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Abstract: Different APFs (Active Power Filter) interact with each other when multiple
APFs are connected to the grid, and the interactions deteriorate the control performance of
APFs and even lead to system instability. This paper presents a method to analyze the dy-
namic interaction of multiple APFs in a weak grid. This method uses the Norton equivalent
principle to establish the mathematical model of a single APF. The mathematical model of
the multiple APFs connected to the grid is set up based on the single APF mode. The RGA
(Relative Gain Array) principle is used to analyze the interactions among multiple APFs.
Besides, this paper analyzes the effect of changing circuit parameters and controller pa-
rameters on the change of the interactions. The strategy of weakening and eliminating the
interaction is proposed based on rational selection and combination of parameters. Analy-
sis, along with time domain simulation and experimental results, is presented to verify the
feasibility and effectiveness of the proposed method and strategy.

Key words: interaction effect, relative gain array, active power filter, Norton equivalent,
LCL filter

1. Introduction

As one of the DFACTS (Distribution Flexible AC Transmission System) equipment items,
an APF is an effective equipment to suppress the harmonic current in a distribution network. In
some cases, multiple APFs are often used in the same distribution network and interactions be-
tween different APFs may emerge [1–2]. In the weak network, the interaction cannot be ignored
because of its negative effect. This negative interaction effect can lead to the reduction of APF



166 X. Feng, T. Sun, W. Ma Arch. Elect. Eng.

control performance, the harmonic current cannot be compensated to the maximum extent, and
the stability of the system may be destroyed.

There are many researches on the interaction effects of FACTS (Flexible AC Transmission
System) in a transmission system, which include interactions of different control loops in the
same equipment, interactions in the same type and different types of equipment and so on [3–7].
For example, the Gram determinant analysis method is used in [4] to analyze the interactions be-
tween the TCSC (Thyristor Controlled Series Capacitor) and SVC (Static Var Compensator) in a
transmission system, which proves that the interactions between the TCSC and SVC are related
to the electrical distance of the devices. [5] uses an RGA analysis method to study the interac-
tions between STATCOM (STATic synchronous COMpensator) and the SVC, which shows that
the short circuit capacity and the distance between the devices directly affect their interactions.
Currently there is little research on the interactions among the DFACTS devices [8–10], and there
is no specific analytical methods and solutions.

In this paper, the dynamic interactions among multiple APFs in a distribution network are
studied by taking the weak network. First of all, the mathematical model of a single APF is
established by using the Norton equivalent principle and then it is used in the distribution system
with multiple APFs. After the transfer function of the multi-input and multi-output systems is
calculated, an interaction effect among multiple APFs control circuits is analyzed by using an
RGA principle. Besides, the effects of changing circuit parameters and controller parameters
on changing negative interaction are also studied. This is useful to solve the problem of initial
planning and design of the controller. It’s also suitable for a stable working condition. At last,
the feasibility of the proposing method and its strategy is verified by time domain simulation and
experimental results.

2. System mathematical model

2.1. APF mathematical model

In order to achieve better performance of suppressing switching frequency harmonics, the
LCL filter is adopted in the APF [11–12]. Compared with the L and LC filters, the LCL filter
has better high frequency attenuation in the same inductance, but its control is more complex
[13–15]. In this paper, the double closed loop control strategy is proposed, which is based on the
inner loop feedback of the capacitor current and the outer loop feedback of the grid connected
current. This control strategy can obtain good dynamic performance and load adaptability. The
block diagram of a single APF using the LCL filter and double closed loop control structure is
shown in Fig. 1(a).

In Fig. 1(a), the current control loop adopts a PI regulator, which ensures that the output filter
current follows a given reference harmonic current iref. iref is the harmonic content which extracts
from a load current by the Park transform. The inverter adopts bipolar SPWM modulation and it
can be equivalent to a controlled voltage source as shown in Fig. 1(b). Gsi is the current controller;
Gpwm is the transfer function of the modulator input to the output of the inverter; Hi1 and Hi2 are
the feedback coefficient of the inner loop and the external loop respectively. From Fig. 1(b), it
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(a) Block diagram (b) Simplified block diagram

Fig. 1. Diagram of an single-phase APF

can be concluded that: [(iref −Hi2ig)Gsi −Hi1ic]Gpwm =
1

sC
ic +(ig + ic)L1s

ic = (vo + igsL2)sC
. (1)

In order to facilitate the analysis, the APF is treated with the Norton equivalent principle.
A short circuit current is obtained by (2).

isc(s) = ig(s)
∣∣∣
vo=0

=
GpwmGsiiref

s3L1L2C+ s2Hi1L2CGpwm + s(L1 +L2)+GpwmGsi
= Gi(s)iref . (2)

Open circuit voltage is obtained by (3).

voc(s) = vo(s)
∣∣∣
ig=0

=
GpwmGsiiref

s2L1C+ sHi1CGpwm +1
. (3)

According to (2) and (3), the output impedance zo of the APF can be achieved.

Zo(s) =
uo(s)
ig(s)

=
s3L1L2C+ s2Hi1L2CGpwm + s(L1 +L2)+GpwmGsi

s2L1C+ sHi1GpwmC+1
. (4)

The Norton equivalent circuit of the APF is shown in Fig. 2(a). Giirefi is the controlled current
source.

igi = Giirefi −Youoi , (5)

Yo(s) =
1

Zo(s)
=

s2L1C+ sHi1GpwmC+1
s3L1L2C+ s2Hi1L2CGpwm + s(L1 +L2)+GpwmGsi

. (6)

By (5) and (6), we can know that the output performance of the APF is related to the pa-
rameters of the current loop, the PWM modulator parameters, the LCL filter parameters and the
feedback coefficients.
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(a) Norton equivalent circuit (b) System structure with multiple APFs

Fig. 2. Equivalent circuit of APF

2.2. Modeling Analysis of multiple APFs connected to the system

An APF is connected to the grid in parallel with the harmonic loads, and the loads are usually
nonlinear. Most of the nonlinear loads are equipped with a front-end rectifier, and the modeling
is more complicated. In order to facilitate the analysis, the nonlinear loads are simplified as the
current sources. The structure of multiple APFs connected to the power system (taking two APFs
as an example) is shown in Fig. 2(b).

In Fig. 2(b), iL1, iL2 stand for the harmonic load current: Zl j1 is the line impedance between
the APF1 and APF2 of the weak grid, which we use toreplace Zl j in this paper; ug is the voltage
of the system. From Fig. 2(b), we can obtain as follows:

(ug −uOA)Yg = i2 +[iL1 − (G1iref1 −Y1uOA)]

i2 = iL2 − (G2iref2 −Y2uOB)

uOB = uOA − i2zl j

. (7)

When harmonic voltage is the only excitation, the current response of the APF has only a
high frequency component. In addition, the system voltage has only a fundamental component,
so ug = 0 in the equivalent circuit of the system. We can get (8) according to (7).

uOA =
(1+Y2zl j)(G1iref1 − iL1)− iL2 +G2iref2

(1+Y2zl j)(Yg +Y1)+Y2

uOB =
G1iref1 − iL1 +[1+Zl j(Y1 +Yg)](G2iref2 − iL2)

(1+Y2zl j)(Yg +Y1)+Y2

. (8)

According to (8) and (5), (9) can be obtained as:

[
ig1

ig2

]
=


Yg(1+Y2zl j)+Y2

T
G1 −Y1

T
G2

Y1(1+Y2zl j)

T
Y1

T

−Y2

T
G1

Y1 +Yg

T
Y2

T
Y2 +Y2zi j(Y1 +Yg)

T




iref1

iref2

iL1

iL2

. (9)

Here: T = (1+Y2Zl j)(Yg +Y1)+Y2.
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When the non diagonal elements of the transfer function matrix in (9) are not zero, it proves
that the control circuit is not only controlled by its own loop, but also affected by other control
loops. There exist interactions between different control loops. Similarly, we can get a transfer
function matrix of m rows and 2m columns, when multiple APFs are connected to the grid, and
m is the number of the APF.

3. Analysis of interactive effects of multiple APFs and eliminating strategy

According to the above-mentioned mathematical model, the following analysis focuses on
the interaction effects and eliminating strategy.

3.1. Analysis of interaction effects based on RGA principle

The RGA matrix can be calculated by (10) if the transfer function G( jw) of the input and
output variables is known [16–19]. We can get the RGA matrix of two APFs connected to the
system by plugging (9) into (10). The interactive influence of each control loop can be known by
analyzing the RGA matrix. We can also analyze the change rule of interaction effects of changing
circuit parameters and controller parameters using the RGA matrix.

RRGA[G( jw)] = G( jw)⊗ (G( jw)−1)T . (10)

In (10), ⊗ represents the multiplication of corresponding elements in a matrix, which is the
Hadamard product.

The dynamic interaction of two APFs with an LCL filter is studied as an example in this
section, in order to seek the relationship between the interaction effect and the controller param-
eters, the power grid intensity and the electrical distance. In weak grid, the equivalent inductance
is 1 mH, the frequency is 50 Hz, and the voltage is 220 V. The parameters of the APFs are shown
in Table 1.

Table 1. Parameters of APFs

Equipment L1/mH L2/mH C/uF kp Ki Hi1 Hi2

APF1 2.7 0.3 4 0.09 300 0.13 1

APF2 3 0.2 3 0.11 400 0.16 1

The block diagram of a single APF with a double closed control loop is shown in Fig. 3(a),
and the transfer function of the open loop and closed loop is obtained as (11).

Topen =
Hi2GpwmGsi

s3L1L2C+ s2L2CHi1Gpwm + s(L1 +L2)

Tclose =
GpwmGsi

s4L1L2C+ s3L2CHi1Gpwm + s2(L1 +L2)+Hi2GpwmGsi

. (11)
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(a) Block diagram with dual-loop control scheme

(b) Bode diagram of open loop and closed loop

Fig. 3. Control analysis of an APF

The bode diagram of the open and closed loop transfer function is shown in Fig. 3(b). Two
APFs are satisfied with the conventional dynamic stability requirements of phase margin greater
than 30◦ and the amplitude margin greater than 3 dB.

The resonance point of each APF appears above 2 kHz, which is shown in Fig. 3(b). The
APFs can keep stable operation in the frequency band below 2 kHz, but the output has a certain
error near the APFs resonance point. Therefore, this paper analyzes only the dynamic interaction
in the frequency band below 2 kHz.

Fig. 4. Analysis of λ11, λ22 on different
frequency

After entering the data from Table 1 into 10, the RGA matrix can be achieved. Fig. 4 shows
the amplitude and phase diagrams of the diagonal elements of RGA matrix λ11, λ22in the fre-
quency band below 2 kHz. As can be seen in the low frequency section below 800 Hz, there is
no interactions in the control loops of the two APFs. In a frequency band of 800–1500 Hz, the
relative gain is greater than 1. Especially in a band of about 1.4 kHz, the relative gain achieves
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minimum. The interaction of the two APFs in the frequency band makes the closed-loop gain of
the APF control loop increase, which leads to the control performance reduced and the stability
of the system seriously affected. When the frequency is higher than 1.5 kHz, the relative gain
is less than 1, and the interaction effect makes the closed-loop gain of the APF greatly reduced,
which also affects the control performance of the APF.

Figs. 9 and 10 show that the elements of the RGA matrix are closely related to the parameters
of the APF controller, the intensity of the power grid and the electrical distance between the two
APFs. Fig. 5 shows the relationship between amplitude as well as phase of the relative gain
(taking λ11 as an example) and frequency in different APF parameters (Kp, Ki, Hi), power grid
intensity (Lg) and the electrical distance between two APFs (Ll j).

Fig. 5. Effect of APF and grid parameters on λ11
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Based on simulation results of Fig. 5, some changing rules of the interactions are concluded.
The APF controller parameters, power grid intensity and the electrical distance between different
APFs have impact on the relative gain. The relative gain greater than 1 or less than 1 will change
the APF closed-loop gain and reduce the compensation performance of the APF, which will
affect the stability of the system.

3.2. Simulation verification

Establishing simulation models of a single APF1 and APF1, as well as APF2 connected to
the system. Parameters of the two APFs are shown in Table 1. The parameters of the system are
the same as the above-mentioned settings. Fig. 6 is a simulation model of the APF1 connected to
the grid. Fig. 7 is a simulation model of the APF1 and APF2 connected to the grid.

 

APF1

Fig. 6. Simulation model of the APF1 connected to the grid
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Fig. 7. Simulation model of the APF1 and APF2 connected to the grid

The fundamental reference current is 70A, and harmonic currents (including 5% 600 Hz, 5%
1400 Hz and 5% 1700 Hz) are added in the harmonic load. The content of the APF1 output
harmonic currents is shown in Fig. 8 when the APF1 alone, APF1 with APF2 are connected to
the grid.
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Fig. 8. Harmonic output of the APF1 when connected to the grid

It can be seen from Fig. 8 that the APF2 connected to the grid leads to the increase of the
output harmonic current in the APF1 1400 Hz, while 1700 Hz harmonic current is reduced, which
is consistent with the theoretical analysis in Fig. 4. Fig. 9 shows that the APF1 outputs harmonic
currents when circuit parameters and control parameters change after both the APF1 and APF2
connected to the grid.

Fig. 9. Harmonic output of the APF1 when circuit parameters and control parameters changing
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Comparing Fig. 8 with Fig. 9, it was seen that the APF1 output harmonic current below
600 Hz is basically invariant no matter how the parameters change. 1400 Hz and 1700 Hz har-
monic currents are both reduced when kp is reduced to 0.07. An output content of 1400 Hz
increases, while 1700 Hz remains unchanged, when ki increased from 300 to 400. Therefore,
decreasing ki can reduce the negative interaction between APFs. When Hi1 is reduced to 0.11,
the 1400 Hz harmonic current is decreased slightly, while 1700 Hz harmonic current becomes
significantly larger. When Lg is reduced to 0.5 mH, 1400 Hz harmonic content is reduced, while
1700 Hz harmonic content is increased. 1400 Hz and 1700 Hz harmonics are both slightly de-
creased as Ll j is increased to 0.5 mH. These changes are consistent with the theory analysis in
Fig. 5, which verifies the feasibility of this method.

3.3. Strategy of eliminating or reducing the interactions

From the above analysis, we have concluded that the change of each parameter has a certain
effect on the relative gain. Reasonable selection and combination of these parameters will reduce
or eliminate the negative interaction of multiple APFs in the required frequency. The APF can
detect the frequency and content of harmonic currents. According to the relationship between the
interaction and frequency in Fig. 4, the influenced frequency of the APF1 affected by the APF2
is determined. Based on Fig. 5 we came to know the rules that change the interactions when
applied to the parameters. Therefore, according to these rules, selecting appropriate parameters
can reduce the negative interactions. According to Fig. 5(b), for example, smaller ki helps to
reduce the negative interaction when ki is bigger than 200, so we should select a small value.
We need to select parameters by trial and error here as there is no calculation method yet. The
method can be a subject of future research. Usually, the number of parameters that need to be
adjusted increases, as the number of output harmonic currents increases. The process requires
repeated selection and collocation. Two APFs were used as an example to introduce the parameter
matching strategy.

The APF1 needs an output harmonic current of 600 Hz, 1400 Hz and 1700 Hz, while the
APF2 connected to the grid leads to 1400 Hz harmonic current increase and to 1700 Hz harmonic
current reduction. In this case, the following steps are adopted to reduce the interference of
the APF1:

(1) According to Fig. 5, changing ki has little influence on the output of the 1700 Hz harmonic
current. Whereas, changing ki can make an APF1 output of 1400 Hz harmonic current
improved. Here, reduce ki to 250.

(2) Improve the output of the 1700 Hz harmonic current through changing other parameters.
Here, reduce Hi1 to 0.08.

(3) Changing Hi1increases the output of 1700 Hz current, while reduces the output of 1400 Hz
current. Therefore, modifying ki again is necessary. Here, increase it to 290. The simulation
is carried out after the parameters are modified when the APF1 and APF2 are connected
to the grid at the same time. The harmonic current of the APF1 is shown in Fig. 10.

On the basis of Fig. 10, we conclude that, when the APF1 and APF2 are connected to the
grid, the amplitude of harmonic current output caused by the APF1 is consistent with a single
APF1 connected to the grid after the parameters are corrected. That is to say, parameter selection
and coordination can reduce or even eliminate the negative impact on multiple APFs when it is
connected to the grid, which proves the feasibility of this strategy.
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Fig. 10. Harmonic output of the APF1 when parameters changing

3.4. Experimental analysis

In order to verify the effectiveness of the above-mentioned strategy, two 50 kVA three-phase
APF prototypes are designed. Table 2 shows the related electrical parameters of the experimental
system. Both APFs are in an almost identical environment. Corresponding experimental wave-
forms and current THD (Total Harmonic Distribution) data are shown in Fig. 11 which takes
phase A as an example.

Table 2. System electrical parameters

Description Real value

Nominal line voltage 380 V

System frequency 50 Hz

Switching frequency 7.2 kHz

Resistance load 17

Inductance load 46 mH

Nonlinear load 3-phase rectifier + 12 Ω

In Fig. 11, iLa is the load current; isa is the grid current; ica is the APF output current; isn is
the neutral current in a three-phase four-line system. Figs. 11(a) and (b) show the waveforms be-
fore adopting the proposed strategy of eliminating or reducing the interactions. Fig. 11(e) shows
the corresponding grid current THD when using the APF1 (left figure) and APF2 (right figure)
together. It can be seen that the grid current THD has satisfied the requirement of THD < 5%,
but there exists interaction between two APFs according to the above analysis method, especially
on the 17th harmonic. Through adopting the proposed strategy of eliminating or reducing the in-
teractions, Figs. 11(c), (d) and (f) show the experimental results. According to Fig. 11(f) (APF1
left, APF2 right), the 17th harmonic is decreased to nearly zero and the grid current THD is lower
than in Fig. 11(e). The strategy reduces the interactions and APFs have better filtering effect.
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(a) Before adopting strategy of the APF1 (b) Before adopting strategy of the APF2

(c) After adopting strategy of the APF1 (d) After adopting strategy of the APF2

(e) THD before adopting strategy (f) THD after adopting strategy

Fig. 11. Experimental waveforms and THD data

4. Conclusions

In this paper, a mathematical model of multiple APFs connected to the grid is established,
and the transfer function model of the multi-input and multi-output system is established to
analyze the interaction problems. The dynamic interaction of multiple APFs is analyzed based
on the RGA principle. The changing rules of the interaction are studied in detail in the case of
changing APF controller parameters, power grid intensity and the electrical distance between
two APFs. Reasonable parameter selection and coordination can reduce or even eliminate the
negative interaction effect. Time domain simulation and experimental results verify the feasibility
of the analysis method and the improvement strategy.
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