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Abstract 
 

The repetitive control (RC) strategy is widely used in AC power systems because of its high performance in tracking period 
signal and suppressing steady-state error. However, the dynamic response of RC is determined by the fundamental period delay 
T0 existing in the internal model. In the current study, a (nk ± i)-order harmonic RC structure is proposed to improve dynamic 
performance. The proposed structure has less data memory and can improve the tracking speed by n/2 times. T0 proves the 
effectiveness of the (nk ± i)-order RC strategy. The simulation and experiments of (6k ± 1)-order and (4k ± 1)-order RC strategy 
used in the voltage source inverter is conducted in this study to control the harmonic current source, which shows the validity and 
advantages of the proposed structure. 
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I. INTRODUCTION 

The harmonic current source (HCS) is a kind of power 
electronic device that can precisely generate harmonic current. 
The HCS can provide specific quantitative measurement, 
which will easily verify the design scheme and directly 
improve the production technology level. Usually, the HCS is 
widely used in automatic testing and bench-top applications, 
such as avionics testing, IEC testing (standards 
IEC-61000-3-{2, 4} as example), shipboard testing, and power 
supply test applications. 

In practical application, the working condition of electrical 
equipment is complicated. The output current of the HCS 
should follow instructions precisely to simulate the real 
working condition. 

Numerous control schemes have been proposed for PWM 
inverters, such as PID control, PR control, deadbeat control, 
and sliding mode control [1]-[4], to achieve this requirement. 
However, these methods often fail to follow the harmonic 

current accurately to determine the intrinsic disadvantages of 
the controller or the parameter uncertainties. Repetitive control 
(RC), which is based on the internal model principle [5], can 
track any periodic signal and eliminate the steady-state tracking 
error. In [6] and [7], the digital form of the RC internal model 
is 1/(1 − Z−N), and the fundamental time delay is Z−N, which 
means that the RC controller will not act in the first period 
when the instruction changes. Thus, the dynamic response of 
the RC controller is not satisfying and is suitable for 
fast-transient applications. 

The internal time delay Z−N determines the control speed of 
the RC. Many studies focused on decreasing the time delay Z−N 
to improve the dynamic characteristics. In [8] and [9], a 
dual-mode RC structure, which composes even and odd 
harmonic RC internal models with the time delay Z−N/2 and can 
improve error convergence speed by one time, was proposed. 
However, the parameter design is complex and needs accurate 
modeling. In [10], RC based on T0/6 time delay under three 
synchronous reference frames (SRF), which can suppress the 
(6n ± 1)-order harmonic current, was proposed. However, the 
performance decreases when unbalanced current exists in the 
system. In [11], the RC scheme takes T0/6 as the time delay in 
the positive and negative SRF. The given control structure can 
be used in an unbalanced system at the cost of increasing the 
computational burden. When the PWM inverter uses LCL or  
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Fig. 1. Typical current control structure of the HSC with LCL 
filter. 
 
other more complicated filters, the decoupling computation 
will increase significantly under the SRF axis. 

In the current study, a fast-transient control strategy is 
proposed, which is a (nk ± i)-order RC structure under the 
stationary axis. Compared with the conventional RC, the 
proposed strategy only needs less data memory and will 
increase the error convergence rate by n/2 times. Meanwhile, 
the controller is under the stationary axis, which can also 
eliminate the decoupling computation. The HCS with the 
proposed scheme will not only have fast-transient response but 
also low tracking error. The proposed structure is a unified RC 
form. Different n and i to set the (nk ± i)-order RC internal 
model can be selected and used in the application, which only 
needs to eliminate specific order harmonics. The (4k ± 1)-order 
and (6k ± 1)-order RC are regarded as the main study object, 
and the parameter designing methods are obtained. Finally, 
simulations and experiments of the application of the HCS 
verify the effectiveness of the proposed (nk ± i)-order RC 
scheme. 
 

II. MODEL OF HCS USING (nk ± i)-ORDER RC 
STRATEGY 

A. Modeling of the Voltage Source Inverter (VSI) Using 
the LCL Filter 

Fig. 1 shows that the HCS uses a three-phase VSI structure. 
The system consists of the DC bus source VDC, IGBT inverter 
bridge, and grid-connected LCL filter (L1 is the inverter 
inductor, L2 is the grid inductor, and C is the filtering capacitor), 
in which us (s = a, b, c) is the AC grid source. 

The damping part needs to be introduced to suppress the 
resonant peak of the LCL filter. Using a resistor, which is in 
parallel or in series with the capacitor C, is the easiest way to 
deal with this problem. However, the damping effect is 
proportional to the power loss on the resistor, implying that a 
good effect requires high power. Thus, the active resistor is 
proposed, and a feedback parameter is introduced in the control 
loop, which achieves the damping function acting as the power 
resistor but without power loss. Several methods are employed 
to achieve this. In the current study, the active resistor using the 
series resistor algorithm is chosen as the main method to 
suppress the resonant. The control diagram of the PWM  
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Fig. 2. Structure of active damping. 
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Fig. 3. Comparison of three LCL structures. 

 
inverter with “equal-series resistor” [12] is shown in Fig. 2, 
where us is the source voltage, ucap is the capacitor voltage, ui is 
the voltage of the PWM inverter, and ur is voltage reference. 

The transfer function Gp(s) in Fig. 2 can be written as: 
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Gp(s) can be regarded as the production of integral 1/s and a 
typical two-order system that introduces the resonant peak. 
According to control theory, when the damping coefficient of 
the two-order system ζ = 0.707, the resonant peak will 
disappear; the equation of coefficient K is expressed as [13]: 

 1 1 2

2
2

L L L
K

L C



 .               (2) 

Fig. 3 shows the Bode plot of the LCL, LCL in series with 
the real resistor, and LCL with active damping, which shows 
that the last two methods have the ability to dampen the 
resonant peak. However, compared with the ideal LCL, the 
LCL with real resistor has higher gain at the high frequency 
range. The LCL with active damping exhibits a good 
performance and is almost the same as the ideal LCL, except 
for the resonant frequency. This finding indicates that the 
proposed control method will not influence the filtering effect. 

B. (nk ± i)-Order RC Internal Model 

In practice, the harmonic current that exists in power 
electronic systems is always composed of the (nk ± i)-order 
harmonic component. Thus, the special RC internal model, 
which is exactly suitable for (nk ± i)-order harmonic 
elimination, is the easiest way to suppress the harmonic current. 
The diagram of the (nk ± i)-order RC is shown in Fig. 4. 
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Fig. 4. The diagram of the (nk ± i)-order RC internal model. 
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Fig. 5. (nk ± i)-order RC internal model. 
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In Fig. 4, the proposed RC internal model can follow the (nk 
+ i)-order or (nk − i)-order harmonic current, and each part 
contains a time delay Z−N/n, which means that this structure is n 

times faster than the conventional RC. A plural part 
2 /j i ne 

 
must be introduced to move the resonant peak frequency from 
nkω0 to (nk ± i)ω0 (where ω0 is the fundamental frequency) to 
achieve the function mentioned in Eq. (3). However, achieving 
the plural part in a digital RC control system is impossible. 

By adding two kinds of RC internal model, the parallel RC 
structure can be written as: 
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.    (4) 

The plural part in Eq. (3) is canceled for the conjugate plural 

part 
2 /j i ne 

, and the maximum time delay becomes Z−2N/n. The 
poles of the parallel RC are located at (nk ± i)ω0 and introduce 
the resonant peak at those frequencies. According to the 
internal model principle, this kind of RC structure can achieve 
the zero-error tracking of (nk ± i)ω0 harmonics. Thus, the 
structure is called (nk ± i)-order RC [14] (Fig. 5). 

C. Plug-In (nk ± i)-Order RC Structure 

Fig. 6 shows the traditional “plug-in” RC structure, in which 
the (nk ± i)-order RC structure is added to the forward path of 
the conventional control system. Gp(z) is the controlled plant; 
Gc(z) is the feedback controller; GRC(z) is the (nk ± i)-order RC 
controller; R* is the reference; D(z) is disturbance signal; and 
Y(z) is the output signal. This comprehensive structure has the 
advantages of the two controllers. If the feedback controller is 
designed properly to correct the plant (LCL filter) to a more 
stable and accurate system, then the parameter design of the 
(nk ± i)-order RC would be easily obtained. 

The stable parameter Q is used to make a good trade-off 
between accuracy and system stability, and the compensation 
part is used to cover for the phase delay and increases the 
high-frequency robustness. 
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Fig. 6. Plug-in digital “nk ± i” RC system. 

 

The error transfer function of the “plug-in” (nk ± i)-order 
RC can be expressed as: 
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P(z) in Eq. (6) is the closed-loop transfer function of 
conventional control, and the definition of the compensation 
part Gf(z) is expressed in Eq. (7): 
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Substituting Eqs. (4), (6), and (7) into Eq. (5), the following 
expression can be derived: 
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 (8) 
The conventional control is properly designed so that the 

system is stable. Guaranteeing the stability of the other part in 
Eq. (8) is essential. All of the roots of the characteristic 
equation should be in the unit circle. The equation is expressed 
as: 

     
2

22
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    .

 (9) 
 

III. PARAMETER DESIGN OF (nk ± i)-ORDER RC 

In many practical applications, particularly for the 
multiple-phase power systems, harmonic frequencies have 
specific characteristics. For example, for a single-phase power 
supply, (4k ± 1)-order harmonics dominate the THD of its 
output currents/voltages; for a three-phase power supply with 
rectifier load, (6k ± 1)-order harmonics dominate the THD; and 
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for n-phase HVDC transmission systems(n = 12, 18, 24, …), 
(nk ± 1)-order harmonics mainly affect the system. 

The harmonic current investigated in this study is in the (6k 
± 1)-order harmonic current, but is also included by the (4k ± 
1)-order RC. Thus, for the application of (nk ± i)-order RC 
strategy in HCS, (4k ± 1)-order and (6k ± 1)-order RC are 
chosen as the study object. 

A. (4k ± 1)-order RC 

When n = 4 and i = 1, the internal model of “nk ± i” RC is 
expressed as: 
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Substituting Eq. (10) into Eq. (8), the new characteristic 
equation is expressed as: 

  
2
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N

n
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This form is similar to the stability judgment criteria in [7], 
such that the conclusion of conventional RC stability judgment 
can also be applied in the (4k ± 1)-order RC strategy. The 
stability judgment equation is expressed in Eq. (12). The 
system would be stable if the RC compensation is satisfied (Eq. 
(12)). 

  2

1
1 2 * *fG P Z

Q
      (12) 

Q is the limitation border in Eq. (12). The vector 1 − 
2*Gf(z)*P(z) should be inside the circle whose radius is 1/Q2 
over the entire frequency domain to make the 4k ± 1 RC 
system stable. The stability criteria can also be drawn to 
make the judgment more direct and easier, as shown in Fig. 7. 
Q is usually smaller than unit 1 to ensure a good trade-off 
between tracking accuracy and system robustness. Q can also 
be chosen as a zero-phase delay LPF to increase the stability 
margin and tracking accuracy, for example, Q(z) = a0z + a1 + 
a0z

−1, with a0 + 2a1 = 1, a0 > 0 and a1 > 0. 
The compensation part Gf(z) can influence the stability 

and performance of RC. From Eq. (7), Gf(z) is composed of 
three parts, namely, control gain Kr, phase delay 
compensation Zd, and suppression filter S(z). These parts 
should satisfy the following conditions: 
(1) The range of Kr should be limited in the range Kr Î 

[0,1]. 
(2) S(z) is the low-pass filter whose corner frequency should 

be sufficiently large to contain the working frequency. 
S(z) has a damping function to improve the 
high-frequency stability margin. 

(3) Zd should compensate the phase delay of P(z)S(z) to 
ensure that it is close to a constant at low-medium 
frequency. 

B. (6k ± 1)-order RC 

When n = 6 and i = 1, the internal model of (nk ± i)-order 
RC is expressed as: 

o
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Fig. 7. Stability judgment of the (4k ± 1)-order RC. 
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Substituting Eq. (14) into Eq. (9), the new characteristic 
equation is expressed as: 

     
2
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N N

n n
f fZ QZ G P z Q G P z    . (15) 

Eq. (15) cannot use the criteria used in the (4k ± 1)-order RC 
to evaluate stability, which is the only way is to prove whether 
all the poles are in the unit circle. However, the parameter 
design of the (6k ± 1)-order RC is difficult and complicated. In 
[15], a method to evaluate the stability of the general (nk ± 
i)-order RC system is proposed and still uses the Gf(z) to 
compensate the feedback plant P(z). The only difference is the 
form of Gf(z) and P(z). 

Without loss of generality, P(z) can be expressed as: 

     
 

dz B z B z
P z

A z

  
 ,    (16) 

where all roots of A(z) = 0 are inside the unit circle, B+(z) is the 
cancelable parts of B(z) and B−(z) is the noncancelable parts. 
B−(z) comprises roots on or outside the unit circle and 
undesirable roots that are in the unit circle and B+(z) comprises 
roots of B(z) that are not in B−(z). 

The compensation part Gf(z) can be expressed as: 
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where b ≥ max |B − (ejω)|2 and zd is used to compensate the 
phase delay of P(z). Gf(z) is regarded as an inverse function, 
and Gf(z)P(z) can be written as: 

       1

1f

B z B z
G z P z

b

  

  .    (18) 

When P(z) is stable and the range of the control gain 0 < Kr 
< 1, the closed-loop system in Fig. 6 is asymptotically stable. 
In fact, Gf(z) is used to ensure Eq. (18), but depends on the 
modeling accuracy and will be easily influenced when 
existing parameters drift. 

In this study, the form in Eq. (7) is used, and the system 
will still be stable if the same conclusion is guaranteed as: 

        1d
f rG z P z K Z S z P z     . (19) 
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Fig. 8. Parameter design process of the (6k ± 1)-order RC. 

 
The range of the control gain is still 0 < Kr < 1. Zd 

compensates the phase delay of S(z)P(z). If Zd is properly 

selected, then S(z)P(z) will be close to constant. 

The values of Q, Kr, and Zd are chosen through the trial and 
error method because the stability of the (6k ± 1)-order RC 
could not be directly identified. The conventional controller 
Gc(z) should first be designed. Then, Q and Kr should set the 
appropriate initial and final value limits and S(z) can still use 
the form in Eq. (13). In a cycle loop, phase Zd should be 
chosen to make the system stable. If the system is stable, then 
the parameter should be saved; if not, then it should be 
abandoned to jump out from the loop and set new data 
between the limits. In fact, Zd must be an integer as the phase  

TABLE I  
PARAMETERS OF THE HCS SYSTEM 

HSC side inductor L1 
Grid side inductor L2 

Filter capacitor C 
DC bus voltage VDC 

Grid voltage (line RMS) us 
Feed forward coefficient K 

2 mH 
0.4 mH 
20 µF 
200 V 
60 V 
34 

 
delay with an initial value of 1 and step length of 1. 
According to design experience, Zd is designed from 1 to 7; 
Kr is designed from 0.3 to 0.8, which belongs to [0,1]; and Q 
is designed from 0.95 to 0.99. If the step length of Q or Kr is 
large, then the accuracy would be insufficient; if the step 
length of Q or Kr is small, then the computation period would 

be long. Given the variation range of Kr [0.3,0.8] and Q 

[0.95,0.99], 10% of the variation range is incremental 
change. Thus, given the precision and complexity of the 

entire test loop, the step lengths of Zd, Kr, and Q are ensured, 
which are 1, 0.05, and 0.005, respectively. The design 
process is shown in Fig. 8. Finally, by comparing different 
qualified parameter simulations or experimental results, the 
most suitable parameters are chosen. 

 

IV. SIMULATION AND EXPERIMENTAL 
VERIFICATION 

In this study, the (nk ± i)-order RC scheme is applied in the 
HCS. The parameters of the HCS are given in Table I. The 
simulation is conducted in the MATLAB simulation software, 
and the experiments are conducted on a DSP F2812 
controlled platform. IGBT SEMIKRON SKM75GB128D is 
used as the inverter bridge. The simulation and experiments 
used phase A as the measure target to reduce the complexity 
and make the comparison clear. The study of the (nk ± 
i)-order RC mainly focuses on two cases, namely, (4k ± 
1)-order and (6k ± 1)-order RC. These cases have different 
control and sampling speeds. Thus, the control parameters 
should be analyzed separately. 

A. (4k ± 1)-order RC 

In this case, the sampling and control frequency Fs is 10 
kHz. At this frequency, the control parameters of the plug-in 
(4k ± 1)-order RC are listed in Table II. 

The parameters of the HSC are given in Table I. The 
controller Gc(z) is designed by the conventional P method. Q, 
Kr, Z

d, and S(z) are also given in Table II. Fig. 9 shows the 
locus plot of the corresponding vector 1 − 2*Gf(z)*P(z). The 
vector path is confined within the unity circle while ω ∈ 
[0,π/Ts], which means that the system is stable. 

The internal model of the (4k ± 1)-order RC contains a 
delay Z−N/2, which means that the response of the (4k ± 
1)-order RC will be affected after the half fundamental period  
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TABLE II  
CONTROL PARAMETERS OF THE (4k ± 1)-ORDER RC 

Sampling frequency 
Proportion P 

Stability parameter 
RC control gain 

Phase compensation 
Second-order LPF 

S(z) 

10 kHz 
15 

0.95 
0.6 
Z5 

1 2

1 2

0.2799 0.1789

1 0.8085 0.2673

z z

z z

 

 


 

 

 
 

Fig. 9. Locus plot of the stability judgment of the (4k ± 1)-order 
RC. 
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Fig. 10. Dynamic response of the (4k ± 1)-order RC. 
 
(approximately 10 ms). The fifth harmonic current is used as 
an example to conduct the simulations and experiments by 
suddenly changing the fifth harmonic current reference, 
which is shown in Figs. 10 and 11, to prove the dynamic 
response of this control scheme. Fig. 10 shows the simulation 
result. After the 10 ms time delay, the (4k ± 1)-order RC 
begins and the output current will follow the instruction. Figs. 
11(a) and 11(b) show the experimental results of instruction 
changes when the current error converges after 10 ms. This 
result is compatible with the result of the simulation. 

The (4k ± 1)-order RC HCS needs to follow the current 
with many harmonic orders when verifying its steady-state 
tracking effects. The harmonic instruction is shown in Table 
III. The output current and its tracking error are shown in Fig. 
12. In the simulations and experiments, the current can follow 
the instruction precisely and the tracking error is suppressed  

ae

aI

(a) Increasing instruction. 
 

aI

ae

(b) Decreasing instruction. 
 

Fig. 11. Dynamic response of the (4k ± 1)-order RC. 
 

TABLE III  
HARMONIC CURRENT INSTRUCTION 

Harmonic order (th) Value (A) 

5 
7 

11 
13 
17 
19 

2.5 
2 

1.5 
1 

0.5 
0.25 

 

close to zero. Quantitative analysis of the tracking error of 
each order harmonic component is also given in Fig. 13. The 
tracking error increases with the order of the harmonic. The 
highest order 19th is limited in 6%. Thus, the introduction of 
the (4k ± 1)-order RC scheme improves the control speed 
without losing tracking error. 

B. (6k ± 1)-order RC 

In this case, the sampling and control frequency Fs is 
chosen as 15 kHz. As analyzed previously, Gf(z) = KrZ

dS(z) 
of the (6k ± 1)-order RC is designed using the trial and error 
method. The control parameters of the plug-in (6k ± 1)-order 
RC are listed in Table IV. 

The internal model of the (6k ± 1)-order RC contains a 
delay Z−N/3, which means that the response of the (6k ± 
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(a) Simulation verification. 
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(b) Experiment verification. 
 

Fig. 12. Output current and its tracking error of the (4k ± 1)-order 
RC. 
 

 
 

Fig. 13. Quantitative analysis of the tracking error percentage of 
the experiments. 
 

TABLE IV  
CONTROL PARAMETERS OF THE (6k ± 1)-ORDER RC 

Sampling frequency 
Proportion P 

Stability parameter 
RC control gain 

Phase compensation 
Second-order LPF 

S(z) 

15 kHz 
15 

0.98 
0.55 
Z7 

1 2

1 2

0.1457 0.1084

1 1.161 0.4149

z z

z z

 

 


 

 
1)-order RC will affect one third of the fundamental period 
(approximately 6.7 ms). The fifth harmonic current is chosen 
in the simulation and experiment by suddenly changing fifth 
harmonic current reference to prove its dynamic response.  

_a refI

aI

 
Fig. 14. Dynamic response of the (6k ± 1)-order RC. 
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(a) Increasing instruction. 
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 (b) Decreasing instruction. 
 

Fig. 15. Experiments of the dynamic response of the (6k ± 1)-order 
RC. 
 
The simulation result is shown in Fig. 14. After 
approximately 6.7 ms time delay, the output current begins to 
follow the instruction. Figs. 15(a) and 15(b) show the 
experimental result of instruction changes, wherein errors 
begins to converge. Although it cannot follow the instruction 
in one control period for the error of modeling, the time delay 
is still compatible with the analysis. Thus, this controller can 
improve the dynamic response by three times compared with 
the conventional RC. 

The harmonic instruction shown in Table III is used to 
verify the steady-state tracking effects of the (6k ± 1)-order 
RC. The output current and its tracking error are shown in  
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(a) Simulation verification. 
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(b) Experiment verification. 

 

Fig. 16. Output current and its tracking error of the (6k ± 1)-order 
RC. 
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Fig. 17. Quantitative analysis of the tracking error percentage of 
the experiments. 

 
Fig. 16. The results of the quantitative analysis of the tracking 
error of each order harmonic component are shown in Fig. 17. 
The tracking error in the simulation is still small, which 
means that the (6k ± 1)-order RC still has high control 
precision. 
 

V. CONCLUSIONS 

This study proposes to use the (nk ± i)-order RC strategy 
for the HCS. Compared with the conventional RC that has a 
fundamental time delay, the proposed strategy can improve 
the control speed by n/2 times without decreasing tracking 
accuracy. For a three-phase HCS system, simulations and 
experiments of the (4k ± 1)-order and (6k ± 1)-order RC were 

conducted to verify the effects of the (nk ± i)-order RC. The 
proposed strategy is proven to have promising advantages 
over the conventional RC. This scheme is attractive for any 
three-phase system to achieve fast dynamic response and high 
tracking accuracy. 
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