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Abstract – Active power filter (APF) has been proved as a flexible solution for compensating the 
harmonic distortion caused by nonlinear loads in power distribution power systems. Digital repetitive 
control can achieve zero steady-state error tracking of any periodic signal while the sampling points 
within one repetitive cycle must be a known integer. However, the compensation performance of the 
APF would be degradation when the grid frequency varies. In this paper, an improved repetitive 
control scheme with frequency adaptive capability is presented to track any periodic signal with 
variable grid frequency, where the variable delay items caused by time-varying grid frequency are 
approximated with Pade approximants. Additionally, the stability criterion of proposed repetitive 
control scheme is given. A three-phase shunt APF experimental platform with proposed repetitive 
control scheme is built in our laboratory. Simulation and experimental results demonstrate the 
effectiveness of the proposed repetitive control scheme. 
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1. Introduction 
 
Power quality has become a serious concern in power 

distribution power system due to harmonic currents pollution 
caused by various nonlinear loads such as adjustable speed 
drives, arc furnaces and other power electronic-related 
devices. These harmonic currents increase the power losses, 
deteriorate the quality of the voltage waveform, and may 
cause resonance problem. Active power filter (APF) that 
operates as controllable current sources and provides fast 
dynamic response to load variations has been widely used 
to suppress the harmonic current produced by nonlinear 
loads. APF has been proved to be a flexible solution to 
suppress the harmonic currents due to its simplicity and 
effectiveness [1, 2]. 

The key technology of the APF system is tracking of the 
periodic reference signals. To solve this issue, numerous 
current control strategies have been introduced, such as 
hysteresis control [3], proportional-integral (PI) control [4], 
proportional-resonant (PR) control [5-6], repetitive control 
[7-8], etc. PI control has good tracking capability for DC 
and low-frequency signals. However, the reference signals 
are composed of many frequency components (fundamental 
and its multiples) in APF. The PI control is not an optimum 
solution for APF, due to the limitation of control bandwidth 
and the adverse effect of delay time. Repetitive control 
technique, based on internal model principle (IMP) [9], is 
particularly suitable for this situation since it introduces 
infinite gains at the interested harmonic frequencies. The 

composite control strategy combing repetitive control with 
PI feedback control is an effective approach for APF. PI 
controller is utilized to enhance the dynamic response to 
the load variations. Repetitive controller is adopted to 
improve the steady-state accuracy. The faster dynamic 
performance of PI controller will not be affected by the 
slower repetitive controller. Nowadays, this control 
structure has been widely adopted in power electronic-
related equipments, such as uninterruptible power supply 
(UPS) systems [10], unity power factor rectifiers [11], 
Pulse-Width Modulation (PWM) inverters [12] and 
distributed generation [13].  

In repetitive control, the signal generator z-N/1-z-N must 
be included [7]. sN f f= is the order of the repetitive 
controller, sf is the sampling rate, f is the fundamental 
frequency of the reference signal. Repetitive control can 
achieve zero steady-state error tracking of any periodic 
reference signals when N is a known integer [14]. However, 
the grid frequency is time-varying within a certain range, 
for instance 49.5~50.5Hz. The order of repetitive control 
often contains a decimal at a fixed sampling rate [14-15]. 
Therefore, the compensation performance of APF would 
have a great recession when conventional repetitive control 
technology is employed. 

Ensuring the N  keeps a known integer in the presence 
of grid frequency variations, several approaches have been 
introduced to solve this problem. These solutions could be 
divided into two groups: fixed sampling rates and variable 
sampling rates. Variable sampling rates [16-17] can keep 
the constant sampling points within one repetitive control 
cycle by adjusting the changed sampling period with the 
grid frequency variations. However, the discrete control 
plant model would change with the sampling period varies. 
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In the literatures [18-19], authors introduce a special 
designed finite impulse response (FIR) filter, which is 
cascaded with a traditional delay time item, to replace the 
conventional low-pass filter (LPF) with function for system 
stabilization. In the literatures [14, 20], the fractional-order 
filter is approximated by a Lagrange Interpolation method 
with an integer number. Their coefficients can be easily 
updated online. However, this method need higher order 
approximants to maintain repetitive control open-loop 
gains without attenuation. In the literature [21], authors 
used Pade approximants to approximate the fractional 
delay item in repetitive control.  

This paper presents an improved repetitive control 
scheme with frequency adaptive capability to enhance the 
steady-state compensation accuracy. The variable-delay 
items in repetitive controller are approximated by using 
Pade approximants. Their coefficients can be earlier 
updated online and the nominal part keeps a constant. So, 
the proposed control scheme can track any periodic signal 
with variable grid frequency. A shunt APF experimental 
system is built in our laboratory. Various simulation and 
experimental results demonstrate the feasibility and 
effectiveness of the proposed repetitive control scheme. 

 
 
2. Repetitive Control Scheme with Frequency 

Adaptive Capability 
 

2.1 Conventional repetitive control scheme 
 
A typical closed-loop current control system with a plug-

in repetitive control [18] is illustrated in Fig. 1, where 
( )rG s  is the internal model, ( )r s  is the reference input, 
( )ru s  is the output of repetitive control module, ( )y s  is 

the output, ( ) ( ) ( )e s r s y s= -  is the tracking error, ( )d s  
is the disturbance, ( )pG s is the control plant model, and 

( )cG s  is the PI feedback controller with high-enough 
robustness margin. ( )Q s  can be designed to a constant or 
a LPF to enhance the stability margin of the control system. 

( )fG s being the user defined compensator to ensure 
closed-loop stability. 

According to Fig. 1, the transfer function of internal 
model can be described as 
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where r sT NT=  being the time delay period. N  being 
the sampling points within one repetitive cycle. sT  being 
the sampling period. 

From Fig. 1, the tracking error ( )e s without repetitive 
control can be described as 
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and tracking error with repetitive control becomes 
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where ( ) ( ( ) ( )) (1 ( ) ( ))c p c pP s G s G s G s G s= + is the 
equivalent control plant of repetitive controller. 

The sufficient stability criterion of Fig. 1 is given as 
follows [7-8]: 

1) The closed-loop system without repetitive controller 
( )P s is stable.  

2) ( ) 1Q s ¥ < . 

3) ( ) ( ) ( ) 1fQ s G s P s
¥

- < . 

 
The internal model, ( )rG s , can be expanded as [22]  
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where 2 fv p= being the fundamental angular frequency, 
h  being the order of harmonic frequencies. As previous 
earlier, the repetitive control has a good tracking 
performance if the N is a known integer. (4) indicates 
that the repetitive controller is able to compensate all 
harmonic distortion under nominal grid frequency, as 
shown in Fig. 2(a). 

However, the grid frequency f  is always time-varying 
within a certain range in practical system. Therefore, the 
order N would contain a fraction at a fixed sampling rate. 
The resonance points of the conventional repetitive control 
will deviate from the actual fundamental frequency and 
interested harmonic frequencies. Then, the performance of 
the control system will be degenerated. Fig. 2(b) shows the 
Bode plot of the conventional repetitive controller with 
different fundamental frequency, 1L (49.5Hz), 2L (50Hz) 
and 3L (50.5Hz). Fig. 2 indicates that, if the fundamental 
frequency deviated from 50Hz, conventional repetitive 
controller cannot exactly compensate harmonic currents 
with (50 0.5) Hzh±  ( 1,2,h = K ), since they are low gains 
at these frequencies. In other words, conventional repetitive 
control scheme is sensitively for variable grid frequency. 
Meanwhile, Fig. 2(b) indicates that the repetitive controller 
would be able to compensate the time-varying fundamental 
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Fig. 1. Plug-in repetitive control system. 
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and its harmonic frequencies if the resonance points move 
to the appropriate position following with the variable grid 
frequency.  

 
2.2 Proposed repetitive control scheme with frequency-

adaptive capability 
 
Assuming that ( )Q s  is constant, the block diagram of 

the internal model principle is shown in Fig. 3. When the 
grid frequency f varies, which is a common phenomenon 
in practical power grid, the N  cannot maintain an integer, 
namely, the time delay period rT  will change.  

Defining 192D = as the nominal part of N , and d  as 
its offset part, i.e. 

 
 ( )r s sT NT D d T= = +  (4) 

 ( )
1 1

sNT sDT sdT

r sNT sDT sdT

s s s

s s s
e e eG s

e e e

- - -

- - -
= =

- -
 (5) 

 
Where min max[ , ]d d dÎ  is bounded, since the grid 
frequency is time-varying within a certain range.  

The exponential function sdTse- can be closely 
approximated by Pade approximants [23] as follows: 
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With increasing in the degree m, a more accurate 
approximation can be acquired. When 1m = , (6) can be 
written as 
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which can be discretized using Tustin discretization 
method as 
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Substituting (8) into (7), the (7) can be rewritten as 
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So (5) in discrete-time can be rewritten as  
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The proposed repetitive control scheme with frequency 

adaptive capability is illustrated in Fig. 4, where the 
internal model is replaced by (10). ( )fG z  can be designed 
as ( )k

rk z S z , rk  is the repetitive control gain, kz  is the 
phase lead term, ( )S z  is a user defined compensator to 
correct magnitude characteristic of the plant.  

Fig. 5 shows the Bode plot of open-loop repetitive 
controller with fixed sampling period under different grid 
frequency, 1L (50Hz, 0d = ), 2L (49.5Hz, 1.939d = ) and 

3L (50.5Hz, 1.901d = - ). The magnitude-frequency 
responses show that the internal model ( )rG z  can provide 
enough gain to suppress the actual harmonic components 
with variable fundamental frequency. The open-loop gains 
do not attenuate, which just offset the resonant points with 
the variation of grid frequency. 
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Fig. 2. Bode plot of the conventional repetitive controller: (a) With nominal grid frequency; (b) With different grid 
frequency. 
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Fig. 3. Block diagram of the internal model principle: (a) 
Time domain; (b) Discrete-time domain. 
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From Fig. 4, the tracking error ( )e z  of repetitive 
control can be described as 
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The characteristic equation of the proposed repetitive 

control system is  
 

 1 [ ( ) ( ) ( )] ( ) 0k D
rQ z k z S z P z z d z-- - =  (12) 

 
The necessary and sufficient condition for system 

stability is that N  roots of (12) are inside the unity circle. 
According to the small gain theorem [24], a sufficient 
condition for system stability can be described as 

 

 ( ) ( ( ) ( ) ( )) ( ) 1k D
rH z Q z k z S z P z z d z-= - <   (13) 

 
in which j Tsz e w= , and [0,  ].sTw pÎ sT  is the sampling 

time and sTp is the Nyquist frequency. The ( )d z  can be 

regarded as constants. ( ) 1Dz d z- ® . (13) means that: 

when w  increases from zero to the Nyquist frequency, if 
the end of the vector ( ) ( )j kT j kT j kT

r s s sk e S e P ew w w  does 

not exceed the unity circle at the end of ( )j kTsQ e w , the 
repetitive control system is sufficiently stable. So the 
stability criterion of (13) would be almost the same as that 
of the conventional repetitive control. The stability range 
of the proposed control gain is 0 2rk< < , which is the 
same as that of the conventional repetitive control. 

 
 

3. Three-Phase Shunt APF with Frequency 
Adaptive Capability 

 
3.1 Problem description 

 
A complete system circuit structure of three-phase 

shunt APF with LCL output filter is illustrated in Fig. 6(a). 
The shunt APF operates as a controllable current source 
parallel with nonlinear diode rectifier loads connected at 
the point common coupling (PCC). The subscript k  
denotes phase a , b  and c . sku  is the grid voltage, ku  
is the voltage at the PCC, the system inductance sL  is 
normally neglected due to its low value relatively, thus 

sk ku u= . ski , lki  and fki  are the grid, load and 
converter current of each phase. ffL  is the converter-side 
filter inductors, gfL  is the grid-side filter inductors, 

fC is the filter capacitors, and dR  is the damping 
resistors. C  and dcV  are the dc-link capacitor and 
voltage, respectively.  

Fig. 6(b) shows the block diagram of the proposed 
control scheme with frequency adaptive capability for 
three-phase shunt APF. The control system contains a 
phase-locked loop (PLL), a dc-link voltage regulator with 
PI control, a reference current calculator and the proposed 
current controller. The PLL is used to produce the phase 
information q  of the grid voltage and the ratio N  of the 
sampling frequency to the grid frequency. The dc-link 
voltage regulator forces the dc-link voltage dcV  to track 
the reference voltage dcrefV . The reference current 
calculator detects the harmonic components of grid 
currents and produces reference current signals. The 
proposed current controller with grid voltage feed-forward 
and output current feedback cross decoupling is shown in 
Fig. 6 (b).  

The implementation of proposed repetitive controller in 
DSP is shown in Fig. 6 (c), where ( )e cur  is the current 
error, ( 1)e cur - is the error of last control period, 1( )e cur  
is the error of last time delay period, 1( )ru cur  is the 
repetitive error of last time delay period, ( )ru cur  is the 
output of repetitive controller. The register array is updated 
after calculation of current control period.  
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Fig. 4. Block diagram of the proposed repetitive control

with frequency-adaptive capability. 
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Fig. 5. Bode plot of proposed repetitive controller. 
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Fig. 6. Three-phase shunt APF: (a) Circuit structure of 
shunt APF with LCL filter; (b) Block diagram of the 
proposed control scheme; (c) The implementation 
of proposed repetitive controller in DSP. 

 
3.2 Mathematical model of three-phase shunt APF 

 
The L and LCL output filters have similar magnitude 

frequency characteristics within low frequency range [25]. 
So, the LCL filter behaves as L filter with an inductance 
value of gf ffL L L= + . The general 'Kirchoff s  laws for 
voltages and currents, as applied to the shunt APF as 
shown in Fig. 6(a), it provides with differential equation in 
stationary abc frame as follow: 

 

 fk
sk fk fk

di
L u Ri u

dt
= - -  (14) 

 fk dc ku V s=  (15) 
 

where , ,k a b c= , the switching function ks of the thk  
leg of the boost converter is defined as: 

 
'

k k
'

k k

1, if S  is on and S  is off
 -1,   if S  is off and S  is on 
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ìï= í
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The transformation matrix from the stationary reference 

frame to the synchronous reference frame is 
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Where 2 fv p=  is the fundamental angular frequency. 
By multiplying matrix 1T -  on both sides of (14)-(15), in 
dq frame, they will be  

 

 fd
sd fd fq fd

di
L u Ri Li u

dt
v= - + -  (18) 

 fq
sq fq fd fq

di
L u Ri Li u

dt
v= - - -  (19) 

 dc
d fd q fq

dV
C s i s i

dt
= +   (20) 

 
There are cross-coupling items exist between the d -  

and q - axis [26]. The controller, as shown in Fig. 6(b), 
with feedback cross-decoupling can eliminate the coupling 
between the d -  and q - axis. The grid voltage feed-
forward path is added to eliminate the influence of grid 
voltage fluctuation.  

 
3.3 PLL 

 
In the proposed repetitive control scheme, the time delay 

coefficient d is updated online relying on the real-time 
grid frequency, which is measured by PLL [27]. The 
accuracy of the PLL, as shown in Fig. 6(b), will affect the 
performance of the control system. Therefore, the output 
error of the PLL should be as small as possible. 

The bandwidth is much slower than the inner current 
loop and is much faster than the grid frequency. The 
coefficient d  will change only a very little bite and can be 
treated as constant within a control period, so the proposed 
repetitive control scheme can be analysis in stability. In 
practical application, the grid voltage is not pure sinusoidal, 
which may affect the output accuracy of the PLL. To 
overcome this problem, a low pass filter (LPF) is 
introduced to make its output contains only dc component, 
which is used as the input of the PLL.  

The PLL is calculated at the sampling rate, for example 
9.6 kHz. In this paper, a first-order Pade approximants is 
chosen, which means that only two coefficients need to be 
calculated online. It will just take a little time for the 144 
MHz DSP. 
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4. Simulation and Experimental Validation 
 

4.1 Controller design 
 
The transfer function of the control plant is 
 

 
2

3 2
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z zG z
z z z
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The PI feedback controller is chosen as 
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z
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 (22) 

 
The core of ( )Q z  is to widen the system stability 

margin by reducing the gains of repetitive controller at 
high frequency range. For higher cut-off frequency and 
wide bandwidth 0a  should be as large as possible. So the 

( )Q z  is selected as: 
 

 
18( )

10
z zQ z

-+ +
=  (23) 

 
According to theoretical analysis and experimental 

verification, the repetitive controller gain 0.9rk = , the 
phase lead term kz  is designed with 3k = . 

The output of the PLL and the coefficients of the 
proposed FIR filter are both calculated at 9.6 kHz. The PI 
regulator of the PLL can be designed as 

 

 0.2338 0.2327
1

z
z
-
-

  (24) 

 
For the proposed repetitive control of (11), 1m =  is 

chosen to be the Pade approximants order. Hence the 
corresponding delay time item will be  
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where [ 1.901,1.939]d Î - . 

 
4.2 Simulation results 

 
A simulation model of the shunt APF system has been 

built in MATLAB/Simulink to verify the effectiveness of 
the proposed control scheme. The detailed system 
parameters are given in Table 1. In order to validate the 
effectiveness of the proposed repetitive control scheme, the 
simulation results of conventional repetitive control are 
presented for comparison.  

Fig. 7 shows the grid current without shunt APF and 
with a proposed scheme-controller shunt APF at 50Hz. The 
value of total harmonic distortion (THD) is reduced from 

30.35% to 3.02%. The grid current and its harmonic 
spectrum at 49.5Hz and 50.5Hz are shown in Fig. 8 and 
Fig. 9, respectively. The THD of grid frequency at 49.5Hz 
is 3.16% with the proposed repetitive control scheme, 
compared to 6.83% with the traditional one. At 50.5Hz, 
they are 3.14% and 6.96%, respectively. From the 
simulated results, the conventional repetitive controller 
heavily relies on the value of grid frequency, while the 
improved repetitive controller always keeps a good 

Table 1. System parameters 

Symbol Parameters Values 
usk Grid voltage (line-neutral) 220V 
f Nominal grid frequency 50Hz 

Lff Converter-side inductance 160μH 
Lgf Grid-side inductance 260μH 
Cf Filter capacitance 18μF 
Rd Filter damping resistor 2.5Ω 
R  Equivalent resistance of the inductors 0.05Ω 

Vdc Dc-link voltage 720V 
C Dc-link capacitance 10000μF 
fs Nominal switching frequency 9.6KHz 
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Fig. 7. Steady-state responses at 50Hz. Grid current isa. 
Harmonic spectrum of isa. (a) Without a shunt APF. 
(b) With a proposed scheme-controlled shunt APF. 
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performance at different grid frequency. So, the proposed 
repetitive controller provides better steady-state perfor-
mance than the conventional one.  

 
4.3 Experimental results 

 
A shunt APF experimental system has been built in our 

laboratory, as shown in Fig. 10, with the system parameters 
are given in Table 1. The control algorithm was implemented 
based on a 32-bit floating-point DSP (TMS320C6747 by 
Texas Instruments). The grid voltage is generated by a 
programmable ac power source. The experimental analysis 
instruments are Oscilloscope and power quality analyzer.  

Fig. 11 shows the grid voltage, grid current and harmonic 
spectrum of sai  at 50Hz without shunt APF. Fig. 12 
shows the grid voltage, grid current and harmonic spectrum 
of sai  at 50Hz with PI current controller. Figs. 11-12 
indicate that the value of THD be reduced from 28.42% to 

14.46% with the help of PI current controller alone. As 
mentioned earlier, the PI current controller is unable to 
effectively compensate the harmonic currents due to the 
bandwidth limitation and delay time. Fig. 13 shows the 
steady-state response with proposed scheme-controlled 
shunt APF at 50Hz: the grid voltage, the grid current, and 
the harmonic spectrum of sai , where the number of 
sampling point 192N = . Figs. 11-13 imply that the total 
harmonic distortion (THD) of grid current from 28.42% to 
3.17% with proposed repetitive controller. The control 
performance hasn’t improved compare to the conventional 
one.  

Fig. 14 shows the grid current sai  and its harmonic 
spectrum at 49.5Hz with conventional repetitive control 
scheme and proposed repetitive control scheme, respectively. 
The number of sampling point 193.9N = , under the grid 
frequency is 49.5Hz. Fig. 14 implies that the THD of grid 
current from 28.42% to 6.71% with conventional repetitive 
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Fig. 8. Steady-state responses at 49.5Hz. Grid current isa. 
Harmonic spectrum of isa. (a) With conventional 
repetitive control scheme. (b) With proposed 
repetitive control scheme. 
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Fig. 9. Steady-state responses at 50.5Hz. Grid current isa. 
Harmonic spectrum of isa: (a) With conventional
repetitive control scheme; (b) With proposed 
repetitive control scheme. 
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control and to 3.35% with the proposed repetitive control 
scheme.  

Fig. 15 shows the grid current sai  and its harmonic 
spectrum at 50.5Hz with conventional repetitive control 
scheme and proposed repetitive control scheme, respectively. 
The number of sampling point 190.1N = , under the grid 
frequency is 50.5Hz. Fig. 15 implies that the THD of grid 

 
Fig. 10. Experimental system of three-phase shunt APF. 
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Fig. 11. Steady-state performance at 50Hz without a shunt 
APF: (a) Grid voltage sau  and grid current isa;
(b) Harmonic spectrum of isa. 
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Fig. 12. (a) Steady-state performance at 50Hz with PI 
control. (b) Harmonic spectrum of isa. 
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Fig. 13. Steady-state performance at 50Hz with a 
proposed-controlled shunt APF: (a) Grid voltage 
and grid current; (b) Harmonic spectrum of isa. 
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current from 28.42% to 7.04% with conventional repetitive 
control and to 3.29% with the proposed repetitive control 
scheme. 

Fig.16 shows the THD value of grid current sai under 
grid frequency from 49.5Hz to 50.5Hz with conventional 
repetitive control scheme and proposed repetitive control 
scheme, respectively. The experimental results, as shown in 
Figs. 13-16, demonstrate that the proposed repetitive 
control scheme have better steady-state performance under 
variable grid frequency.  

Fig. 17 shows the dynamic performance with the 

proposed frequency-adaptive repetitive control while the 
grid frequency changes from 49.5Hz to 50.5 Hz. 

 
 

5. Conclusion 
 
In this paper, an improved repetitive control scheme with 

frequency adaptive capability for three-phase shunt APF 
has been presented. The variable-delay items in repetitive 
control are approximated by Pade approximants. The 
proposed repetitive control scheme can achieve zero 
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Fig. 14. Steady-state performance at 49.5Hz. (a) Grid 
current isa with conventional repetitive control 
scheme. (b) Harmonic spectrum of isa with 
conventional repetitive. (c) Grid current isa with 
proposed repetitive control scheme. (d) Harmonic 
spectrum of isa with proposed repetitive control. 
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Fig. 15. Steady-state performance at 50.5Hz. (a) Grid 
current isa with conventional repetitive control 
scheme. (b) Harmonic spectrum of isa with 
conventional repetitive. (c) Grid current isa with 
proposed repetitive control scheme. (d) Harmonic 
spectrum of isa with proposed repetitive control. 
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steady-state error tracking of any periodic signal with 
variable grid frequency at the fixed sampling rate. The 
criteria of stability proposed repetitive control system is 
given, which is similar to the conventional repetitive 
control system. Simulation and experimental results 
demonstrated that the proposed repetitive control scheme is 
an effective solution to improve the tracking performance 
and reduce the harmonic distortion during grid frequency 
variation. 
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