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Abstract: In order to solve the deterioration of power quality caused by power electronic devices in active distribution networks,
it is necessary to improve the three-phase four-wire active power filters (TFAPF) control strategy. This study adopts the non-
harmonic detection and proposes an improved control strategy of TFAPF based on the multi-model principle. Firstly, the
mathematical model of TFAPF in the stationary coordinate system is established by replacing the network side current and the
DC bus voltage directly as the state variables. Secondly, TFAPF in active distribution networks requires the power fluctuation
and fast dynamic response, the proposed control strategy of TFAPF in the stationary coordinate system is applied, namely
proportional integral, vector resonant and repetitive control composite controller as the current loop controller of TFAPF with a
fast dynamic response, high accuracy and small amount of calculation, provide guarantee for the power quality in active
distribution networks. Finally, the feasibility of the proposed control strategy is verified by simulation.

1 Introduction
Currently, the active distribution network due to the access of
distributed generation has the problems of power factor reduction,
unbalance, harmonic pollution and so on, which seriously endanger
the safe and stable operation of the active distribution network [1,
2]. Therefore, it is necessary to adopt a positive and effective
scheme to solve the problem of active distribution network with
distributed generation, three-phase four-wire active power filters
(TFAPF) arises at the historic moment.

Typical control strategies of TFAPF include hysteresis control
[3], proportional integral (PI) [4], proportional resonant (PR)
control [5], many scholars have proposed fuzzy control [6],
synovial variable control [7], adaptive control [8, 9], and so on.
However, due to the difficulty of design, the poor control effect and
the large computation, its application is limited. Compared with the
above-mentioned control methods, the repetitive control (RC)
based on the internal model principle has the ability to effectively
track periodic signals. Also, the PR control can eliminate the
steady-state error of the AC signal with a particular frequency, it
has the advantages of simple calculation, high reliability, and good
steady state precision, and has been widely used [10, 11].

In order to improve the dynamic response speed and stable
control accuracy of TFAPF, this study proposes an improved
control strategy based on the principle of multiple models. Firstly,
a mathematical model of TFAPF in the stationary coordinates is
established through regard the net side current, DC bus voltage as
the state variable. Then the current loop controller of TFAPF is

designed in the stationary coordinates, and the PI and the vector
resonant (VR) control and RC are combined by the improved
current loop of TFAPF. The PI control is used to enhance the
stability of the TFAPF control system and improve the dynamic
response rate. The static tracking control of AC and low harmonics
is realised by VR, and the RC is used to realise the effective
tracking control of periodic harmonic signals. The improved
TFAPF has the advantages of fast dynamic response, high steady-
state accuracy and a small amount of calculation. It can effectively
solve the power quality problem of the active distribution network
with distributed generation. The feasibility of the proposed control
strategy is verified by simulation.

2 Mathematical model of the TFAPF
As shown in Fig. 1 for the three-phase three-leg inverter with the
breakdown of the capacitor as the main circuit of the TFAPF, it is
capable of the active distribution network power quality problems
to achieve full compensation, such as single-phase, three-phase,
balanced, unbalanced, linear, non-linear and so on. 

Assuming that the direction of current flowing into TFAPF is
positive, then isi, ili, and ifi are network side currents, load currents
and TFAPF compensation currents, respectively. The DC bus
voltage and currents of TFAPF are expressed as vdc and ip. L is the
connection reactor of the TFAPF, and R0 is the equivalent
resistance considering the reactance of connection reactor, the loss
of switching device and the dead time effect of the inverter. The
phase voltage of van, vbn, and vcn is the inverter outlet. The duty
cycle of dan, dbn, dcn is the a, b, c phase bridge arm duty ratio,
respectively. Equation (1) shows the mathematical model of
TFAPF in the stationary coordinates. It is obtained by Kirchoff's
Voltage Law and Kirchoff's Current Law theorem, combined with
isi = ili + ifi, through variable replacement, with grid side current,
DC bus voltage as the state variable. The control variable of
TFAPF in the stationary coordinates is still the AC signal, and the
traditional PI control cannot achieve zero steady-state error
tracking control, so it needs to adopt other advanced control
algorithms

Fig. 1  Main circuit structure of TFAPF
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3 Improved control strategy of TFAPF
3.1 Control principle of TFAPF

As shown in Fig. 2 for the control diagram of TFAPF, it is similar
to the active power filter with no harmonic detection control
algorithm. It is a double closed loop cascade control system
composed of a voltage outer loop and current inner loop.
According to the principle of conservation of energy, by directly
measuring the supply current of isi and the DC bus voltage of vdc,
and after the operation is processed, the TFAPF outputs the
compensation current needed by the distribution network. The
control strategy does not need harmonic detection link and
effectively improves the compensation performance and anti-
interference ability of TFAPF. 

The voltage outer loop adopts PI control with limiting
characteristic, and the output isd* represents the total active power
of the equivalent load. Considering the complete compensation of
equivalent load, the q-axis current reference value isq* is set to 0,
i.e. the total reactive power absorbed by the load and the TFAPF
from the system side is 0; the current reference value of 0-axis is0*
is set to 0, which is equivalent to the three-phase symmetrical
balance of the equivalent load after TFAPF compensation. The
reference current of isd*, isq*, is0* after inverse of Park's
transformation coordinate transformation namely Tdq0/αβγ is the
current reference value isαβγ*. In the same way, the isi (i = a, b, c) is
transformed by CLARK transform namely Tabc/αβγ to obtain isαβγ.
The current loop reference value of isαβγ* and network side current
isαβγ is compared with the current controller processing producing a
modulated signal mαβγ*.Taking into account the abrupt change of
load and the fluctuation of grid voltage, the requirement of TFAPF
dynamic response speed is considered. The modulated signal mαβγ
is obtained after the load current ilαβγ and grid voltage eαβγ is
treated as feed forward. The mαβγ is transformed into mabc
modulated by Tαβγ/abc to control the ABC phase bridge arm.
Finally, the modulation signal mabcis modulated by pulse-width
modulation to generate the driving signal to control the turn-on and

turn off of the insulated gate bipolar transistor, so that the desired
output current is generated by the TFAPF.

3.2 VR and RC

The VR control cannot only realise the zero steady-state error
tracking control of AC signals, but also take full account of the
influence of the controlled object, and has the advantages of high
regulation bandwidth and good frequency selection characteristic
[12–14]. The transfer function of the VR control is shown in (2),
and the corresponding Bode diagram is shown in Fig. 3

GVR(s) = kP + kVR
s(s + R0/L)

s2 + ωcs + (nω0)2 , (2)

where kP and kVR are scale coefficients and gain coefficients,
respectively. The nω0 is the corresponding resonant frequency
point, ωc is a damping factor, R0 and L are equivalent resistance
and inductor of the controlled object. 

As shown in Fig. 3 it can be found that the VR control at the
resonant frequency of nω0 has high gain and can realise the fast
tracking of the specific AC control signal, but the signal gain of
other frequency is almost zero, does not have the ability to adjust.
On the other hand, the phase lag of the VR control at the resonant
point is almost 0°. Therefore, it does not affect the phase margin
and the original system stability when using VR control at the
resonant frequency nω0.

Formula (3) is the transfer function of ideal RC. It adopts the
internal model of the unity gain positive feedback, which makes
the error converge to its repeated period, but belongs to the critical
stable system, and the system stability is poor. In order to increase
the stability of the system, the partial control precision is
sacrificed, and the modified RC is usually used, such as (4). The
internal model is modified by the attenuation coefficient Q,
combined with the actual engineering experience, the Q value is
taken as 0.95. Also, the correction factor S(z) [15] should be
designed according to the characteristics of the controlled object,
as shown in Fig. 4c as the corresponding Bode diagram

Fig. 2  Control block diagram of TFAPF
 

Fig. 3  Bode diagram of VR control
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GRC(z) = z−N

1 − z−N , (3)

GRC
∗ (z) = z−N

1 − Qz−N S(z) . (4)

In order to realise the phase and amplitude compensation of the
TFAPF control system, it achieves the purpose of the unit gain and
zero phase shift in the middle and low frequency, and the
attenuation in the high-frequency section. The selection of the
correction factor S(z) parameter needs to be carried out according
to the characteristics of the controlled object GP(z). The correction
factor S(z) is composed of gain kr, phase leading link zk and filter
link F(z), such as

S(z) = krzkF(z) . (5)

The kr is used to regulate the magnitude of the compensation of
repetitive controllers, combined with the TFAPF stability and
control accuracy of the integrated needs, kr value is 0.8 [15]. Also,
the k value of the phase leading link zk is 3 [15], which is used to
compensate the total phase lag produced by the control object
GP(z) and the filter link F(z), so as to improve the stability of the
control system. The filter section F(z) selects two-order low-pass
filter [15], damping ratio is 0.707, turning frequency is 2.6 kHz,
such as

F(s) = ωn
2

s2 + 2ξωs + ωn
2 . (6)

3.3 Improved control strategy of TFAPF

The current loop of TFAPF's α, β and γ axis is consistent in the
stationary coordinates. Taking the α-axis as an example, the current
inner loop control structure of the α-axis is shown in Fig. 5. 

The mathematical model of TFAPF shows that the load current
il and the power supply voltage e are the disturbance in the control
process, which is not conducive to the design of the controller,
especially for the active distribution network, such as intermittent
load, voltage fluctuation and so on. In order to improve the
dynamic response speed of TFAPF, the feed forward decoupling
control strategy is adopted. The governing equations of vα*, vβ*
and vγ* can be expressed as formula (7) refer to formula (1)

vα
∗ = − GC(s) isα

∗ − isα + eα + (Ls + R0)ilα,
vβ

∗ = − GC(s) isβ
∗ − isβ + eβ + (Ls + R0)ilβ,

vγ
∗ = − GC(s) isγ

∗ − isγ + eγ + (Ls + R0)ilγ .
(7)

The above analysis results show that there are mutual interference
and serious phase lag in multiple VR control applications. The RC
can simplify the VR control and deal with multiple harmonic, but
the inherent cycle delay leads to poor dynamic response. Since the
wide access of all kinds of power electronic devices, the active
distribution network with distributed power leads to small inertia
and requires higher dynamic response speed and steady state
accuracy of TFAPF.

In view of the above analysis, it proposes to include PI, VR and
RC composite control namely multiple internal models as the
current loop controller of TFAPF. Also, the design of the TFAPF
controller is finished in the stationary coordinates. The voltage
outer loop controller adopts band limited PI control. In the current
loop controller, PI control is to enhance the stability of the TFAPF
control system and improve the dynamic response speed. VR
control is realised in the fundamental frequency and low harmonic
AC component without static error tracking control. RC is able to
achieve the full compensation control objective of all harmonics.

As shown in formula (8) for the open loop transfer function of
the TFAPF control system, the corresponding amplitude frequency
characteristics as shown in Fig. 6. Ignore the influence of load
current and supply voltage perturbation, the improved current loop
controller not only can effectively lower fundamental frequency of
AC component compensation, but can also still maintain a high
gain in the high harmonic frequency, and ultimately achieve full
compensation

O(s) = GC(s) Kv
1 + 1.5Tss Ls + R0

, (8)

where GC(s) is adopted in the current loop controller with a
multiple internal model transfer function available

GC(s) = kP + kI
s + ∑

n = 1

m
kVRn

s(s + R0/L)
s2 + ωcs + (nω0)2

+ e−sTs

1 − Qe−sTs
S(s) .

(9)

For PI control, VR control and RC are discretised by the
bilinear transformation method, and the discrete expressions
corresponding to the Z domain are obtained

GPI(z) = ((2kP + kITs)/2) − ((2kP − kITs)/2)z−1

1 − z−1 , (10)

GVR(z) = B0 + B1z−1 + B2z−2

A0 + A1z−1 + A2z−2 , (11)

where B0 = (4kVRL + 2kVRR0Ts)/L, B1 = − 8kVR,
B2 = (4kVRL − 2kVRRTs)/L, A0 = 4 + 2ωcTs + (nω0Ts)2,
A1 = − 8 + 2(nω0)2Ts , A2 = 4 − 2ωcTs + (nω0Ts)2

Fig. 4  Repetitive control
(a) Ideal RC, (b) Modified RC, (c) Bode diagram of RC

 

Fig. 5  Current inner loop
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GRC(z) = S(z) z−N

1 − Qz−N , (12)

where Q = 0.95, N = 256, and
S(z) = 0.8z3((0.1282z−2 + 0.2565z−1 + 0.1282)/(z−2 + 0.8079z−1

+ 0.3208))
.

4 Simulation results
In this section, the improved TFAPF control strategy based on the
principle of multiple models is verified, and the TFAPF simulation
model is built. The specifications of TFAPF are listed in Table 1. 

As shown in Fig. 7, the steady-state compensation effect of the
TFAPF is shown, at the time of t = 0.1 s, the effective value of the
load current is 57.12, 65.09, and 54.73 A, and the mutation is
92.22, 111.1, and 54.73 A, and the corresponding total harmonic
distortion (THD) is 59.03, 56.26, 46.83 and 55.07, 56.26, 46.42%,
respectively; the traditional proportional RC of TFAPF for three-
phase unbalance compensation of non-linear load, can effectively
reduce the harmonic content and unbalance, the effective value of
the source current after compensation is change from 51.6, 51.65,
51.6 A to 76.95 76.85, 76.62 A, THD content by 14.26, 14.21,
14.04, 12.11, 12.02 and 12.02% for the gradual decrease. However,
by using this improved TFAPF compensation control strategy, the
realisation of the source current sinusoidal three-phase balanced
standard after the compensation of the effective value of 50.71,
51.15, 51.23 A to 75.95 75.01, 77.98 A, THD 3.77, 3.75, 3.84%
content by 3.64, 3.95, 4.14% gradient have to meet the national
standard limit of 5%, power quality has been significantly
improved, as shown in Table 2. 

At the same time it can be found in the moment load t = 0.1 s
mutation in the process of using the traditional proportional RC
TFAPF in the t = 2.5 s moments before entering the steady process,
but by using this improved TFAPF transition process control
strategy requires only two cycles or 40 ms will enter the steady
compensation, dynamic response speed.

5 Conclusions
The particularity of power quality problems, such as voltage
fluctuation, low power factor, high harmonic content, and
unbalanced power supply, caused by wide access to power
electronic devices in the active distribution network. This study
proposes an improved control strategy of TFAPF based on the
internal model principle. The non-harmonic detection algorithm is
used. The grid side current and DC bus voltage are chosen as the
state variable of TFAPF. Also, its mathematical model is set up in
the stationary coordinate system.

A composite control strategy is proposed with multiple internal
models in the stationary coordinates system with a fast dynamic
response, high accuracy, and a small amount of calculation. Also,
the PI control is used to enhance the stability of the TFAPF control
system and improve the dynamic response rate. The static tracking
control of AC and low harmonics is realised by vector resonance

Fig. 6  Open-loop bode plot
 

Table 1 Parameters of experiment
Parameters Value Units
connection mode three-phase four-wire —
phase voltage of AC 110 V
voltage of DC 400 V
connection inductance L 1.2 Mh
equivalent resistance 0.1 Ω
capacitor of DC side 10,000 Uf
sampling frequency 12.8 kHz
switching frequency 12.8 kHz
load non-linear —
 

Fig. 7  Compensation effect of TFAPF
(a) Load current; (b) Source current by traditional control compensation; (c) Source
current by improved control compensation
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VR, and the RC is used to realise the effective tracking control of
periodic harmonic signals.

A TFAPF of the multiple internal model compound control
strategy is realised and verified by simulation.

The result proved that the multiple models of the proposed
composite control of TFAPF can effectively solve the power
quality problems which exists widely in active distributed
networks, such as harmonic pollution, low power factor and
unbalance. It is of great significance to ensure the clean, efficient
and high-quality power supply of active distribution network.
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