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Abstract

A fast-transient repetitive control strategy for a three-phase shunt active power filter is presented in this study to improve dynamic
performance without sacrificing steady-state accuracy. The proposed approach requires one-sixth of the fundamental period required
by conventional repetitive control methods as the repetitive control time delay in the synchronous reference frames. Therefore, the
proposed method allows the system to achieve a fast dynamic response, and the program occupies minimal storage space. A
proportional-integral regulator is also added to the current control loop to eliminate arbitrary-order harmonics and ensure system
stability under severe harmonic distortion conditions. The design process of the corrector in the fast-transient repetitive controller is
also presented in detail. The LCL filter resonance problem is avoided by the appropriately designed corrector, which increases the
margin of system stability and maintains the original compensation current tracking accuracy. Finally, experimental results are

presented to verify the feasibility of the proposed strategy.
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I. INTRODUCTION

With the rapid development of power electronics, a variety
of power electronic devices and nonlinear loads have been
widely used. Numerous problems associated with reactive
power and harmonic pollution have emerged in power systems.
Harmonic suppression and reactive power compensation have
become popular issues in current research. Traditional passive
power filters are gradually being replaced by active power
filters (APFs) [1]. A novel APF with an LCL filter [2]-[4] can
minimize the amount of distortion current in the utility grid and
achieve a fast dynamic response with small inductors and filter
capacitors.

A key point in the proper implementation of APF is
compensation current tracking. Various methods have been
proposed in literature to improve APF current tracking
performance  [5]-[9].  Hysteresis control [5] and
proportional-integral (PI) control [6] are conventional methods
commonly employed in industrial APF applications although
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new control methods have also been proposed, such as fuzzy
control [7], sliding mode variable structure control [8], and
adaptive control [9]. Hysteresis control systems are robust
although their switch frequency is uncertain; such uncertainty
produces harmonics with a continuous spectrum and increases
the difficulty of designing an appropriate output filter. PI
control has a fast dynamic response and good tracking
capability for DC signals. Increasing the PI controller gain
helps improve AC signal tracking performance; however, a
large controller gain often causes a resonance problem in the
LCL filter [10], [11]. The proportion resonance (PR) control
method can eliminate the tracking error of regulation sinusoidal
signals [12]. However, to compensate for harmonics in this
method, each harmonic frequency must correspond to its
specific regulator. Therefore, designing a multi-resonant
controller for all harmonic components requires a large amount
of resources and is thus unsuitable for practical systems.
Repetitive control from the internal model principle provides
a high-performance practical solution [13]-[15]. Repetitive
control allows for exact asymptotic output tracking of periodic
inputs or rejection of periodic disturbances and is thus widely
used in inverter waveform control. This approach can meet the
necessary high-gain requirements of current control loops in
APF [16]-[19]. However, because the control action is
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postponed for one fundamental period, conventional repetitive
control often fails to eliminate harmonics with satisfactory
dynamic response [20].

Normally, the conventional repetitive controller provides
high gains at all harmonic frequencies. Given that most power
electronic systems mainly contain odd harmonics, repetitive
control schemes intended to compensate for only odd
harmonics have been proposed in [21] and [22]. In these
odd-harmonic repetitive controllers, time delay is reduced to
one half of the fundamental period, which can be regarded as
an improvement of system dynamic response. In three-phase
power applications, the harmonic components usually
concentrate in multiples of 6n *= 1 of the fundamental
frequency. The authors of [23] presented a six-model repetitive
controller that employs a parallel combination of (6n+i) (i = 0,
1, 2, 3, 4, 5) order harmonic internal models with six
independent control gains to eliminate (6n+i)th harmonics.
However, this method increases the complexity of the control
loop and consumes a large amount of computing resources; as
a result, the method is difficult to apply to actual systems. In
[24], the authors presented a repetitive controller in a stationary
frame that selects (6bn£1)th (n = 0, 1, 2, . . .) harmonics for
compensation. The (6n=1)th harmonic repetitive controller
obtains enhanced frequency selectivity and has low
computation complexity. However, this method cannot
effectively compensate for even harmonics because the
controller gains are not sufficiently high at these harmonic
frequencies.

A fast-transient repetitive controller for a three-phase, LCL
filter-based shunt APF is proposed in this study. The controller
is implemented in a positive-rotating synchronous frame where
all the (bn=x1)th (n = 0, 1, 2..) harmonics can be well
eliminated. The maximum repetitive control delay time is
reduced to one-sixth of the fundamental period; therefore, the
dynamic response is significantly improved without sacrificing
steady-state performance. The PI regulator is also combined
with a fast-transient repetitive controller to compensate for
even harmonics under unbalanced conditions. Theoretical
analysis and deduction of the proposed method are also
demonstrated. The design process of the corrector in the
proposed fast-transient repetitive controller is presented in
detail. The LCL filter resonance problem is avoided by using
an appropriately designed corrector that increases the margin of
system stability and maintains the original compensation
current tracking accuracy. The feasibility of the hybrid current
controller is validated by the experimental results.

II. APF CONTROL SYSTEM AND MATHEMATICAL
MODEL
A.  APF Structure and Control System

The structure of the proposed LCL filter-based shunt APF is
shown in Fig. 1. The shunt APF is composed of two-level
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Fig. 1. Structure of shunt APF with LCL filter.
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Fig. 2. Block diagram of shunt APF control system.

voltage source inverters with a DC capacitor and LCL-type
output filter. L, denotes the inverter-side filter inductors,

L, denotes the grid-side filter inductors, C denotes the filter

capacitors, and R, denotes the damping resistors. A

three-phase diode rectifier with resistive and inductive load is
adopted as a harmonic source to produce the harmonic
currents.

A block diagram of the shunt APF control system is
presented in Fig. 2. The control system contains a reference
current calculator, a DC voltage regulator, and a compensation
current controller. The reference current calculator detects the
harmonic components in the load currents. A DC voltage
regulator is adopted to maintain DC bus voltage stability. The
compensation reference currents are obtained by adding the
output current reference of the DC voltage regulator and the
harmonic components in the load current. The compensation
current controller generates a reference voltage to allow the
compensation current to track the reference current accurately.
Therefore, the compensation current can offset the harmonic
components in the load currents, and the harmonics in the point
of common coupling (PCC) current are also eliminated.

Considering that the inductor resistance and grid inductance
are negligible, the transfer function related to input voltage u,

and output current i, can be deduced as

G ()=l = R,Cs+1
bt u, LLCs*+(L +L,)R,Cs* +(L +L,)s

i

()
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Fig. 3. Frequency response of the L and LCL filters.

Based on transfer function G, (s), the LCL filter can be

regarded as a three-order system. An LCL filter is more
difficult to control than an L filter.
Fig. 3 shows the voltage-current frequency responses of a

first-order L filter (Line 1) and a third-order LCL filter (Line 2).

Line 3 shows the frequency responses of an LCL filter with a
passive damping resistor. A small damping resistor is usually
added to the filter capacitor branch to prevent problems in
system resonance. The third-order LCL filter should provide an
appropriate resonance frequency below the PWM switching
frequency, an acceptable level of current ripples in
inverter-side inductor ,, and low idle reactive power for the

apparatus. The detailed LCL filter exemplary design procedure
is provided in [2]. In short, the LCL filter has a much better
stop-band attenuation than the L filter. Therefore, the output
filter of the LCL filter has much lower equivalent inductance
than that of the L filter.

B.  Mathematical Model

Fig. 3 shows that the L and LCL filters have similar
magnitude—frequency characteristics within the passband of the
filters. For this reason, the capacitor branch of the LCL filter
can be disregarded. The LCL filter behaves as an L filter with
an inductance value of L =L, +L, . The equations of the output

current based on Kirchhoff’s voltage law result in

di
(Ll + LZ) cllca = uia _um _icaR
t
di, )
(L +L,) d;h = Uy —uy — i, R ()
d.
(Ll +L2)% = uic _uso _iccR
t

where u,,, u,,and u, are the inverter voltages; u , u,,

and u,, are the grid voltages; i

ca

, i,, and i_ are the

compensating currents; and R is the equivalent resistance of the
inductor.
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Fig. 5. Simplified current control block diagram.

Grew(s)

Using Park transformation, Equation (3) can be obtained by
converting the stationary reference frame systematic formulas
[Equation (2)] into d—q synchronous reference frame formulas
as

di, =u.

(L] + LZ) dt id

—uy, —i,R+ao(L, +1L, )icq

di - ©
(Ll + LZ)TL: = u[q - u.rq - ich - w(Ll + LZ)icd

Obviously, cross-coupling items exist between the d-axis
and g-axis currents.

C. Decoupling Method with PI Controller

A controller with feedback cross-decoupling can eliminate
the coupling between the d and q axes. A grid voltage
feed-forward path is added to the controller to eliminate the
influence of grid voltage fluctuation. A PI controller with grid
voltage feed-forward and output current feedback cross
decoupling is shown in Fig. 4.

The decoupling items and the feed-forward voltage can be
regarded as disturbances in the above mentioned approaches.
The current control block diagram of APF can be simplified
as shown in Fig. 5.

The controller requires a wide bandwidth to obtain
satisfactory compensation current tracking performance.
Owing to the limited sampling frequency and calculation delay
time in digital systems, the control variable output is usually
retarded by one control period. This condition results in further
phase delay. The system phase delay can be reduced by
increasing the gain of the PI controller and the sampling and
switching frequencies. However, all these methods cannot
improve harmonic compensation. Furthermore, the phase delay
may cause instability in the LCL filter-based shunt APF.
Therefore, a current controller with high stability and
high-precision tracking performance is required.
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Fig. 6. Conventional repetitive controller structure.

ITI. FAST-TRANSIENT REPETITIVE STRATEGY

A. Review of Conventional Repetitive Controller

Structure

The basic idea behind repetitive control is based on the
internal-model principle of control theory. The general
structure of a conventional repetitive controller is shown
below.

The core of the repetitive controller is a modified internal
model denoted by the positive feedback loop in Fig. 6. The
original internal model incorporates the unity gain in the
positive feedback path so that the tracking error is converged
based on its repetition period. However, in practice, the internal
model is often modified by incorporating an attenuation
coefficient (Q) instead of the unity gain. Although this
manipulation results in reduced reference tracking accuracy, it
also increases the margin of system stability.

From Fig. 6, the transfer function of the conventional
repetitive controller is

-N

Ggp(2) = G, (2)S(2) = ——— S(2) 4)
1-0z

where S(z)is a corrector designed to compensate for the
controlled object according to its characteristic. The period
delay part z™" in the forward channel causes a delay of one
fundamental period. Thus, the control effect has a certain
foresight of the next period. Owing to a long time delay, the
conventional repetitive controller has a very slow transient
response speed. For this harmonic  current
compensation is difficult under conditions of rapid load
fluctuations .

reason,

B. Proposed  Fast-transient Controller

Structure

Repetitive

Generally speaking, a balanced three-phase system only
contains (6n*1)th (n = 0, 1, 2...) harmonics because many
power conversion processes (i.e., diode rectifier loads)
industrial ~applications produce harmonic
components at these frequencies. In the synchronous frame
with +@ rotation speed, the positive sequences of the 7w, 13w,
19w... signals are transformed to +6w, +12w, +18w... signals,
whereas the negative sequences of the 5w, 11w, 17w... signals

involved in

are transformed to -6w, -12w, -18w... signals. The (6n*1)w
(n =0, 1, 2...) harmonic components transform into 6nw (n =0,
1, 2, 3...) signals in the positive synchronous frame. This
useful feature simplifies the synchronous frame controller

e,' €
| 7.—> S(Z) T
+

Fig. 7. Fast-transient repetitive controller structure.
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Fig. 8. Frequency response of PI and repetitive control.

design because only the 6nth (n = 0, 1, 2...) harmonics are
compensated. Thus, a fast-transient repetitive control strategy
is proposed in this study. The strategy aims to compensate for
6nth harmonics in a three-phase shunt APF.

The structure of the proposed fast-transient repetitive
controller is shown in Fig. 7.

The transfer function of the fast-transient repetitive
controller is

-N/6

Conventional repetitive controllers are designed to eliminate
all odd and even harmonics at the cost of introducing a
fundamental period delay. However, from the previous
discussions, the time delay required for a fast-transient
repetitive controller can be significantly reduced from one
fundamental 7 period to 7/6. For this reason, a fast-transient
repetitive controller provides faster dynamic performance than

Grep(2) = S(z) . Q)

the conventional one. In addition, by considering only (6n=
1)th harmonics, the proposed repetitive controller can avoid the
amplification of other harmonics to the PCC currents.

Fig. 8 shows the open-loop frequency responses of the PI
controller (Line 1), conventional repetitive controller (Line 2),
and proposed fast-transient repetitive controller (Line 3). The
PI controller is implemented with parameters k,= 2 and k; =
2000. The gain of the PI controller for the DC signal is above
50 dB, but its gain in the harmonic-frequency range cannot
satisfy  the compensation requirements. The
conventional repetitive controller is implemented with a delay
of one fundamental period, where N = 300 and QO = 0.99. Fig. 8
shows that the conventional repetitive controller provides high

harmonic
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Fig. 9. Hybrid controller scheme for APF with an LCL filter.
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gain (40 dB) at each harmonic frequency, whereas the
corresponding resonant frequencies of the fast-transient
repetitive controller (N = 300, Q = 0.99) are only in the 6nth
harmonics.

Given that the repetitive control strategy contains a
necessary delay section, satisfying the requirement of fast
dynamic response and stability of APF is difficult. Thus, a
hybrid current controller that consists of PI and repetitive
controllers is implemented in the current loop. The PI
controller improves the dynamic performance and maintains
system stability, whereas the repetitive controller provides high
gain in harmonics to ensure that the PCC current remains
sinusoidal.

To achieve a hybrid output control, the PI and repetitive
controllers are connected in parallel in the forward path of the
current control loop as shown in Fig. 9.

The PI controller exports a thin control quantity in the
steady-state condition because of a few tracking errors. As a
result, the hybrid control parameter is principally determined
by the repetitive controller. However, when the system
undergoes a severe dynamic load fluctuation, the PI controller
plays the major role in the hybrid control system and the
repetitive controller output quantity cannot adjust promptly.
After the delay, the repetitive controller gradually decreases the
tracking error and thus weakens the influence of the PI
controller. Eventually, the system achieves a new steady state.

When the grid voltage or load condition is unbalanced,
each (6n+l)th harmonic component contains both positive
and negative sequences. Therefore, the 6nth harmonics as
well as other orders of harmonics are visible in the positive
synchronous frame. However, in most cases, the unbalanced
condition of the grid voltage or load is not severe (mostly
below 10%). In such cases, the PI controller inside the hybrid
control strategy provides additional gain for the negative
sequence harmonics.

C. Compensation Current Tracking Accuracy Analysis
The repetitive control method introduced to the hybrid
current controller improves the tracking accuracy and
eliminates the steady state error. By analyzing the error transfer
function, the tracking accuracy of the repetitive control method
can be compared with that of other methods. As shown in Fig.
5, the error transfer function with a PI controller is as follows:

e(z) 1
iref (2) 1+ Gp (2)G e (2) .

(6)

The error transfer function with a hybrid controller is as
follows:

6() _ !

» 1 + GREP + GPI GLCL

Ly (2) [ (Z)iN/6 (DG, (2) o
GREP(Z) = WS(Z)

By comparing the error transfer function gain in different
strategies, the increased G,,,(z) in the denominator of the

hybrid control system can reduce the e, gain significantly

after adding repetitive control. Considering the resonant
characteristics in the LCL filter, the gain of the PI controller
cannot be extremely large; thus, the current tracking results of
the PI controller are subject to certain restrictions. As long as
the corrector of the repetitive controller is designed
appropriately, the repetitive controller can improve the
accuracy of current tracking without the influence of the PI
controller gain.

D. System Stability Analysis and Corrector Design

To analyze the stability of the proposed fast-transient
repetitive controller, the current closed loop transfer function of
the hybrid controller is described as

i (2) _{Gp(2)=2""[0Gy (2) - S(2)]}P(2)
Ly (2) 1-z7"°[0 - S(2)P(2)]

_ G (2)

1+ Gy (2)G, (2)

®)
P(z)

P(z) can be considered the equivalent controlled object of
the repetitive controller. According to the small gain theorem, a
sufficient condition [13, 25] for system stability can be
provided as

|H(2)|=|0-8(z)P(2)| <L, z=e"" ,0e[0,7/T,] (9)

where 7, denotes the sampling period. Given that the
equivalent controlled object contains resonant instability and
phase delay, it must be corrected with an appropriately
designed corrector S(z) . Furthermore, the corrector requires
zero gain offset frequency response in a low-frequency band
range; this condition does not affect the compensation current

tracking performance.
In this study, a second-order low-pass filter and a zero

phase-shift notch filter cascade connection S(z) prevent the

system stability condition from breaking at high frequencies
[14]-[16]. The second-order low pass filter is required for high
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frequency attenuation, which greatly simplifies the controller
design. A second-order filter with the transfer function (10) is
selected to prevent the amplitude—frequency response within
the current controller bandwidth from being affected. When

crossover frequency @, =27-3750rad/s , damping
coefficient £=0.8.
2
1)
F(s)=—o"n
1(5) s*+ 28w, + @)
(10)
(27-3750)°

T 12.0.8-27-3750+ (27 -3750)°

Through Tustin transform (f, = 15kHz) , the discrete transfer

function can be described as follows:

0.3625z% +0.725z + 0.3625
22 -0.2659z +0.1842

F(z)= (1)

Although the peak resonance of G, (s) shown in Fig. 3

is partly suppressed by passive damping in the branch of the
filter capacitor, it does not satisfy the requirements for the
stability of the overall system. Fig. 3 shows that the gain of
resonant frequency still exceeds 0 dB. Moreover, considering
the addition gain of the current controller, system instability is
easily caused. For this reason, an additional suppression
method is required in the control algorithm. In this study, a

zero phase-shift notch filter (denoted as F,(z) ) is adopted in
the corrector to avoid the LCL filter resonance problem
without degrading the steady-state performance of the
repetitive controller. F,(z) is expressed as

" +ay+z7"

£y (2) = (12)

2+a,
where a, and m are constants related to the shape and
location of the notch filter, respectively [26]. Furthermore, the
zero phase notch filter does not produce additional phase shift.
The notch filter with a small value of a, causes a narrow stop
band and allows a large amount of harmonic components to
pass through the filter, which in turn results in better
steady-state compensation performance of the repetitive
controller. As shown in Fig. 3, the LCL filter resonant

frequency is located around 5 kHz; thus, F,(z) can select
parameters with a, =2,m =1, which has a notch peak point

near the corresponding LCL filter resonant frequency. The
transfer function of F,(z) is expressed as

z+2+4z2"
F@)=" (13)

Even with the corrector filter, the repetitive controller still
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Fig. 10. Bode diagram of S(z)P(z) with different values of k.

provides high gains in a low-frequency range and the
magnitudes of the harmonic peaks in high-frequency regions
are reduced to ensure system stability. However, the corrector
filter can enhance system stability without causing much
impact on the steady-state performance because the magnitude
of the high-frequency harmonics is usually very small.

Phase lag must also be compensated for to maintain system
stability and steady-state performance. Therefore, a leading
element, z*, is adopted to compensate for the delay caused by
the calculation time in the digital control and to minimize the

phase displacement of S(z)P(z) . The designed corrector of

the fast-transient repetitive controller is
S(z) = F(2)F, (2)z". (14)

The frequency characteristics of S(z)P(z) with different

values of k are shown in Fig. 10. Minimum phase displacement
is attained with £ = 2. In a low-frequency band, the gain and
phase lag of S(z)P(z) are close to 0 dB and 0°, respectively,

to ensure a small steady-state error. In addition, in
consideration of the one beat delay in the digital control
implementation, k=3 is selected.

The role of Q in Equation (5) is to improve the system
stability margin by reducing the peak gains of the repetitive
controller in high-frequency ranges. In this study, Q is selected
as a close-to-unity constant 0.95 to guarantee a sufficient
stability margin.

Using the aforementioned design results, the locus of H(z)
is plotted in Fig. 11.

In Fig. 11, H(z)is always located inside the unity circle.

Therefore, the proposed fast-transient repetitive controller
with an appropriate designed corrector satisfies the stability
condition.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
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TABLE I
PARAMETERS OF THE SHUNT APF PROTOTYPE

Symbol Parameter Illustration
Vs 150V Utility voltage
Uy 300V DC side voltage of APF
Ssw 15kHz Switching frequency
s 15kHz Sampling frequency
L, 100 uH Inverter side inductor
L 50 uH Grid side inductor
G 30 uF Filter capacitor
Ry 0.1Q Damping resistor
Rivaa 58Q Diode rectifier resistive load
Liowa 1 mH Diode rectifier inductive load

To verify the aforementioned analysis, experiments are
implemented on a three-phase LCL filter-based shunt APF
prototype, which is depicted in Fig. 1. The key parameters of
the prototype are listed in Table 1. The control platform is
implemented on a TMS320F28335 DSP control board. The
insulated gate  bipolar transistor (IGBT) module
FF300R12MS4 from Infineon is used in the main circuit power
inverter.

A.  Steady-state Performance of PCC Current

Fig. 12(a) shows the waveform of the grid current with
nonlinear RL load before the shunt APF is operated. The
frequency spectrum of the grid current is shown in Fig. 12(b).
The total harmonic distortion (THD) of the grid current is
approximately 26.1%.

Fig. 13 shows the experimental results of the steady-state
grid current with a traditional PI current controller. As shown
in Figs. 12 and 13, reducing the THD of the grid current from
26.1% to 8.5% is possible by means of a traditional PI
controller. The components of the 5th, 7th, 11th, and 13th
harmonic currents are greatly suppressed, and the shunt APF
with a traditional PI controller allows some other harmonic
currents into the grid current. The traditional PI controller is
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Fig. 12. Waveform of the grid current without shunt APF.
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Fig. 14. Steady-state performance with a PR controller.

unable to effectively compensate for the harmonic currents
because of its control bandwidth limitation.

The experimental results of the PR controller [12] whose
regulators tuned on resonance frequencies 6th, 12th, and 18th
are shown in Fig. 14. When the PR controller is employed, the
grid current exhibits better steady-state performance and THD
is reduced to 4.8%. However, the PR controller does not
generate high gains in harmonics above the 18th. The
high-order harmonic current compensation performance is thus
ineffective.

An experimental test with a conventional repetitive control
algorithm under the same condition is shown in Fig. 15. The
harmonic currents are effectively compensated, and the grid
current is almost sinusoidal with a low THD of approximately
3.7%. This result proves that the repetitive controller has a
better steady filtering capability compared with the traditional
PI controller.

Fig. 16(a) shows the waveforms of the grid current when a
hybrid current controller is employed. The PI and fast-transient
repetitive controllers are connected in parallel when the shunt
APF operates. As shown in Fig. 16(b), the THD of the grid
current is 3.6% when the APF filter with a fast-transient
repetitive controller is used. This result confirms that the
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Fig. 15. Steady-state performance with a conventional repetitive
controller.
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Fig. 16. Steady-state performance with the proposed fast-transient
repetitive controller.
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Fig. 17. Transient responses when a conventional repetitive
controller is used.

performance of the proposed controllers is similar to that of the
conventional one in steady state conditions.

B.  Dynamic Responses under Load Step Change

Fig. 17 illustrates the experimental waveforms of the
dynamic response when a conventional repetitive controller is
employed and when the load varies from light to heavy. The
compensation current tracks the load harmonic current within
nearly two fundamental cycles.

Fig. 18 shows the dynamic response of the fast-transient
repetitive controller. The filter current quickly responds to
compensate for the harmonic currents in the load and to ensure
that the supply current is sinusoidal. As shown in Figs. 17 and
18, the current tracking error recovers to its steady-state value
in approximately 10 ms, which is much shorter than that in the
conventional controller. As a result, the fast transient responses
of the proposed controller are verified.
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Fig. 18. Transient responses when a fast-transient repetitive
controller is used.
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Fig. 19. Waveform of unbalanced three-phase grid voltages.
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(b) Magnitude spectrum.
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Fig. 20. Steady-state performance with the fast-transient repetitive
controller under an unbalanced grid condition.

C. Performance of PCC Current under Unbalanced
Supply Voltage

The majority of previous studies assumed that the supply
voltage is ideally balanced; however, this voltage condition is
rare in practical grid conditions. To verify the effectiveness of
the proposed control algorithm under unbalanced conditions,
experiments are conducted where the supply voltages are
injected with negative components that are 10% of the
magnitude of the fundamental component.

The waveform of the unbalanced three-phase grid voltage is
shown in Fig. 19.

As shown in Fig. 20, the harmonic compensation
performance of APF does not diminish under the unbalanced
grid voltage condition. The grid current is nearly sinusoidal,
which is similar to the results shown in Fig. 20 where an ideal
balanced voltage is provided. Only small increases were
observed in the THD factors, that is, approximately 4.0% for
the same case of nonlinear RL load.
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Fig. 21. Implemented LCL filter-based shunt APF system.

As a result, the proposed fast-transient repetitive controller
obtains a remarkably fast transient response and a satisfactory
steady filtering capability.

V. CONCLUSIONS

A fast-transient repetitive controller for a three-phase LCL
filter-based shunt APF was proposed in this study. This
controller minimizes the repetitive control time delay to
one-sixth of the fundamental period and improves the dynamic
responses without sacrificing high steady-state performance. In
the hybrid control scheme, the repetitive controller improves
the tracking accuracy and eliminates the steady state error. The
PI controller guarantees the dynamic response and current
tracking speed of APF. Furthermore, the strategy suppresses
the resonance problem of the LCL filter by using an
appropriately designed corrector. The experimental results
verify the feasibility and validity of the proposed strategy.
Owing to its fast transient response and high tracking accuracy,
this strategy is also appropriate for three-phase grid-connected
inverters, such as static synchronous compensators or
uninterruptible power supplies.
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