapidly, which 
are derived by the equations (1) and (2). 

(1) 

(2) 

where the angular frequency of resonant circuit OJel is 

1/ � LdC,.1 ' and the characteristic impedance Z,.1 = � L,.1 / C,.1 . 

The energy stored in the capacitor Crl is transferred to the 
capacitor Cz, which is passing the inductor Lrl. 

Mode C [t2' t4]: this is a zero voltage or a near zero voltage 
interval, that is, in the vicinity of the first half resonant period 
Tr/2. During this interval, the voltage Vrl of the capacitor Crl 
is reduced to zero, that is, the dc-bus voltage of the inverter 
reaches zero. Moreover, the auxiliary switch Sx2 is turned off 
at the time t3, when the resonant current irl becomes zero even 
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Fig. 3 Resonant waveforms and operational waveforms of the upper QRDCL 
inverter 

reverse through anti-parallel diode Dx2, so the Sx2 is obtained 
zero voltage and zero current turn off. Therefore, the 
switching state of the inverter is changed at this zero voltage 
switching period. 

Mode 0 [t4' ts]: the resonant current irl is in the reverse 
direction flowing into the resonant capacitor Crl during the 
second half resonant period from Tr/2 to Trl. The anti-parallel 
diode Dx2 begins to conduct the resonant current, and the 
resonant energy is transferred back to the Crl through the Dx2. 
Therefore, the Crl is charged by this resonant current and the 
voltage Vrl of the Crl increases rapidly. 

Mode E [after ts]: at the end of the resonant period Tr], the 
voltage Vrl of the capacitor Crl reaches the maximum value 
V d/2. The clamping switch Sx! is turned on under the nearly 
zero voltage, thus achieving zero voltage turn-on for the Sxl. 
The input voltage of the inverter is turned back to the dc 
voltage Vdc12 and the inverter is connected to dc power 
capacitors C I and C2 again. A resonant zero voltage switching 
cycle completes at this moment. The quasi-resonant circuit 
returns back to the normal steady-state as shown in Mode A, 
and it is also ready for the next soft-switching period . 

B. Control Strategy a/Quasi-Resonant DC-Link Circuit 

If the switching state of the inverter is not changed, there is 
no soft-switching operation, so the quasi-resonant dc-link 
circuit will not be triggered. In this situation, the auxiliary 
switches Sxl and Sx4 are in the on-state, meanwhile the 
auxiliary switches Sxz and Sx3 are in the off-state. However, 
when a new switching pattern is detected by the ZVS detector, 
the quasi-resonant dc-link circuit is triggered. The waveforms 
of the resonant voltage and current of the QRDCL inverter are 
illustrated in Fig. 3. The dc voltage V de is assumed to be 
constant in one switching cycle. In the figure, the dash line of 
Sinv! represents the original PWM pattern of the inverter's 
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TABLE I SWITCHING TABLE OF UPPER QRDCL CIRCUITS 

Mode A B C D E 
Time before t1 t1-t2 h-t3 I t3-t4 t.-t5 after t5 
Sxl On Off Off I Off Off On 
Sx2 OfT On On I OfT Off OfT 

main switches, while the solid lines of Sinvl represents the 
delayed PWM pattern due to QRDCL operation. 

At the beginning of the soft-switching process, the PWM 
signals are being compared with the old PWM signals of the 
previous switching period. If the new PWM signals are 
detected, it triggers the corresponding QRDCL circuit 
immediately, that is, when the switching state of the inverter 
needs to be changed, old switching state will be held and the 
zero voltage switching controller will be triggered at tl. Then, 
the auxiliary switch Sxl is turned off and the auxiliary switch 
Sx2 is turned on. After waiting a delay time Tr/2, when the 
zero voltage or near zero voltage condition appears, the new 
switching statue of the inverter will be active and latched. The 
auxiliary switches Sx2 is turned off. In the end of the soft­
commutation, the auxiliary switch Sxl is turned on. The 
switching function of an upper quasi-resonant dc-link circuit is 
summarized in Table I. The control of lower quasi-resonant 
bank is similar to the upper ones and can be derived. 

III. CONTROL SYSTEM OF HYBRID ACTIVE POWER FILTER 
COMBINED WITH QUASI-RESONANT DC-LINK CIRCUITS 

A. Design of Hybrid Active Power Filter 

The hybrid active power filter consists of a three-phase 
passive filter and a three-level three-phase voltage source 
inverter. The resonant frequency of passive filter in each phase 
is given by equations (3). 

J: - 1 F - 27r�LICF 
(3) 

where CF is the coupling capacitor and LF is the coupling 
inductance. The passive filter has a good filtering characteristic 
around the resonant frequency. The single phase reactive 
power of the passive filter QCPF can be defined in equation (4), 
where Xc and XL are the coupling reactance. The required 
minimum dc-link voltage Vdcrnin is expressed in equation (5) 
[2], where QL is the single phase reactive power of the load and 
Vs is the system voltage. 

B. 

QCPF ( 1 J vi = Xc -XL 

Control Sytem of Hybrid Active Power Filter combined 

with Quasi-Resonant DC-Link Circuits 

(4) 

(5) 

The quasi-resonant dc-link circuits are added to hybrid 
active power filter in Fig. I, so the overall control system of 
hybrid active power filter combined with quasi-resonant dc­
link circuits is illustrated in Fig. 4. This system can be divided 
into three parts: calculate compensating current, pulse width 
modulation (PWM), and zero voltage switching control. 

The compensating current is calculated by instantaneous 
reactive power theory [11], which has been widely applied in 
active power filter and hybrid active power filter. Three-phase 
system voltages (VSa, VSb, vsc) and currents (is a, iSb, isc) are 
measured and transformed into the a�O coordinate by 
transformations (6) and (7). 

(6) 

(7) 

Real power Pap, reactive power qap, and zero-phase 
sequence power Po are obtained in the a�O coordinate by (8). 
The ac part of real power p is filtered by high pass filter rxfJ 
(HPF). 

(8) 

The compensating currents (iSha, iShb, iShc) are calculated by 
the inverse transform from ica, icp, and ico in equation (9). 

(9) 

Therefore, the reference voltages ( v v v ) are refa ' rejb' refc 
derived by equation (10) [3,4]. 

j=a, b, c 
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The PWM control is implemented by the 3-dimension direct 
pulse width modulation, which is easy to implement and has 
low computation complexity among many other PWM 
algorithm [12]. The switching state and the pulse width of each 
phase are determined by the normalized three phase reference 
voltages in the following equation (11). 

(11) 

The reference voltage vector is decomposed into two 
components: the offset voltage vector and the two-level voltage 

vector. 

(12) 

where vO/l'" = INT(vre(), INTO means to remove the fractional 

part of the normalized voltage vector and get integer value. 

Based on the volt-time product approximation, the pulse 
width of each phase can be calculated by (13 )-(15). T S is the 
sampling period, toffj and tonj are the dwell times of two adjacent 
output states. Therefore, the trigger signals of each power 
switches in three-level inverter are generated. 

Circuits 

Fig. 

Input PWM Signals 

Waiting a delay 
time T/2? 

Waiting the other 
delay time TJ2? 

etecting new 
PWM signals of 

inverter? No 

The detail control strategy and operating principle of 
QRDCL circuit are described in Section II. To cooperate 
PWM and soft-switching, the control diagram of QRDCL 
inverter is illustrated in Fig. 5. In order to achieve the soft­
switching, the PWM signals are sent to the PWM Storing 
Latch instead of directly sending to the power switches. When 
the Zero Voltage Switching Detector detects new PWM 
signals, it sends the QRDCL Enable signal to activate the zero 
voltage switching operation and store new PWM signals, then 
the storing latch waits for the PWM Enable signal. Once the 
QRDCL circuit is triggered, and the resonant begins, the zero 
voltage switching controller waits a delay time for the zero 
voltage condition. When the zero voltage condition appears, 
the PWM Enable signal will be sent to PWM Storing Latch 
and the new PWM signal will be outputted to the inverter, so 
that zero voltage switching for the inverter is achieved. In the 
second half of the resonant period Tn it also waits a delay time 
T/2 to get the end of the zero voltage switching, then QRDCL 
inverter goes to normal state and waits next soft-commutation. 

IV. SIMULATION RESULTS 

The hybrid active power filter with a mirror symmetrical 
pair of quasi-resonant dc-link circuits in three-phase four-wire 
system is illustrated in Fig. I. This simulation software is 
PSCAD IEMTDC. The system voltages are balanced, but the 
system loads are nonlinear loads which produce harmonic 
currents. The system parameters are summarized in Table II. 
The passive filter is selected the third-order filter circuit, and 
the gain K is 50 to achieve a broad filtering frequency field. 

Three-phase system currents (isa, isb, isc) and neutral current 
(isn) before compensation is shown in Fig. 6, which is not 
sinusoidal waveform including harmonic currents and reactive 
power required to eliminate. Fig. 7 and Fig. 8 show the system 
current after compensation in hard-switching and soft-

TABLE II HAPF COMBINED WITH QRDCL CIRCUITS 
IN THREE-PHASE FOUR-WIRE SYSTEM 

System Parameters Symbols Value 
Source Voltage (RMS) Vs 220V 

Source Frequency Fs 50Hz 
System Inductance Ls ImH 

Coupling Capacitance CF 66J.lF 
Coupling Inductance LF l7mH 
Switching Frequency fsw 5kHz 

DC Voltage Vdc IOOV 
DC Capacitors C1, C2, C], C4 5000J.lF 

Resonant Inductors Lrl, LI2 2.533J.lH 
Resonant Capacitors Cd, Ce2 IJ.lF 

30,·�5�' __ '-__ �r·�5�b __ '-__ -f._5�C�-r ____ r· ���n __ ,-__ � 
isa isb isc 

-201-----�----�----+_--�----�----+_--�----� 

-30 
0.020 0.030 0.040 0.050 0 . 060 0.070 

Time (Second) 
0.080 0.090 0.100 

Fig. 6 Three-phase system currents and neutral current before compensation 
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Fig. 8 Three-phase system currents and neutral current 

after compensation in soft-switching 
switching respectively. From these compensating results, they 
show that this proposed topology can compensate well in both 
hard-switching and soft-switching. Since the quasi-resonant 
dc-link operation affects the compensation performance of the 
power compensator, the compensation result is slight different 
from the hard-switching one. The detail results are listed in 
Table III. The total switching loss in hard-switching is 
illustrated in Fig.9 (a), however, the total switching loss in 
soft-switching is shown in Fig. 10 (a). By comparing both 
simulation results, it is proved that quasi-resonant dc-link 
circuits can significantly reduce the switching losses of power 
device. Fig. 9 (b) and Fig. 10 (b) are also shown the signficant 
reduction of switching losses in detail. The soft-switching 
function indeed reduces switching losses and improve the 
system efficiency. The average switching loss of the proposed 
system is from 3.35W in hard-switching to 2.51 W in soft­
switching. The average switching loss have been reduced 
about 25%. Moreover, the measured rating of the soft­
switching inverter of the propose topology is I kW. 

Fig. 11 shows the switching transition of power device in 
hard-switching and soft-switching. The voltage Vce and current 
ice, which is multiplied five to show, of power device are 
clearly shown that the switching stress is reduced and the 
change rate of the voltage is released with zero voltage 
switching. Moreover, the life time of the power devices can be 
prolonged. 
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� 0.6'+ _---&� �-I�- ��--��---I-��· j � -*----�----+_--� 

� O.5" �--�ti l--- lrl�- � I·II--·IH--- t IT�"iiIH- �---I-� '--- +-�'� 
] 04'�I.� �.Ir. "Hr�I·II�.r­
.;,l ". "'-I-.�·H-.::< lfJ 
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Fig. 9 Switching loss in hard-switching: 
(a) total switching loss; (b) switching losses within O.Ols. 
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TABLE III SIMULATION RESULTS OF HYBRID ACTIVE POWER FILTER 
COMBINED WITH QUASI-REsONANT DC-LINK CIRCUITS 

THD Phase A 
Phase B 
Phase C 

Power Phase A 
Factor Phase B 

Phase C 
Neutral Current 

(RMS) 

Average Switching 
Losses 

Before After Compensation 
Compensation Hard-

Switchilll! 
30.2% 6.99% 
30.2% 7.36% 
30.2% 7.02% 
0.84 1.00 
0.84 l.00 
0.84 1.00 

7.62A 0.76A 

--- 3.35W 

V. CONCLUSION 

Soft-
Switching 

7.26% 
7.61% 
7.28% 
1.00 
l.00 
1.00 

O.77A 

2.51W 

In this paper, QRDCL soft-switching technique is applied 
to hybrid active power filter in a three-phase four-wire system. 
The soft-switching circuits can reduce switching losses and 
improve efficiency of the hybrid active power filter. The 
control system of the hybrid active power filter is 
implemented to achieve harmonic current, reactive power and 
neutral current compensation. The proposed three-level hybrid 
active power filter combined with quasi-resonant dc-link 
circuits is validated by the simulation results. Results indicate 
that harmonic current, reactive current and neutral currents are 
compensated simultaneously. In addition, the switching losses 
can be reduced up to 25% after soft-switching is applied. 
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