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Abstract: The interactions between shunt active power filter (APF) and capacitance load tend to
result in stability problems and resonance. The conventional model of a shunt APF is not precise
enough to reflect this phenomenon. To address it, this paper proposes a modified shunt APF system
model to accurately reflect various stability problems. This paper also studies the mechanism of
positive feedback resonance brought by capacitance load and proposes a modified hybrid controller to
improve the stable margin of the system, making the shunt APF work stably under different working
conditions where there are pF capacitors on the demand side. The correctness and validity of the
proposed strategy are verified by simulation analysis and prototype experiments.

Keywords: Active power filter (APF); digital hybrid repetitive control; modeling of grid-connected
inverters; stability analysis; system stabilization

1. Introduction

An active power filter (APF) is a power electronic device that deals with harmonics, three-phase
unbalanced loads, and reactive power compensation in a distribution network [1,2]. In recent years,
people have mainly focused on proposing new topologies and operation principles to enhance the
harmonic compensation capability, reduce system size, or improve dynamic performance under load
variation [3-6]. Researchers have also designed novel control strategies such as dynamic surface
adaptive fuzzy controller [7], backstepping neural global sliding mode controller [8], adaptive fractional
sliding mode controller [9], adaptive fuzzy global sliding mode control [10], and one-sixth fundamental
period fast-transient repetitive controller [11] to obtain good control effects in stability, robustness,
adaptability, or dynamic performance.

The topology structure of an active power filter can be divided into shunt APF topology and series
APF topology. Since it is difficult for the series active power filter to protect against overcurrent, its
application is very limited. Therefore, the shunt active power filter is the one widely used in industrial
applications. Compensation characteristics of both shunt APFs and series APFs are analyzed under
harmonic voltage or harmonic current sources in [12,13]. It is pointed out that harmonic current is
amplified when shunt APFs are compensating harmonic voltage sources. The problem of harmonic
amplification also exists when parallel capacitors are connected to a shunt APF system. The difference
is that parallel capacitors cannot be considered to be ideal voltage sources with internal impedance
close to zero. The mechanism of harmonic amplification is different from the one of harmonic voltage
sources in [12,13]. At present, few papers focus on the resonance and system instability of a shunt

Energies 2019, 12, 2084; doi:10.3390/en12112084 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-0603-2201
http://www.mdpi.com/1996-1073/12/11/2084?type=check_update&version=1
http://dx.doi.org/10.3390/en12112084
http://www.mdpi.com/journal/energies

Energies 2019, 12, 2084 2 of 19

APF system caused by parallel capacitors. Researchers generally agree that shunt APFs are used
for compensating harmonic current sources. However, there are some small capacitors, such as for
electromagnetic interference (EMI) suppression, power factor correction, reactive compensation, and
starting a single-phase motor connected to a distribution network. They are very sensitive to harmonic
voltage generated by an APF (which will be converted to current with the same amplitude as the load
harmonic current but in the opposite phase) and will amplify it to a large harmonic current. Therefore,
simplifying different loads to a harmonic current source will lead to instability problems when there
are capacitors on the demand side. It is always a threat to the distribution system. Even recent studies
have this problem (see Figure 6 in Section 2). Therefore, it is necessary to study this problem thoroughly.
Conventional models of shunt active power filter focus only on APF itself, ignoring the dynamic
characteristics of its input signal, the power grid, the loads, and the surrounding power electronic
devices. The modelling of power electronic devices should not be isolated. The influence of a static
VAR compensator (SVC) on power quality of photovoltaic plants has been noticed by scholars in [14,15].
In this paper, a more accurate model of active power filter, considering dynamic input signal, power
grid, and loads will be proposed.

This paper is organized as follows: Section 2 introduces the conventional model of the shunt
active power filter and points out its flaws. In Section 3 we propose a modified shunt APF model,
analyze the mechanism of resonance, and decompose the complex stability problem into the instability
of the external circuit and the inverter repetitive controller. In Section 4 we modify the hybrid repetitive
controller to make the shunt APF work stably when there are uF capacitors on the demand side. In
Section 5, simulation analysis and prototype experiments are carried out to verify our theory. Finally,
Section 6 summarizes the results of the whole paper.

2. Problems of Conventional Model of Shunt APF

2.1. Review of Shunt Active Power Filter

As a commonly used direct current control strategy, the active power filter detects the harmonic,
reactive, and unbalance components of the load current and generates an output current with the same
amplitude but in opposite phase. Figure 1 illustrates the structure and control scheme of a three-phase,
four-wire shunt active power filter system.
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Figure 1. Structure and control scheme of a three-phase four-wire shunt active power filter system.

2.2. Review of Hybrid Repetitive Controller

The basic idea behind the repetitive controller is the internal model principle (IMP), which was
first proposed in [16]. It was first used in active power filters to compensate for current harmonics
in [17]. Now the repetitive control strategy has been improved and is quite mature [18-20].
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The hybrid repetitive controller scheme is shown in Figure 2. The modified internal model
denoted by the positive feedback loop is the core of the discrete controller. The period delay part z™N
in the forward path causes a delay of one fundamental period, so that the controller has foresight of
the next period. Due to the period delay part, the transient response of the repetitive controller is
slow. To enable the repetitive controller to quickly respond to dynamic load changes, researchers add a
parallel proportional-integral unit Gpr;(z). To increase the system stability margin, researchers also
use a filter Q(z) or an attenuation coefficient Q to modify the internal model instead of the unit gain.
Proportional-integral units Gpy;(z) and Gppy(z) are used to enlarge the stability range of the controller.
A corrector 5(z) is also used to ensure the stability of the repetitive controller. Its function is to provide
amplitude and phase compensation and improve the correction effect.
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Figure 2. Scheme of hybrid repetitive controller.

2.3. Conventional Model and Stability Problem of APF

Researchers have extensively studied modeling and stability analysis of shunt active power
filters [11,20-24]. A conventional model of a hybrid repetitive controlled shunt APF is shown in
Figure 3. Gy cy.(z) reflects the output filter of external circuits. Its continuous domain transfer function
is Equation (1).

Lg- C 5+ 1
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Li-Lg-Cy-s3+(Lg+Lg)s

Grer(s) =

R(z) 4 }E(z |
e e } z N HS(Z) F’T”G””(Z)%'G”(Z) iAPF

Figure 3. Conventional model of a hybrid repetitive controlled shunt active power filter.

The sufficient criterion for stability analysis of digital repetitive controllers was first proposed
in [22-25]. Its adequacy and necessity are proved in [25]. This method is further used to guide the
design of APFs and to judge stability in [20,21,26-28]. According to the sufficient criterion for stability,
the closed-loop transfer function from the reference R(z) to the error E(z), which is the sensitive function
of the closed-loop controlled system, is Equation (2).

E(z) _
Rz) ¢ cLCL<z>-cm<z>-[% + Gon ()]
— 1-Q(z)zN @
[1 + Grcr(2)-Gpr(2)-Gpn (Z)]'{l - Z_N'[Q(Z) =Sz Gféfégzézigl(zzgzéml (Z)]}
Let
P(Z) _ GLCL(Z)'GPIZ(Z)
1+ GLCL(Z)'Glplz(Z)'GPu () (3)

T(z) = 1+ Grcr(2)-Gpra(z)-Gppi (z)
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The sensitive function of the closed-loop system can be expressed as Equation (4).

E(z) _

RG) T(z)

1oV
12N [0(z) - 5(2) - P(@)] @

The sufficient stability criterion of the shunt active power filter is as follows.

1. Transfer function T(z) does not have poles outside the unit circle.
2. H(z) =|Q(z) - S(z)P(z)| < 1,z = T, 0 c [0, 7/Ts].

Table 1 lists the parameters of the digital repetitive controlled shunt active power filter. Applying
the bilinear discretization method, transfer function T(z) is stable due to the active damper strategy of
the LCL filter. A Nyquist diagram of H(z) is shown in Figure 4. According to the sufficient stability
criterion, the shunt APF system is stable. In Figure 5, a current waveform of 0.6-0.8 s shows that
the shunt APF can achieve good compensation performance under inductance load and three-phase

rectifier load. However, when capacitance load (Cload(Y) and Cload(A) in Table 1) is connected in
parallel at 0.8 s, the system becomes unstable.

Table 1. Parameters of shunt active power filter.

Circuit Parameters Controller Part
Symbol Parameter Physical Meanings Control Unit Illustration
System phase _
Usys 220V valtage (RMS) N =256 f/fo
Attenuation
Lys 50 uH System reactance Q(z) =0.95 coefficient
Uy, 700 V DC bus voltage of APF Gppi(z) =1 Proportion unit
Frequency of _ . .
fo 50 Hz distribution network Gpp(z) =1 Proportion unit
fs 12.8 kHz Sample frequency S(z) Corrector
Inductance of inverter
Ly 0375 mH side of LCL
Inductance of grid side
Le 0.075 mH N
Cr 30 uF Capacitor of LCL
Ripnd 440 Parallel active load
Lioad 15 mH Parallel inductance load
Y connecting parallel
Cload(Y) 90 uF capacitance load
A connecting parallel
Cloaa(8) 2765 uE capacitance load
3 ph rectifier Represents
load harmonics
Riine 0.05 0 Repre'sents line
resistance
Usys 220V System phase voltage

(RMS)
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Figure 4. Nyquist diagram of H(z) for shunt APF system.
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Figure 5. Simulated waveform of grid current under different conditions (parameters from Table 1).

2.4. Flaws of Conventional Model of Shunt APF

Researchers generally agree that a shunt APF can be used for compensating harmonic current
sources. Therefore, the plant transfer function is established as Gj¢;(z), regardless of the transfer
function of load and external circuit. The essence of the APF is to compensate the load harmonic current
by the harmonic voltage generated by the voltage source inverter of the APF. For an inductance load
following the law of i, = U/(jwL), it is insensitive to harmonic voltage. However, for a pure capacitance
load following the law of ic = U*(jwC), it is very sensitive to harmonic voltage. The harmonic voltage
at the point of common coupling (PCC) will be amplified to a large harmonic current. Therefore, the
plant transfer function should be an overall modeling of the external circuit instead of a simple Gy cy,(z).
After all, no one can guarantee that the load side will never be connected by parallel capacitors.

It is generally believed that the compensation capability of a well-designed active power filter
should not change with different load conditions. Therefore, such devices are suitable for serialization
and large-scale production. Conventional modeling of active power systems is limited by such thought.

Another flaw is the input command of the model. It is not a given value, but the output value
of the load current after the harmonic detection unit, which is a dynamically changing command.
The load current is the superposition of currents produced by system voltage and the APF’s inverter
output voltage. In other words, the present output voltage of the APF inverter will affect its next input
command. Therefore, the input command of the APF should not be used as the input command of the
closed-loop control system in modeling. It should be an independent external value that is not affected
by the change of state variables within the system.

The instability problem also exists in other APF controllers besides the repetitive controller. Recent
research on improving the stability and robustness of digitally controlled active power filters by
studying the systematic controller parameter design criterion and modifying the digital controller is
presented in [24]. We repeated the simulation in that paper and found that the instability problem still
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exists. Figure 6 shows a simulated grid current of the repeated simulation of [24]. It can compensate
inductance load and three-phase rectifier load well in 0-0.15 s. When capacitance load is connected in
parallel at 0.15 s, the system soon becomes unstable.

grid current/ A

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Figure 6. Simulated waveform of grid current under different conditions (repeated simulation of [22]).

As a summary, we list the flaws of the conventional model of a shunt APF in Table 2.

Table 2. Flaws of the conventional model of a shunt APF.

Dynamic characteristics of input signals are ignored

External circuits (power grids and loads) are ignored

Some stability problems cannot be reflected

3. Modified Model of Shunt APF and its Stability Analysis

3.1. Modeling Shunt Active Power Filter

From the analysis in Section 2, we can conclude that the input command of the APF inverter
should not be selected as the input command of the closed-loop system. Instead, we should choose the
unique external variable, the voltage of the distribution system Usys, as the input command. When
the voltage of the distribution system is given, the subsequent development of all state variables is
known. A modified model of the shunt active power filter system is shown in Figure 7, where I5s
represents the current injected into the distribution network, Iy ,,; represents the current injected into
the load side, and I4pr represents the current flowing out of the inverter port. Transfer functions
Gy1—Gys can be deduced in Equation (5) through the external circuit in Figure 8. Computation and pulse
width modulation (PWM) delays of the inverter are neglected in the model. The harmonic detection
algorithms include the application of instantaneous reactive power theory [29,30], synchronized
rotating coordinate transform method [31,32], discrete Fourier transform (DFT) [33,34], etc. These
algorithms are generally complex, highly three-phase coupled, and unsuitable for model analysis. In
this paper, the harmonic detection unit is treated as a proportional component with coefficient 1 to
reactive power, asymmetric, and harmonic current, and with coefficient 0 to the active component of
the fundamental current. The following stability analysis is based on this approximation. The proposed
model only includes three-phase resistors, inductors, and capacitors on the demand side. It does not
include rectifier loads. That is because the rectifier load can be seen as a harmonic current source, and
it can be well compensated by the shunt active power filter without stability problems [12,13]. In this
way, the modeled system can be analyzed simply and clearly according to linear system theory.

iLoad = usys . th + uinv . Gt2
isys = Usys Gz + Uiny - Gua (5)
iAPF = usys G5 + Uiny - Gie
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Figure 7. Modified model of shunt active power filter system.
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Figure 8. External circuit of shunt active power filter system.

3.2. Stability Analysis of Shunt APF System

7 of 19

Isys

The sufficient stability criterion for the modified shunt active power filter system is deduced in

Equation (6).
E(z) _ Gu(z) - Gts(Z)N
K& 14 G(a)-Go@l G )| 252y + Grn(2)]
_ [Gn(z) - Gs(2)][1 - Q(z)-7]
{1+ [Gi@) - Gale)Gon @ Gon@}{1 - Q)2 + Gl —callicn |
Let

[Gto(z) = Gi(2)]-Gpp(2)
P(2) = 156 (3) —Ca @] Con o) G ®)
Gu(2) - Gisl2)
T(2) = 196 ® - Co@ o DG
£ _ 1- Q@)=Y
RG) = L&) W00 - s@rE)]

The sufficient stability criterion of the shunt active power filter is as follows:

1.  Transfer function T(z) does not have poles outside the unit circle.

2. H(z)=

1Q(z) -

S(z)P(z)| < 1,z =T, v c [0, /Ts].

(6)

@)

Applying the parameters from Table 1 and the bilinear discretization method to the system, a
pole diagram of T(z) and a Nyquist diagram of H(z) are plotted to validate the correctness of the
modified shunt APF model with sufficient stability criterion. Figure 9a,b shows load conditions under
resistor—-inductor (RL) load conditions (Rjy,7 = 4.4 (), L}y, = 15 mH). Figure 10a,b shows load conditions
under resistor-inductor—capacitor load conditions (Cjy,7 = 366.5 1F). Both sufficient stability criteria are
satisfied in Figure 9 under RL load conditions. Neither of the two sufficient stability criteria is satisfied
in Figure 10, which means the system is unstable under RLC conditions. They correspond well with
the simulated grid current and stability condition in Figure 5. This proves that the modified model can
reflect the actual shunt active power system well. Based on the modified model, we will analyze the
mechanism of resonance in the shunt APF system under capacitance load conditions in next part.
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Figure 9. Sufficient stability criterion under resistor-inductor (RL) load. (a) Pole diagram of T(z) under

RL load. (b) Nyquist diagram of H(z) under RL load.
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Figure 10. Sufficient stability criterion under resistor-inductor-capacitor (RLC) load. (a) Pole diagram
of T(z) under RLC load. (b) Nyquist diagram of H(z) under RLC load.

3.3. Mechanism of Resonance Under Capacitance Load

The resonance of the shunt active power filter system is due to the RLC parallel resonance circuit
and the positive feedback effect of the APF system. There is a parallel resonance circuit among the
capacitance load, inductance load, and system reactance. The harmonic detection unit extracts the
resonant current flowing into the capacitance load and generates harmonic current with the same
frequency, same magnitude and opposite phase. However, as a voltage source inverter, it actually
generates voltage of resonant frequency. The resonant voltage is applied to the RLC parallel circuit
and results in a larger parallel resonant current. The capacitor’s characteristic of being very sensitive to
the voltage applied to it makes the resonant current greatly amplified. Owing to the dynamic response
characteristics of the active power filter, a positive feedback path is formed, shown as the dotted box in
Figure 7. The positive feedback intensifies the resonance and results in system instability.

According to the expression of sensitivity function (Equation (7)), unstable poles of the APF
system come from T(z) and 1 — z7VH(z). The location of the poles of T(z) and the Nyquist diagram of
H(z) are determined by the external circuit and controllers. Next, the impact of each part on system
stability will be analyzed.

3.4. Stability of External Circuit: T(z)

T(z) is composed of external circuit transfer functions G(z) and Gpj(z) of the hybrid repetitive
controller as Equation (7). The locations of the poles of T(z) are determined by the external circuit
transfer function from the active load, reactive inductance load, and capacitance load together with two
proportional integral controllers. The larger the active load, the further inside the unit circle the poles
of T(z) are located. The larger the capacitance load, the more unstable the system. Capacitors such as
starting capacitors, capacitors for EMI, or power factor corrector capacitors are connected randomly
and change dynamically. For a certain external circuit with R,y = 2.5 Q2 and Ly, = 15 mH, we can
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plot its pole diagram with the change of capacitance load to show its influence on system stability. As
shown in Figure 11, when these capacitors are connected to the distribution network, the theoretical
upper limit for stability is about 150 pF. The increase of capacitance load will result in poles moving
out of the unit circle, accompanied by an intensification of harmonic amplification and gradual loss
of system stability. The magnitudes of the poles of the transfer function T(z) are a stability criterion
for the external circuit. If the magnitudes of all the poles are smaller than one, the external circuit is
stable, otherwise it is unstable. The maximum values of moduli of poles with certain load capacitance
(Cloag = 150 puF), variable active load (represented by Rj,,4), and variable inductive load (represented
by Liyg) are shown in Figure 12. These can validate the viewpoint on the effect of active load and

/ Cloaa=150uF
R \

/ ; \

inductance load on system stability.

R
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&
B

‘\'

\ Cioa=150uF /
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Figure 11. Poles of T(z) with change of capacitance load.

\

Maximum Values of Moduli of Poles

1
0 0 Rload/Q

Figure 12. Maximum values of moduli of poles of T(z) with certain Cj,,; and variable RL load.

Applying reactance to the external circuit of the positive feedback loop can suppress resonance
well, appropriately increasing the reactance of the LCL filter. The design theory of the LCL filter is
explained in [35-38]. Based on a reasonable design of the LCL filter, appropriately increasing the filter
reactance can achieve good results in resonance suppression for capacitance loads.

We can also increase the stable margin of the system by optimizing the parameters of proportional
integral controllers Gpy;(z) and Gpy(z). It can be seen from the expression of T(z) that both proportional
integral (PI) controllers affect the location of the poles. Generally, their integral coefficients need
to be set to nearly zero. The stability can be improved by properly adjusting their proportional
coefficients. Figure 13 shows the maximum values of moduli of poles from T(z) with different PI
controller parameters. It can be found that a relatively small proportional coefficient can increase the
stable margin of the system. Compared with changing the parameters of the LCL filter, setting the
parameters of the PI controller is a better and simpler method.
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Maximum Values of Moduli of Poles

Figure 13. Maximum values of moduli of poles of T(z) with different GPI2(z) controller parameters.
3.5. Stability of Hybrid Controller: H(z)

Transfer function H(z) is the criterion to measure whether the inverter of the shunt active power
filter system can work in a stable state. The inverter stable criterion H(z) is composed of three transfer
functions: P(z), Q(z), and S(z). P(z) is the plant transfer function of the external unit. After the
stability function T(z) is stabilized by setting the PI parameters of Gpj;(z) and Gppy(z), the plant transfer
function P(z) is fixed. Q(z) and S(z) are designed to increase the stable margin of the system. From
the perspective of the inverter stable criterion H(z), designing the repetitive controller is a process of
modifying Q(z) and S(z) to increase the stability and robustness of the system under load variations.

A bode diagram of P(z) under the RL and RLC loads given in Table 1 is shown in Figure 14.
The shunt APF system with 366.5 uF capacitance load has a resonant peak brought by the parallel
resonant circuit and positive feedback loop. The resonant peak at low-intermediate frequency should be
suppressed by modifying the repetitive controller. In [26,39], researchers pointed out that a especially
designed Q(z) based on low—pass filter and leading link can increase the stable margin of the system.
However, after the intermediate frequency gain of Q(z) decays, the modulus of H(z) will become larger
due to the resonant peak of P(z). It is better to select Q(z) as an attenuation coefficient under this
condition. Thus, we will focus on modifying the corrector unit S(z) in Section 4 to suppress the positive
feedback of the capacitance load.

40F
20
0
-20F
LA0-
-60F

10t

Resonant Peak

Magnitude(dB)

1 1 1

10 10°
Frequency (Hz)

Figure 14. Bode diagram of P(z) under different load conditions.

4. System Stabilization Strategies

The overall idea is to stabilize T(z) and H(z) by modifying the hybrid repetitive controller. Since
the stability of the external circuit transfer function T(z) is only affected by the proportional integral
controllers Gpy;(z) and Gpyy(z), first we can set the proportional coefficient of either PI to move the
poles of T(z) into the unit circle. After that, the plant transfer function P(z) is fixed. The stability of H(z)
is only affected by the hybrid repetitive controller. Then we can modify the corrector unit in the hybrid
repetitive controller to make H(z) meet stability requirements. When both T(z) and H(z) are stable, the
resonance will be suppressed and the system will be stable again.
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The parameters of the digitally repetitive controlled shunt active power filter are shown in Table 1.
It compensates for parallel RLC load. Poles of T(z) can be moved into the unit circle by selecting a
relatively small proportional coefficient. Figure 15 shows this process by resetting Kp of Gpj, from 1 to
0.5. Attention should be paid in engineering to other links such as current transformer (CT), which
may also introduce additional proportional coefficients to the control loop. These factors need to be
considered when setting PL.
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-1 -08 -06 -04 -02 0 02 04 06 08 1
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Figure 15. Setting Kp of Gpjy to move poles of T(z) into the unit circle.

The repetitive controller realizes zero steady-state error tracking for periodic signals, and the
parallel PI controller improves dynamic response speed when the load changes. System instability
when compensating the pF capacitance load is a problem for APF steady-state control. Therefore, it is
necessary to modify the repetitive controller. The corrector 5(z) in the forward path of the repetitive
controller has the functions of correcting amplitude compensation and phase compensation and
improving the stable margin of the controller.

The inverter stable criterion transfer function can be defined as:

Gp(z) = S(2)-P() ®)

Transfer function G,(z) reflects the stability state of the APF inverter under different load conditions.
Therefore, the correction of the repetitive controller needs to be improved to suppress the resonant
peak and ensure system stability. It also requires zero gain offset frequency response in a low-frequency
band range. The corrector is composed of low—pass filter G p(z), zero—phase shift notch filter G,1(z),
Gn2(2), and phase compensator z¥, as shown by Equation (9):

S(z) = Grp(2) - Gp1(2) - Gpa(z) - 2 9)

Zero-phase shift notch filters are introduced to suppress the resonant peaks brought by the
LCL filter and load capacitance. They do not degrade the steady—state performance of the repetitive
controller. The zero-phase shift notch filter contains a leading element. If the notch frequency is low, it
will be required to advance many beats, which will lead to instability. For the 366.5 uF capacitance
load and LCL filter, the zero-phase shift notch filter is designed as Equations (10) and (11) respectively.
A notch filter G,; of lower frequency is better for magnitude frequency correction but will result
in instability.

oty 24 2

Gulz) = (10)

_ 22424272

Gn2 (Z) 4

(11)
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The resonant peak brought by the load capacitance is eliminated by notch filter G,,;; and export PI
unit Gppp. However, the capacitor follows the law of i. = cdu./dt. The harmonic voltage at PCC in a
wide frequency range will be amplified to a large harmonic current by the capacitance load. Therefore,
it is necessary to increase the compensation ability of the APF at low and medium frequencies by
appropriately increasing the cut-off frequency of the low—pass filter of S(z). The second-order low—pass
filter with a cut-off frequency of 1500 Hz and damping ratio of 0.707 is designed as follows:

_ 2242241
©12.2188-22 — 12.756 - z + 4.5372

Grp(z) (12)

The phase compensation part z does not affect the magnitude-frequency characteristics of Gp. We
can find from Figure 16 that after the correction of S(z), the forward channel transfer function G, no
longer has a resonant peak.

— controller'before modification
0 — :_controller gfter modification |

g
Z-100
e
=
c

10’
Frequency (Hz)

Figure 16. Magnitude-frequency diagram of S(z)P(z) when controller is before or after modification.

Phase compensator z* is a leading part, compensating for the phase delay in each control unit.
Figure 17 shows the phase frequency diagram of transfer function G, under different values of k.
Minimum phase displacement is attained when k = 6. Considering the one beat delay in digitally
controlled implementation, k is chosen to be 7.

1080

Phase(deg)
S N

o
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|
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&

=
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Figure 17. Phase correction effect of z* to S(z)P(z).

Q(z) is chosen as a close-to-unity constant 0.95 to ensure a larger stability margin and has high
compensation accuracy. To verify the inverter stability criterion, a Nyquist diagram of H(z) with the
modified hybrid controller is shown in Figure 18. The system satisfies the stability criterion. A Nyquist
diagram of H(z) before modification is shown in Figure 10b. By comparing, the effect of the modified
controller can be proved.

So far, we have finished the stabilization work of T(z) and H(z). The shunt APF system can run
normally and stably with parallel RLC load (Cjy5g = 366.5 UF).
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Figure 18. Nyquist diagram of stability criterion H(z) of modified hybrid controller with
capacitance load.

5. Simulation and Experimental Results

5.1. Simulation Results

We built an active power filter system on MATLAB/Simulink to verify the validity of the modified
hybrid repetitive control strategy proposed above. The parameters of the digital repetitive controlled
shunt active power filter are shown in Table 1, compensating for parallel RL or RLC load. A three-phase
rectifier load represents load—side harmonics. Both load cases use a common repetitive control strategy
before 1.2 s. After 1.2 s, the modified hybrid repetitive control strategy proposed above is used. We
know from Figure 19 that when a parallel capacitance load is connected to a shunt APF with the
common repetitive control strategy, harmonics are severely amplified and the system becomes unstable.
When the modified hybrid repetitive control strategy is used, the whole system is stabilized and the
active power filter can work well. Figure 20 shows our contrast experiment. It is used to illustrate that
the proposed stabilization method is not applicable only to the specific case of load capacitance. The
simulation results show that the shunt active power filter can perform well with RL load and rectifier
load using the modified control strategy without sacrificing much compensation effect.

600 Before modification
THDA/B/C=102.16%, ‘
199.92%/98.33% ‘

After i
THDA/B/C=6.98%/7.06%/7.06%

L

400

I
S
S

0

grid current/ A

0
S
S

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
time/s

Figure 19. Simulated grid current isys when shunt APF is compensating for RLC load and rectifier load.
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Figure 20. Simulated grid current isys when shunt APF is compensating for RL load and rectifier load.
5.2. Experimental Results

A 75kVA shunt active power filter prototype was built on a TMS320F28335 digital signal processor
(DSP), shown in Figure 21. A Fluke 435 power quality analyzer was used to capture the experimental
results. The circuit parameters and controller were the same as those in Table 1, except that there was
no inductance load in the prototype experiment. The Gpp, and low—pass filter of S(z) before and after
modification are shown in Table 3.

ko ¢

©)Shunit Active Power Filter l’rnmi’\
/

Figure 21. Experimental 75 kVA shunt active power filter prototype.

Table 3. Control units of shunt APF system.

Before Modification

Control unit Values
Gpp(2) Kp =1; Ki = 0.0001
Gpp(z) 2nd Butterworth low-pass filter Cut-off frequency = 500 Hz
After Modification
Gpp(2) Kp = 0.5; Ki = 0.0001

GLP(z) 2nd Butterworth low-pass filter Cut-off frequency = 1000 Hz
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Figure 22 shows the waveforms of the grid current and its harmonic spectra under active load
and three-phase RL rectifier load before the APF is put into use. The grid current is seriously distorted,
with total harmonic distortion (THD) up to 29.6%. After the shunt APF with common control strategy
(before modification) is operated, harmonics are eliminated and the THD of the grid current reduces to
5.6%, as shown in Figure 23. However, when a parallel capacitance load is connected, harmonics are
severely amplified and the THD of the grid current rises to 93.8%. Its waveforms and harmonic spectra
are shown in Figure 24. Current flowing into the capacitance load under this condition is shown in
Figure 25. The severely distorted capacitor current shows an amplification of the harmonics by the
capacitive load. Moreover, the active power filter further amplifies the harmonics with a positive
feedback loop.

' 7028 |° 706A " 04n | Harmonis  rEINGer oremeEm
Y E=-<EF

49.99 Hz & 00107 4 -2x < T R, & w0z R ET

|| ....... ||| |‘..,..,.....
15 A

mmams 04: 12 06 2300 5l]Hz :-m uwz EN50160
Ua N | CURSOR Ll L I-HARM. | HOLD
L1 L2 L3 & ZooM Ula B (S | IRMETER NS R 0 T RUN

Figure 22. Waveforms of grid current and its harmonic spectra carrying active load and three-phase
rectifier load without shunt APF prototype.
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Figure 23. Waveforms of grid current and its harmonic spectra with common control strategy shunt
APF prototype carrying active load and three-phase rectifier loads.
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Figure 24. Waveforms of grid current and its harmonic spectra with common control strategy shunt
APF prototype after parallel capacitance load is connected at the point of common coupling (PCC).
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Figure 25. Waveforms of capacitor current.

The proposed modified control strategy in Section 5.1 can suppress the resonance well. There are
electrical dampers such as line resistance in the external circuit of prototype experiment and practical
engineering. Therefore, good system stabilization effect can be achieved without additional notch filters
Gp1 and G,p. We can suppress the resonance well only by modifying the exported proportional integral
unit Gpjp and low—pass filter in the corrector unit S(z). The control method becomes simpler, clearer,
and easier for parameter debugging. The waveforms of the grid current and its harmonic spectra with
the modified control strategy under active load, three-phase rectifier load and parallel capacitors are
shown in Figure 26. The THD value is reduced from 93.8% to 10.8%. When the experiment is repeated
with the modified control strategy under active load, three-phase rectifier load, and parallel capacitors
the THD only increases from 5.6% to 6.4%. The grid current waveforms for the repeat experiment are
shown in Figure 27. Compared with the common control strategy and its waveforms in Figure 20,
the proposed improved hybrid repetitive control strategy can suppress the resonance brought by
capacitance load without sacrificing much compensation effect of the common RL and rectifier load.

" G06A Harmonics  rmmeEn oreme.
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................................................... “
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.- 8L e g e
: THODC 1 3 5 7 3 1o s 7 A
01701703 00:11:51 01701703 00:11:28 230U 50Hz 36 WYE _ EHS0160
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Figure 26. Waveforms of grid current and its harmonic spectra with modified strategy control shunt
APF prototype after parallel capacitance load is connected at PCC.
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Figure 27. Waveforms of grid current and its harmonic spectra with modified strategy control shunt
APF prototype carrying active load and three-phase rectifier load.

6. Conclusions

In this paper, system instability and resonance resulting from the interactions between the shunt
active power filter and the capacitance load were discussed. Few papers have noticed this phenomenon,
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and it cannot be reflected by the existing conventional APF model. For this study, we identified the
drawbacks of the conventional model and proposed a more precise modified model. Compared with
the conventional mode, it had the following advantages:

1.  The dynamic characteristics of input signals of active power filter were taken into account.
The external circuit (power grids and the loads) were modelled.
3. The stability problem of the system could be reflected more accurately.

By means of the modified model, we could show the positive feedback resonance stability problem
and study its mechanism. We decomposed the complex sensitive function into several parts and
studied the effect of each link on system stability separately. Furthermore, according to the relationships
between the parts of the hybrid controller, we stabilized the system. The whole design process was
given in detail. The correctness and validity of the proposed strategy were verified by simulation
analysis and prototype experiments, proving the existence of the problem and the effectiveness of the
solution. The proposed stabilization method is simple, clear, and easy for parameter debugging. In the
future, researchers can apply more strategies to increase the ability of shunt APFs to carry parallel
capacitance loads or improve the performance of harmonic suppression and system stabilization under
this condition. In this paper, the system under the repetitive controller was analyzed in detail. The
stability problems and resonance existed not only in the repetitive controller studied here, but also
in the proportional resonance controller in [22]. In the future, researchers can analyze the stability
problems of active power filters with other controllers.
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