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Abstract—In this letter, a virtual impedance comprehensive con-
trol (VICC) strategy is proposed for the controllably inductive
power filtering (CIPF) system with a new filtering mechanism. This
control strategy aims to satisfy the zero-impedance design precon-
dition of the inductive power filtering system, and can dampen
the harmonic resonance at the grid side. By the proposed zero-
impedance control, the quality factor of the passive power device
can be adjustable, and the single-tuned filter can be multituned.
First, the main circuit topology for implementing the VICC-based
CIPF is presented. Then, on the basis of the multipurpose con-
trol, the VICC strategy is designed. Furthermore, by means of the
established equivalent circuit model and the corresponding math-
ematical model, the principles of the harmonic damping and the
zero-impedance realization are revealed. Finally, the experimen-
tal results verify that the proposed control strategy can weaken
the harmonic amplification effectively, and improve the filtering
performance significantly.

Index Terms—Harmonic damping, inductive power filtering
(IPF), virtual impedance control, zero-impedance design.

I. INTRODUCTION

THE traditional filtering methods mainly focus on how to
improve the power quality (PQ) of the public power net-

work [1]–[5]. However, for the PQ problems existed in the
supply systems that connect the nonlinear power load with
the distribution network, the filtering methods are helpless to
solve the problems at the power user side efficiently [6]. Taking
the rectifier transformer applied in the large-power industrial dc
supply system as an example [7], [8], the traditional filters, such
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as the passive power filter (PPF) or the active power filter, are
generally configured at the point of common coupling (PCC),
and cannot reduce the harmonic currents flowing into the trans-
former. Hence, the harmonic components inevitably cause a
series of problems to the transformer, e.g., operating loss, noise,
and vibration.

In recent years, an inductive power filtering (IPF) method
was proposed by Li et al. [9], [10]. The IPF method uses an
additional zero-impedance designed winding of the converter
transformer integrated with a set of single-tuned filters [9]. The
harmonic magnetic potential can be balanced between the load
and the additional (filtering) winding, and the harmonic leak-
age flux in the converter transformer can be reduced greatly.
The IPF method makes the best of the filtering potential of the
transformer, and not only suppress the harmonic current but also
prevent it from flowing into the primary (grid) winding of the
rectifier transformer, which means that the IPF method can re-
duce the effects of the harmonic components on the transformer.
Currently, the IPF concept has been applied in the Chinese trac-
tion power supply system [11]. Literatures [12] further studied
the IPF method, and proposed a topology of hybrid inductive
and active filter (HIAF). The HIAF combines the advantages of
IPF method with the hybrid active power filtering technology,
and it makes up for the deficiency of the harmonic resonance
damping. The IPF method proposed in [9] requires a necessary
precondition of the dual zero-impedance design for the filtering
winding and the filtering branches. Literature [13] analyzes the
engineering design of the transformer winding. By adjusting the
short-circuit impedances, the value of the equivalent impedance
of the filtering winding might, ideally, be approximately equal
to 0. However, as for the passive power device, due to the lim-
itation of the manufacture technics, the facility budget and the
existence of the line impedance, the equivalent impedance Zf n

of the filtering branches still exists as a nonzero resistance,
while the capacitor and the inductor have been well tuned at
the considered harmonic frequency. Literature [14] proposed an
inductive active filtering (IAF) method. The IAF method can
track the change of the nonlinear load, and the active technique
is used to realize the precondition of zero-impedance design.
However, it is helpless to suppress the background harmonic of
the network.

Up to now, there are very few available literatures involving
how to realize the essential condition of zero-impedance design
of the IPF method. To solve this problem, this letter proposes a



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017 921

Fig. 1. Main circuit topology of the proposed CIPF system.

virtual impedance comprehensive control (VICC) strategy for
the controllably inductive power filtering (CIPF) system [15],
which aims to realize the zero-impedance design as required and
the harmonic damping at the grid side simultaneously. The spe-
cial technical features about the proposed zero-impedance con-
trol method will be revealed in theory. This letter is structured as
follows. Section II describes the filtering characteristics of the
CIPF system, by means of the equivalent model. In Section III,
the principle of the harmonic damping control method and
the zero-impedance control method are revealed, respectively.
The experimental study is carried out in Section IV. Finally, the
conclusion is addressed in Section V.

II. OPERATING PRINCIPLE OF THE CIPF SYSTEM

A. Main Circuit Topology

Fig. 1 shows the main circuit topology of the proposed VICC-
based CIPF system. As the key equipment for implementing
the CIPF, the inductively filtered rectifier transformer (IFRT) is
installed in the vicinity of the nonlinear power load and has a
three-winding structure. Its primary (grid) winding adopts the
star wiring and is connected with the network. The nonlinear
power load is connected with the star winding which is acted as
the valve winding. The filtering winding adopts delta wiring and
is connected to the fully tuned (FT) branches and the voltage-
source inverter (VSI) in series. The CIPF system uses a set of
single-tuned filter well tuned at fifth-order harmonic frequency
as the FT branches. The proposed VICC-based CIPF system has
the following technical features:

1) Based on the theory of the magnetic potential balance,
the harmonic currents flowing into the valve winding and
the harmonic currents induced in the filtering winding can
be balanced each other. There are few harmonic currents
freely flowing into the grid winding of the IFRT. There-
fore, the new IFRT can mitigate the effects of the harmonic
current generated by the nonlinear load on itself.

2) The VICC strategy includes the harmonic damping con-
trol and the zero-impedance control. It can weaken the im-
pact of the background harmonic voltage on the filtering

Fig. 2. Single phase wiring scheme for the CIPF system.

performance of the passive power device. The sensitivity
of the CIPF system is far below the IPF system. Moreover,
by the multipurpose control, the resistance of the filtering
branches can be eliminated, and the quality factor Q of the
passive filter is improved so that the design value of Q can
be reached. Besides, the inverter can be controlled to be a
capacitor. At the seventh-order harmonic frequency, a vir-
tual single-tuned filter is created at the filtering branches.
The VICC fully utilizes the potential of the inverter. The
dependence on the manufacturing requirements of the de-
vice is reduced and the cost of the investment is saved
as well.

B. Filtering Characteristics Analysis

For the thyristor-based rectifier load, the orders of the char-
acteristic harmonic are 6k ± 1(k = 1, 2, 3, . . .). The contents
of fifth- and seventh-order harmonic currents are much higher
than others. In this case, the real fifth and the virtual seventh
single-tuned filter are designed. Fig. 2 shows the single-phase
wiring scheme for the CIPF system. In the equivalent model,
IS , VS , and ZS are the grid-side current, the grid-side voltage,
and the system impedance, respectively; IL and If are the load
current and the filtering branch current; and Zf is the equivalent
impedance of the fifth single-tuned filter. The VSI can be equiv-
alent to a harmonic current controlled voltage source. VC is the
ac port voltage of the inverter, and can be expressed as follows:

VC = Kn ·
∑

n=5,7,...

ISn + KR5 · If 5 + KZ 7∠ϕ · If 7 (1)

where the subscript “n” represents the harmonic component of
the variables; Kn is the harmonic damping control coefficient;
KR5 is the impurity-elimination control (IEC) coefficient; KZ 7
is the multituned control (MTC) coefficient.

According to the theory of multiwinding transformer [16]
and the principle of transformer magnetic potential balance,
the following equation can be obtained to describe the impact
of the load current ILn and background harmonic voltage VSn

on the filtering branch current If n [9], i.e.
⎧
⎪⎪⎨

⎪⎪⎩

If n =
k21k31(Z1n + ZSn ) + k21Kn

(Z3n + Zf n ) + k2
31(Z1n + ZSn ) + k31Kn

ILn

If n =
k31

(Z3n + Zf n ) + k2
31(Z1n + ZSn ) + k31Kn

VSn .

(2)
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Fig. 3. Block diagram of the VICC strategy.

From (2), it can be found that the filtering performance is
mainly affected by ILn and VSn . The special implementa-
tion condition of CIPF is that Z3n + Zf n = 0 and Kn >>
k31(Z1n + ZSn ). All the harmonic currents generated by the
nonlinear power load will flow into the filtering branches, only
if we guarantee that Z3n + Zf n = 0. Hence, the impedance co-
ordination between the filtering branches and filtering winding
is required. The function of Kn is to prevent the background
harmonic from flowing into the filtering branches via the grid
winding, and to help the harmonic currents generated by the
nonlinear load sink into the filtering branches. The harmonic
currents at the grid side can be totally filtered out in this way.

III. CONTROL STRATEGY

Fig. 3 gives the comprehensive control system of the VICC
strategy. This system consists of three parts:

1) one for extracting the grid-side harmonic currents to
dampen the harmonic resonance;

2) one for extracting the harmonic components from the fil-
tering branch currents to realize the zero-impedance de-
sign;

3) one for extracting the active component from the dc volt-
age to regulate the dc voltage of VSI. The control objec-
tive is to control the inverter’s output voltage to satisfy the
control law (1).

A. Harmonic Damping Control

There are plenty of existing literatures introducing the har-
monic detection method. For instance, literature [17] uses a
so-called p–q theory in the synchronous reference frames (d–
q coordinates) to transform the currents. And, the stationary
reference frames (abc to α–β) is applied to the resonant com-
pensator [18]. The conventional harmonic detection algorithm
is to calculate the fundamental component, and then subtracts
it from the sampled grid-side current. The controlled quantity
includes all the harmonic components except the fundamental
components [19]. However, in practice, due to the nonlinearity
of the system’s components, the zero sequence harmonic may

be generated at the grid side when the system shown in Fig. 1
is in operation. There is no flow path in the filtering branches,
and the control strategy increase the harmonic components at
the grid side, which means that the content of zero sequence
harmonic will be greatly increased. Hence, unlike aforemen-
tioned studies, the proposed harmonic damping control adopts
the fractional frequency detection method to adjust the degree
of compensation of each order harmonic, and the main order
harmonic components, i.e., 5th-, 7th-, 11th-, and 13th-order,
are considered. The harmonic damping coefficient Kn acts as
a zero impedance at the unconsidered frequency, such as the
fundamental frequency, and as a damping resistor at the specific
frequency to damp harmonic between ZSn and Z1n . It should
be remarked that the proposed harmonic damping control is an
auxiliary contribution of the proposed control strategy.

When considering the system transfer function, the load cur-
rent or the grid-side voltage (ILn or VSn ) is regarded as the
input of the control system, the grid-side current (ISn ) as the
output and the ac port voltage of VSI (VC ) as the feedback, one
can obtained that

ISn = A (s) (−ILn ) − C (s) VC (3)

ISn = B (s) (VSn ) − C (s) VC . (4)

In Fig. 4(a), H(s) is a low-pass filter (LPF) used in the process
of harmonic detection, and

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A(s) =
k21(Z1n + ZSn )

(Z3n + Zf n ) + k2
31(Z1n + ZSn )

B(s) =
k2

31

(Z3n + Zf n ) + k2
31(Z1n + ZSn )

C(s) =
k31

(Z3n + Zf n ) + k2
31(Z1n + ZSn )

H(s) =
ωC

1 + ωC
.

(5)

According to (3), (4), and the system parameters given in
Tables I and II in Section IV, the closed-loop model of the pro-
posed CIPF system shown in Fig. 4(a) and the bode plots shown
in Fig. 4(b) and (c) are obtained to investigate the harmonic
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Fig. 4. Closed loop of the CIPF control system and the harmonic damping
characteristics of the harmonic damping control method. (a) Closed loop of the
CIPF control system; (b) considering IS n /ILn ; (c) considering IS n /VS n .

TABLE I
PARAMETERS OF THE FT BRANCHES

Capacitance Cf5 (μF) 248
Inductance Lf5 (mH) 1.668
Q 1.048

damping characteristics [20]. Note that the bode plots mainly
concern about the impact of different fifth harmonic damping
control coefficient K5 on the filtering performance, and the line
resistance has been taken into account.

It can be found from Fig. 4(b) that the traditional PPF-based
IPF method (i.e., Kn = 0) can only eliminate the harmonic
around the tuning point ( f = 250 Hz), and the filtering perfor-
mance is inevitably affected by the line resistance. When the fre-
quency is higher than 500 Hz, the frequency characteristic curve
become a horizontal line, which means that for the higher-order
harmonic beyond the tuned point, the IPF method cannot work
effectively. After implementing the harmonic damping control

TABLE II
PARAMETERS OF THE IFRT

Grid winding Valve winding Filtering winding

Wiring mode Star Star Delta
Phase voltage (V) 230.94 100.00 57.70
Capacity (kVA) 30 30 20
Equivalent impedance (%) 5.27 −0.29 3.76

Fig. 5. Control algorithm of the IEC.

with the fractional frequency detection method (K5 = 10 or
K5 = 40, and K7 = K11 = K13 = 20), not only the main char-
acteristic harmonic ( f = 250, 350, 550, and 650 HZ) can be
eliminated accurately, and it shows a lower impedance around
these frequencies, but also the filtering frequency band for the
considered order harmonic is increased. Moreover, the filter-
ing performance gets better with the increase of Kn . But in
practice, an excessive Kn is counter-productive, and the sys-
tem stability may get worse. As shown in Fig. 4(c), when the
CIPF system is not implemented (Kn = 0), the filtering system
is completely powerless to suppress the main background har-
monic frequency [ f = 250 and 350 Hz, measured data can be
found in Fig. 12(c)]. All the background harmonic components
will flow into the grid winding of the IFRT without any block-
ing. Similarly, the curve maintains at a low level around the
main order harmonic frequencies ( f = 250, 350, 550, and 650
HZ) after the implementation of the control strategy. In other
word, the harmonic resonance is hardly excited around these
frequencies.

B. Zero-Impedance Control

The aim of zero-impedance control is to make the sum of the
impedance of the filtering winding and the filtering branches to
be zero, so that the essential condition for implementing CIPF
can be satisfied. It is composed of two parts: 1) IEC with the
design concept to cancel the resistance existed in the filtering
winding and filtering branches, and adjust the Q of the passive
power device; 2) MTC with the design concept to ensure the LC
resonance at the considered harmonic frequency.

1) Impurity-Elimination Control: Figs. 5 and 6 present the
control algorithm of IEC and its circuit model, respectively.
Three-phase currents of the filtering branches are first sampled
online. Then, by means of the instantaneous reactive power
theory [19], the fifth-order harmonic component existed in the
current flowing into the passive power device can be calculated.
The fifth-order harmonic current is multiplied by the corre-
sponding control coefficient, and the output signal of the IEC
can be obtained.
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Fig. 6. Single-phase equivalent circuit of the filtering branches.

Fig. 7. Control algorithm of the MTC.

As shown in Fig. 6, at the fifth-order harmonic frequency,
when seeing from the filtering winding, the voltage of the filter-
ing branches can be expressed as

Vf 5 = (jω5Lf 5 − j
1

ω5Cf 5
+ rf )

︸ ︷︷ ︸
Zf 5

·If 5 + KR5 · If 5︸ ︷︷ ︸
VC

. (6)

Assuming that the single-tuned filter has been well tuned at
the fifth-order harmonic frequency, the voltage can be further
simplified to

Vf 5 = (rf + KR5)If 5 . (7)

Zf 5

If the IEC coefficient KR5 is controlled to be equal to −rf ,
the voltage of the filtering branches is 0, which means that the
total impedance of the filtering branches is 0. Hence, the internal
resistance of the filtering branches can be eliminated. Besides,
the Q of the single-tuned filter tends to be infinity, and the fre-
quency selectivity will be better. In the bode plots, which show
the harmonic damping characteristics [see Fig. 4(b) and (c)], the
curve will be lower around the fifth-order harmonic frequency.
Here, KR5 can be considered as a virtual negative resistance
connected with the filtering branches in series. In addition, KR5
can be adjusted properly as needed to reach the design value
of Q, and a satisfactory harmonic blocking performance can be
realized.

2) Multituned Control: Figs. 7 and 8 give the control algo-
rithm of MTC and the related phasor relationship, respectively.
Similarly, with the IEC method, its detection algorithm cal-
culates the seventh-order harmonic component existed in the
filtering branch current, and the dq transformation is used. As
shown in Fig. 6 and Fig. 8(a), at the seventh-order harmonic

Fig. 8. Phasor relationship diagram. (a) Impedance of the filtering branches;
(b) dq transformation.

frequency, the relationship of the filtering branches is given by
⎧
⎪⎪⎨

⎪⎪⎩

Zf 7 = j7ωLf 5 − j
1

7ωCf 5
+ rf

5ω =
1√

Lf 5Cf 5
.

(8)

Equation (8) can be further simplified, and the total
impedance of the filtering branch is obtained, that is

Zf 7 = rf + j
24
7

ωLf 5 = |KZ 7 |∠ϕ. (9)

The control algorithm is described as follows. As shown
in Fig. 7, after the dq transformation, the three-phase filter-
ing branches currents (if a , if b , if c) can be transformed into to
two dc components (̄id7 , īd7) in d–q coordinates, by means of
a LPF. Then, the reference voltage of the MTC control can
be obtained by multiplying an impedance matrix TZ 7 in (10).
At last, the output signal of the MTC is calculated by the in-
verse dq transformation. The output voltage of the VSI will be
−|Kz7 |∠ϕ·If 7(Zf 7 = |Kz7 |∠ϕ).

[
vd7

vq7

]
=

⎡

⎢⎢⎣
−rf

24
7

ωLf 5

−24
7

ωLf 5 −rf

⎤

⎥⎥⎦

︸ ︷︷ ︸
TZ 7

[
īd7

īq7

]
. (10)

By the MTC method, the VSI can be equivalent to a virtual
negative impedance connected with the filtering branches in
series, and the virtual impedance is capacitive at seventh-order
harmonic frequency, which makes the total impedance of the fil-
tering be 0. By means of a set of single-tuned filter, the objective
of mutlituned can be realized.
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Fig. 9. Prototype of the CIPF system.

Fig. 10. Transient waveform of the dc voltage (recorded by Agilent).

IV. EXPERIMENT VERIFICATION

In order to validate the proposed VICC strategy, a 5-kVA
prototype of the CIPF system in the laboratory is established,
as shown in Fig. 9. The dc voltage of the VSI is 50 V, and the
dc capacitance is 1.5 μF. A DSP (TMS320F28335) is chosen
as the main control chip with a carrier frequency of 10 kHZ
for implementing the VICC strategy in this system. The de-
sign parameters of the FT branches and the IFRT are listed in
Tables I and II, respectively. A HIOKI-PW3198 PQ analyzer
and an Agilent DSO-X 3024 are used to record the voltage
and the current data. The experimental results are shown in
Figs. 10–12.

As shown in Fig. 10, the fluctuated range of the dc voltage
is within 5% of the reference value (50 V) after a setting time
of 150 ms, by means of the regulation of the dc voltage control.
The capacitor is not precharged, and its initial voltage is 0. The
public grid is used in the laboratory to provide the power supply,
and the total harmonic distortion (THD) of the grid voltage is
1.78%. Besides, it can be observed from Figs. 11(a) and 12(c)
that the existence of the background harmonic voltage seriously
affects the filtering performance of the IPF system. The con-
tents of the fifth- and the seventh-order harmonic components
in the grid-side current ISn are increased. However, after the
implementation of the harmonic damping control and the zero-
impedance control, as shown in Fig. 11(b) and Fig. 12(b), the
harmonic components are greatly decreased, and the THDIS is

Fig. 11. Experimental results about the grid side current IS of the VICC-
based CIPF (recorded by HIOKI). (a) Waveform of ISn when implementing IPF
method; (b) waveform of ISn when implementing VICC-based CIPF; (c) tran-
sient waveform when switching the VSI; (d) detailed waveform when switching
the VSI.

Fig. 12. Harmonic spectra of the current at the grid side of the IFRT and the
voltage of the public grid. (a) With IPF method; (b) with VICC-based CIPF;
(c) background harmonic voltage of the public grid used in the laboratory.

reduced from 21.48% to 9.34%. The current waveform repre-
sents a good sinusoid. Further, from the experimental results
shown in Fig. 11(c) and (d), it can be found that the proposed
system shows a good dynamic and steady performance.
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V. CONCLUSION

This letter proposes a VICC strategy for the CIPF system.
Two solutions are presented aiming to weaken the influence of
background harmonic voltage and realize the zero-impedance
design of CIPF, that is, the harmonic damping control and the
zero-impedance control. The harmonic components generated
by the background harmonic voltage of the distribution network
can be eliminated effectively around the specific harmonic fre-
quency. Moreover, by the virtual impedance control, the Q of the
power passive device can be adjusted, and a virtual single-tuned
LC filter is created at the considered harmonic frequency. At
last, the experimental results validate the proposed VICC-based
CIPF system.
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