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Abstract: Repetitive control (RC), which can track any periodic signal with a known integer period
with zero steady-state error, is widely used for current control of grid-tied inverters in microgrids.
However, the inherent one fundamental period time delay, leads to poor dynamic performance.
Furthermore, the performance of conventional RC (CRC) will degrade when operating at a high
variation grid frequency. Therefore, this paper proposes a frequency adaptive improved RC (FA-IRC)
for grid-tied inverters. The improved RC (IRC) consists of a repetitive controller with a modified
internal model filter, plus a proportional controller. In comparison to the CRC, the IRC has a good
dynamic response, because it provides a higher gain and a wider bandwidth at the resonant frequency.
Moreover, to achieve the frequency adaptability of the IRC, a fractional delay, based on a finite impulse
response (FIR) filter, is built into the IRC system, to ensure that the resonant frequency of the IRC
is approximately equal to the actual grid frequency and harmonic frequency. Stability analysis and
characteristic analysis of the FA-IRC system are reported in this paper. Simulations are conducted, to
demonstrate the validity of the proposed method.

Keywords: repetitive control; grid-tied inverter; FIR filter

1. Introduction

Distributed power generation technologies using intermittent renewable energy
sources, are an important means of solving energy problems and have therefore received
extensive research [1,2]. As an important hub for energy conversion, the grid-tied inverter
in the microgrid directly affects the stable and safe operation of the entire electrical energy
system. Therefore, research on current harmonic suppression strategies for grid-tied
inverters has received considerable attention [3].

Repetitive control (RC), based on the internal model principle (IMP), is widely used
in inverter control, due to its advantage of high control accuracy, and it is particularly
good at suppressing periodic disturbances, such as dead zones and periodic distortions
in the output waveform, caused by non-linear rectifier loads or grid harmonics [4–7].
However, it has one fundamental period time delay. Furthermore, a repetitive controller
can be equivalent to the sum of a negatively scaled term, an integral term, and a set of
resonant controllers [8]. However, the negative proportional term will result in a slow
transient response. To this end, researchers have proposed two methods to enhance the
dynamic response of RC systems, one is to enable the system to have a higher RC gain and
to increase the error convergence rate, by applying accurate phase compensation to the
RC [9,10]. The other is to combine RC with a feedback control with fast dynamic response,
typically in cascade or parallel, with a proportional or proportional-integral control, to form
a composite control [11,12]. In [12], a proportional integral multi resonant-type RC (PIMR-
RC), combining a repetitive controller and a proportional item, was proposed for control
of grid-tied inverters, to enhance the transient response. This method has the benefit of a
clearer design concept and improved low-frequency harmonic suppression performance.
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The digital representation of the CRC is given by the formula GCRC = Q(z)z−N/
(1−Q(z)z−N), where N is the order of RC and represents the proportion of the sampling
frequency to the fundamental frequency. Q(z) is typically a constant less than 1 or a
zero-phase low-pass filter, to ensure a safe stability margin. In [13], a robust RC, based
on a modified Q(z) filter, was proposed, to obtain the performance improvement at the
fundamental frequency. By utilizing this approach, it is possible to achieve a higher gain and
a wider control bandwidth at the fundamental frequency, without the need for extensive
computational resources. The wider bandwidth, implies that grid frequency variation in a
small range (such as ±0.2 Hz) does not significantly impact performance, which is suitable
for control of the active power filter [14].

However, the N value in RC is usually rounded up or down when the grid frequency
varies in a large range in distributed power generation systems. Consequently, the control
gain of each harmonic will decline as the resonant frequency of the RC deviates from
harmonic frequencies, resulting in harmonic suppression performance degrading and the
total harmonic distortion (THD) increasing.

There are four main methods used to improve the frequency adaptation of RC: variable
sampling frequency RC [15,16], bandwidth RC [17,18], higher-order RC (HORC) [19],
and fractional-order RC (FORC) [20–23]. A scheme proposed in [15] ensures an integer RC
order by changing the sampling rate, but real time changing of the sampling frequency
increases the complexity of the controller implementation. In [16], a spatial RC based on
the phase angle information of the grid voltage was proposed, which enables a guaranteed
constant number of samples per cycle. It achieves a fixed number of samples per cycle,
but the price paid is the inherent problem with the variable sampling method. Ref. [18]
proposed a multi-bandwidth RC to resist the grid frequency variation in a grid-tied inverter.
It sets each resonant bandwidth individually, and is implemented as a linear phase finite
impulse response (FIR) filter, but the realization of the internal model filter is still complex.
Using the HORC system, multi-cycle errors are accumulated. Compared to CRC, HORC
can reduce interference at intermediate frequencies or against changes in the frequency
of periodic signals [24]. However, on the other hand, this makes the system design more
complex and computationally burdensome.

For frequency adaptability of the RC, the fractional-order RC (FORC) has been pre-
sented in many studies, which uses the fractional delay (FD) filter to approach the fractional
order. The FORC with fractional delay Lagrange-interpolation-based FIR filter, has been
proposed in a variety of applications [25–27]. In addition, in [28], a Thiran infinite impulse
response (IIR) filter was proposed, to approximate the FD to enhance the frequency adapt-
ability of CRC. Generally, the IIR filter has a full amplitude gain of one and requires only
phase design, but it has poles, and the overall stability must be considered when designing
the system, whereas with the FIR filter, stability issues do not need to be considered and it
can be used directly. Nevertheless, the above fractional-order repetitive control using the
FIR filter is CRC-based.

Therefore, this paper proposes a frequency adaptive improved RC (FA-IRC), to enhance
the performance of a grid-tied inverter at grid frequency fluctuations. The control strategy
is based on a novel improved repetitive control. The proposed IRC effectively increases
the RC gain and resonance bandwidth at frequencies of interest, by introducing a positive
proportional gain and a modified internal model filter repetitive controller, which speeds
up the dynamic response time. Moreover, to further improve the frequency adaptation
capability, the Lagrange interpolating-polynomial-based FIR filter is used to approximate
the fractional part of the order of the IRC. Therefore, the proposed FA-IRC not only offers
better dynamic performance, but also a lower THD when the grid frequency fluctuates.

The remainder of this article is organized as follows. An LCL-type grid-tied inverter
system is introduced in Section 2. In Section 3, characteristics of the CRC, the PIMR-RC,
and the proposed IRC are demonstrated. In Section 4, the FA-IRC with the FIR filter
is established. The realization of fractional delay using an FIR filter is given. Moreover,
a stability analysis and characteristic analysis of the FA-IRC system are performed. Section 5
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discusses the simulation results that demonstrate the theoretical analysis’s validity. Finally,
conclusions are drawn in Section 6.

2. Grid-Tied Inverter System Modeling

Grid-tied inverters are widely used in microgrid distributed power generation systems.
To prevent excessive harmonics, some filter topologies are proposed for grid-tied inverters.
LCL filters have been used in place of L filters, to smooth the injected current with higher
attenuation and reduction in size and weight of the components [29,30]. The impedance of
the LLCL filter is almost zero at the switching frequency and therefore attenuates harmonic
currents around the switching frequency [31]. The LLCL filter configuration simplifies the
current control structure into single-loop current control, without extra damping loops.
Nevertheless, extra control techniques are required to achieve active harmonic elimination.

Figure 1 shows an LCL-type single-phase grid-tied inverter control system [20]. In fact,
the stability of a grid-tied inverter depends on the ratio of the grid impedance to the inverter
impedance [32]. The stability of the internal current control loop of the individual inverter
itself, in this paper, is related to the inherent LCL-filter resonance peak. To suppress the
resonance peak of the LCL filter, a passive damping resistance Rd is employed. In Figure 1,
PWM is an acronym for pulse width modulation, which is a commonly used control
technique in power electronics, automatic control, and communication fields. It adjusts the
width of the control signal’s pulse, to control circuits or devices. ZOH stands for zero-order
holder, which is a method for converting analog signals to digital signals. The phase-locked
loop (PLL) is used to generate a signal whose phase is locked to the phase of the grid
voltage at the point of common coupling (PCC). uinv represents the output voltage of the
inverter bridge, Lg represents the grid equivalent inductance, ire f represents the tracked
reference current, ig represents the grid current, and ug represents the grid voltage.

PCC ug

C

PLL

Lg

uinv
uc

sinωt

PWM 

Current

Controller

Inverter L1 L2

R1 R2

ig

Irefiref

LCL Filter

Control Segment

Grid

Edc

Q1

Q2

Q3

Q4

DC

ZOHZOH

f

Rd

Figure 1. Model structure diagram of a single-phase LCL-type grid-tied inverter.

The equivalent resistance is ignored, and the transfer function from the input voltage
uinv to the grid current ig is

GLCL(s) =
1 + RdCs

L1L2Cs3 + (L1 + L2)RdCs2 + (L1 + L2)s
. (1)

The plant consists of a combination of inverter switches and the LCL filter, where
the gain of the inverter switches is considered to be unity and the phase as zero degrees.



Electronics 2023, 12, 1736 4 of 17

Therefore, the LCL filter is considered as the plant. The system parameters are given in
Table 1. According to Table 1 and (1), it can be written in discretization as

P(z) =
0.006802z2 + 0.004736z− 0.002647

z3 − 1.991z2 + 1.472z− 0.4803
. (2)

Table 1. System parameters.

Parameters Symbols Value Parameters Symbols Value

DC-link voltage Edc 380 V L1 equivalent resistance R1 0.48 Ω
Fundamental frequency fg 50 Hz Grid-side inductor L2 2.5 mH
Sampling frequency fs 10 kHz L2 equivalent resistance R2 0.32 Ω
Switching frequency fsw 10 kHz Output filter capacitance C 10 µF
Inverter-side inductor L1 3 mH Passive damping resistor Rd 10 Ω
RMS value of grid voltage ug 220 V Switching dead time - 3 µs

3. Improved RC
3.1. CRC

The block diagram of CRC is shown in Figure 2, it can be written as:

GCRC(z) =
Q(z)z−N

1−Q(z)z−N . (3)

where Q(z) and N are terms used in digital signal processing, with Q(z) being an internal
filter or a constant, and N representing the number of samples taken per cycle, with respect
to the sampling frequency fs and the grid fundamental frequency fg. The transfer function
of CRC in (3), can be derived as follows in the s-domain [8]:

GCRC(s) =
Qe−sT0

1−Qe−sT0
= −1

2
+

1
T0s + T0ωc

+
2
T0

∞

∑
n=1

s + ωc

s2 + 2ωcs + ω2
c +

(
2πn
T0

)2

≈ −1
2
+

1
T0s + T0ωc

+
2
T0

∞

∑
n=1

s

s2 + 2ωcs + (nω0)
2 ,

(4)

where T0 = 1
/

fg = 2π/ω0 is the fundamental period of the reference signal, ω0 is the
fundamental angular frequency, ωc is the resonant bandwidth, and ωc = − ln Q

/
T0. It is

clearly possible to see that the amplitude of GCRC(z) is nearly infinite at angular frequency
nω0, indicating that CRC can achieve zero steady-state error tracking for periodic signals.

However, it can be seen from Figure 2 and (3), that the internal mode of CRC can
be decomposed into a positive feedback link and a delayed link. The former is used to
accumulate signal, which acts as an integrator for periodic signals. The latter, however, is
used to delay the output of the signal by one cycle, leading to a deteriorating influence on
system performance. Moreover, the equivalent negative proportional term in (4), will result
in a slow transient response. Hence, a PIMR-RC with CRC combined with a proportional
gain, is proposed, in order to address this issue. The block diagram of the PIMR-RC system
is shown in Figure 3 [12].

r(z)
Q(z)

y(z)

N
z
-

N
z
-

Figure 2. Block diagram of CRC.
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krS(z) P(z)Q(z)
R(z)

E(z)

U(z)

D(z)

Y(z)

kP
PIMR-RC

Urc(z)Nz-

N mz- +

Figure 3. Block diagram of the PIMR-RC system.

In Figure 3, kr is the CRC gain, kp is the proportional gain, zm is the phase-lead
compensator for the system delay caused by the plant and controller. S(z) is a low-
pass filter that maintains system stability. P(z) is the plant, and D(z) is the disturbance.
The transfer function from Y(z) to R(z) can be written as

G0(z) =

(
kp +

Q(z)z−N

1−Q(z)z−N zmkrS(z)
)

P(z)

1 +
((

kp +
Q(z)z−N

1−Q(z)z−N zmkrS(z)
)

P(z)
)

=
1−Q(z)z−N

1−Q(z)z−N
(
1 + kpP(z)

)
+ P(z)Q(z)z−NzmkrS(z)

=
1−Q(z)z−N

1−Q(z)z−N + Q(z)z−NzmkrS(z)P0(z)

≈ 1−Q(z)z−N

i f zmkrS(z)P0(z) = 1.

(5)

When zmkrS(z)P0(z) = 1, the symbol of approximate equality in the above equation
is valid, which is an advantageous frequency property for the RC design. In (5), P0(z) =
P(z)

/
(1 + kpP(z)) provides CRC with a new plant [12]. In fact, kp can make the frequency

response of P0(z) close to 0 dB, and a suitably large enough kp can produce a larger range
of kr, which can improve the dynamic response.

3.2. The Proposed IRC

The proposed modified RC is shown in Figure 4, and the transfer function can be
written as

G(z) =
Q(z)

(
2−Q(z)z−N)

1−Q(z)(2−Q(z)z−N)z−N z−N

=
Q1(z)z−N

1−Q1(z)z−N ,

(6)

where Q1(z) = Q(z)
(
2−Q(z)z−N) is the modified internal model filter.

Figures 5 and 6 show the frequency characteristics of the modified RC and CRC, when
Q(z) = 0.99. As can be seen, at resonant frequencies, the modified RC has a greater gain
than the CRC. Compared to CRC, the modified RC provides nearly twice the gain at 50 Hz
and 100 Hz. Meanwhile, the resonant bandwidth of the modified RC is wider than CRC.
Therefore, the modified RC has better harmonic rejection performance and the ability to
resist frequency shifts.

r(z)
Q(z) 22

y(z)

N
z
-

( ) N
Q z z

-

N
z
-

Figure 4. Block diagram of the proposed modified RC.



Electronics 2023, 12, 1736 6 of 17

0

40

60

80

 

102 10310
1

0

90

180
 

Frenquency (Hz)

P
h

as
e 

(d
eg

)
M

ag
n
it

u
d

e 
(d

B
)

 

CRC

Modified RC

CRC

Modified RC

20

90-

180-

3dB-

Figure 5. Bode diagram of modified RC and CRC.

Frenquency (Hz)

M
ag

n
it

u
d

e 
(d

B
)

50 100

0

10

20

30

40

50

60

70

80

 

CRC

(50Hz, 39.9dB)
CRC

(100Hz, 39.9dB)

Modified RC

(50Hz, 80dB)

Modified RC

(50Hz, 80dB)

30

90

10-
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In reference to the PIMR-RC, the IRC is comprised of a modified RC and a proportional
controller, as shown in Figure 7. The transfer function of the system can be written as [14]

G1(z) =

(
kp +

Q1(z)z−N

1−Q1(z)z−N zmkrS(z)
)

P(z)

1 +
((

kp +
Q1(z)z−N

1−Q1(z)z−N zmkrS(z)
)

P(z)
)

=
1−Q1(z)z−N

1−Q1(z)z−N
(
1 + kpP(z)

)
+ P(z)Q1(z)z−NzmkrS(z)

=
1−Q1(z)z−N

1−Q1(z)z−N + Q1(z)z−NzmkrS(z)P0(z)

≈ 1−Q1(z)z−N = G0(z)2

i f zmkrS(z)P0(z) = 1,

(7)

where P0(z) = P(z)
/
(1 + kpP(z)). By comparing (5) and (7), it is clear that G1 is the

square of the function G0 in (5), so the amplitude of IRC with the modified Q(z) filter
structure, changes significantly. In fact, higher gain means a better harmonic rejection
performance in this control system. However, the gain of the IRC also drops off severely
when the grid fluctuates. Therefore, we need to ensure that its resonant frequency follows
the grid frequency.
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krS(z) P(z)Q(z)
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Figure 7. Block diagram of the proposed IRC system.

4. The Proposed Frequency Adaptive IRC

The grid frequency in the distributed power generation system may fluctuate [33],
and N = fs/ f0 may be a fraction. The values of N at different grid frequencies, when
fs = 10 kHz, are shown in Table 2.

Table 2. The corresponding RC delay, N, when the grid frequency changes.

Frequency (Hz) 49.5 49.6 49.7 49.8 49.9 50 50.1 50.2 50.3 50.4 50.5

N 202 201.6 201.2 200.8 200.4 200 199.6 199.2 198.8 198.4 198

In this case, it is possible to divide N into an integer Ni and a fraction D, as follows

z−N = z−Ni × z−D, N = Ni + D. (8)

4.1. Fractional Delay FIR Filter

The FIR filter approximates the fractional delay, using the following expression [34]

z−D ≈ H(z) =
M

∑
n=0

h(n)z−n, (9)

where M represents the filter order and h(n) represents the polynomial coefficient.
The coefficient h(n), can be determined by the Lagrangian interpolation method, and

is calculated as follows [34]

h(n) =
M

∏
k=0,k 6=n

D− k
n− k

, n = 0, 1, 2, . . . , M. (10)

Coefficients for the Lagrange FD filter, with orders M = 1, 2, and 3, are given in
Table 3 [35].

Table 3. Coefficients of the Lagrange FD filter.

M = 1 M = 2 M = 3

h(0) 1− D (D− 1)(D− 2)/2 −(D− 1)(D− 2)(D− 3)/6

h(1) D −D(D− 2) D(D− 2)(D− 3)/2

h(2) D(D− 1)/2 −D(D− 1)(D− 3)/2

h(3) D(D− 1)(D− 2)/6

The best interpolation is achieved, when the interpolation point D, is close to the
center of the sampled data, namely D ≈ M/2. In addition, a larger M can achieve higher
accuracy, but the computational effort becomes larger. In this article, a third-order FIR filter
is used. For example, when fs = 10 kHz, if f0 changes to 49.6 Hz, then N = 201.6, z−201.6

can be expressed as z−200z−1.6. According to Table 3,
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z−1.6 = h(0)z0 + h(1)z−1 + h(2)z−2 + h(3)z−3 = −0.056 + 0.448z−1 + 0.672z−2 − 0.064z−3, (11)

and
z−201.6 = z−201 × (−0.056 + 0.448z−1 + 0.672z−2 − 0.064z−3). (12)

To obtain a high accuracy, the value of D is selected to be between 1.2 and 1.8 when
the grid frequency varies. The frequency responses of FD filters based on Lagrangian inter-
polation, are shown in Figure 8 for different fractions of D, from 1.2 to 1.8, with order M = 3.
The magnitude response of the FIR filter is close to one within the passband of the FD filter,
which makes it possible to design repetitive controllers without considering the effect of the
FIR on the system’s amplitude and frequency performance. In addition, its high frequency
attenuation is more conducive to system stability. More importantly, the coefficients in
the FD filter consume relatively little computational effort, so it is relatively simple to use
Lagrangian interpolation to create an FD filter [36].
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Figure 8. Frequency responses of Lagrange-interpolation-based FD filters.

4.2. Stability Analysis of FA-IRC System

The structure diagram of the FA-IRC-based inverter control system is shown in Figure 9,
where z−N = z−Ni × z−D is the delay unit of FA-IRC. z−D is the fractional delay based on
the FIR filter. The transfer function from ire f and ug to E(z) is

E(z) =
ire f (z)− ug(z)

1 + GFO−IRCP(z)
, (13)

where

GFA-IRC = kp +
Q1(z)z−N

1−Q1(z)z−N zmkrS(z)

= kp + G2(z).
(14)

From (13) and (14), this system has the following characteristic polynomial:

1 +
[
G2(z) + kp

]
P(z) =

[
1 + kpP(z)

]
[1 + G2(z)P0(z)]. (15)

Thus, there are two stability conditions for the FA-IRC system:

(1) The roots of 1 + kpP(z) = 0 within the unit circle.
(2) 1 + G2(z)P0(z) 6= 0.
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zm krS(z) P(z)Q(z)
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-
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-
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Figure 9. Block diagram of the FA-IRC system.

Obviously, the stability condition (1) is only related to the scale factor kp, and is
therefore easier to satisfy. It means that the pole of P0(z) should lie within the unit circle.
Figure 10 shows the distribution of the dominant poles of P0(z) with different kp. As can
be seen, the stability condition (1) is satisfied when kp changes from 6 to 30.

Substitute (14) into condition (2),

|1−Q1(z)z−N + Q1(z)z−NzmkrS(z)P0(z))| 6= 0,

∀z = ejωT , 0 < ω <
π

T
,

(16)

Expression (16) can be guaranteed if [12]

|Q1(z)z−N(1− zmkrS(z)P0(z))| < 1,

∀z = ejωT , 0 < ω <
π

T
.

(17)

If the frequency of reference signal ire f and disturbance ug approach ωl = 2πl/N,
with l = 0, 1, 2, . . . , L (L = N/2 for even N and L = (N − 1)/2 for odd N), then zN = 1 [22].
Then, we have

|Q1(z)(1− zmkrS(z)P0(z))| < 1, z = ejωT . (18)

0 0.5 1 1.5

0

1

Real axis

Im
ag

in
ar

y
 a

x
is

kp=6:3:30

1- 0.5-1.5-

1-

Figure 10. Distribution of the dominant poles of P0(z) with different kp.

The Bode diagram of Q1(z) with Q(z) = 0.99 and Q(z) = 0.25z + 0.5 + 0.25z−1, is
shown in Figure 11. It is obvious that the magnitude characteristic of Q1(z) is greater than
0, then (18) can be written as

|(1− zmkrS(z)P0(z))| <
1

Q1(z)
, z = ejωT . (19)
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Let Ns(ω), NP0(ω), and NQ1(ω) represent the magnitude characteristics of S(z), P0(z),
and Q1(z), respectively, and θs(ω), θp0(ω), and θQ1(ω) represent their phase characteristics.
They can be written as follows

P0

(
ejωTs

)
= NP0

(
ejωTs

)
exp

[
jθP0

(
ejωTs

)]
,

S
(

ejωTs
)
= Ns

(
ejωTs

)
exp

[
jθs

(
ejωTs

)]
,

Q1(z)
(

ejωTs
)
= NQ1

(
ejωTs

)
exp

[
jθQ1

(
ejωTs

)]
.

(20)

Then, (20) can be written as∣∣∣1− kr NS

(
ejω
)

NP0

(
ejω
)

e−j[θS(ejω)+θP0(ejω)+mω]
∣∣∣

<
1

NQ1

(
ejω
)
e−jθQ1(ejω)

.
(21)

According to Euler’s formula, since kr > 0, Ns(ω), NP0(ω), and NQ1(ω) are also
greater than 0. In order to maintain stability, the following conditions must be met∣∣θs(ω) + θp0(ω) + mωTs − θQ1(ω)

∣∣ < 90◦, (22)

0 < kr < min
2 cos

[
θs(ω) + θp0(ω) + mωTs − θQ1(ω)

]
NQ1(ω)Ns(ω)Np0(ω)

. (23)
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Figure 11. Bode diagram of Q1(z) with Q(z) = 0.99, and Q(z) = 0.25z + 0.5 + 0.25z−1.

4.3. Characteristic Analysis

The Bode diagrams of the IRC and the FA-IRC under different N are shown in Figure 12.
These show that, as the frequency increases, the deviation of the resonant frequency of
the ideal IRC from the actual grid frequency and harmonic frequency, becomes larger.
As a result, the reference signal tracking and harmonic rejection performance of the IRC
degrades when the grid frequency fluctuates. Figure 13 describes the magnitude response
around the fundamental frequency. It indicates that the amplitude of IRC is 79.8 dB at
50 Hz, whereas the amplitude of IRC decreases to 52 dB at 49.6 Hz and 50.4 Hz. While
the FA-IRC’s resonant frequency can follow the actual frequency of the grid, it still has a
large gain at 49.6 Hz and 50.4 Hz. This means that the FA-IRC can effectively eliminate
harmonics when the grid frequency varies.
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Figure 12. Bode diagrams of IRC (N = 200) and FA-IRC (N = 198.4 and 201.6).
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Figure 13. Magnitude characteristics of IRC (N = 200) and FA-IRC (N = 198.4 and 201.6) at the
fundamental frequency.

5. Simulation Verification

In order to verify the performance of the proposed FA-IRC, a single-phase inverter
control system based on this method was built using MATLAB/Simulink. The parameters
of this system are shown in Table 1. According to [12] and the analysis above, the parame-
ters of FA-IRC were selected as follows: kp = 18, kr = 5, m = 8, Q(z) = 0.25z + 0.5 + 0.25z−1,
and the fourth-order Butterworth low-pass filter S(z), with cutoff frequency 1 kHz, is
as follows

S(z) =
0.028z4 + 0.053z3 + 0.071z2 + 0.053z + 0.028

z4 − 2.206z3 + 2.148z2 − 1.159z + 0.279
. (24)

For verifying the current tracking performance and the dynamic performance of the
proposed FA-IRC, experimental results are compared with the CRC plus a proportional
controller system (PIMR-RC system). In the PIMR-RC system, all control parameters
remain fixed.

5.1. Steady State Response

The steady-state response is examined under a reference current of 20 A amplitude.
When fg is 50 Hz, the simulation results of the injected current ig, and grid voltage ug,
under PIMR-RC are shown in Figure 14. The THD value of ig is 0.60%. In addition, the THD
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value of FA-IRC is 0.67% when fg is 50 Hz, as can be obtained from Figure 15. Clearly, both
control systems are effective in suppressing harmonics when fg is 50 Hz.
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Figure 14. Output waveforms of the PIMR-RC system and spectrum analysis of the output current
when fg = 50 Hz.
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Figure 15. Output waveforms of the FA-IRC system and spectrum analysis of the output current
when fg = 50 Hz.

When fg is set at 49.6 Hz, PIMR-RC still takes the order of RC as 200, and the THD
of ig increases to 1.70%, as shown in Figure 16. However, the THD value of ig under
FA-IRC is 0.59%, as shown in Figure 17. The reason why this is the case, is that the resonant
frequencies of FA-IRC are very close to the actual grid frequency and harmonic frequencies.
Figures 18 and 19 show similar results, to demonstrate the effectiveness of FA-IRC when
the grid frequency is set at 50.4 Hz. The figures indicate that the THD of ig, with FA-IRC
based on the FIR filter, is 0.70%, while it is 1.73% for ig with IRC.
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Figure 16. Output waveforms of the PIMR-RC system and spectrum analysis of the output current
when fg = 49.6 Hz.
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Figure 17. Output waveforms of the FA-IRC system and spectrum analysis of the output current
when fg = 49.6 Hz.
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Figure 18. Output waveforms of the PIMR-RC system and spectrum analysis of the output current
when fg = 50.4 Hz.
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Figure 19. Output waveforms of the FA-IRC system and spectrum analysis of the output current
when fg = 50.4 Hz.

In fact, the use of Thiran-based IIR fractional delay filter during grid frequency fluc-
tuations has been proposed in many studies of frequency adaptation [20,28]. In order to
validate the frequency adaptation of the proposed scheme, a frequency adaptive IRC, based
on a second-order IIR filter, has been built. In addition, to verify the harmonic rejection
capability of the RC, a quasi-proportional resonant (QPR) control system is added for
comparison [37]. The parameters are selected as follows: kp = 8, kr = 4, and ωc = 5 rad/s.
The THD results of different control systems at different grid frequencies are summarized
in Table 4. Table 4 indicates that the QPR control system is not affected by frequency
variations, however, it has a higher THD compared to the RC based control system. In ad-
dition, it shows that the CRC and IRC systems are impacted by frequency changes to some
extent. However, the proposed FA-IRC, and frequency adaptive IRC based on the IIR filter,
maintain low THD values, due to their frequency adaptability.
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Table 4. THD results of different control systems under various fundamental frequencies.

Fundamental Frequency (Hz) THD Results of Different Control Systems (%)

fg QPR CRC IRC IRC with IIR Proposed FA-IRC

49.6 4.19 1.70 2.36 0.62 0.59
49.7 4.19 1.52 1.51 0.67 0.66
49.8 3.97 1.22 0.99 0.72 0.59
49.9 3.96 0.80 0.75 0.67 0.68
50 3.91 0.60 0.67 0.67 0.67

50.1 3.98 0.91 0.84 0.64 0.67
50.2 3.87 1.43 1.59 0.64 0.66
50.3 3.80 1.69 2.17 0.68 0.61
50.4 3.93 1.73 2.40 0.62 0.70

5.2. Transient Response

To verify the dynamic performance of the proposed FA-IRC, the transient response
of reference current amplitude changes is illustrated. Figures 20 and 21 give the transient
waveforms and current error when the amplitude of ire f drops from 20 A to 10 A, at
different frequencies. The FA-IRC system can reach stability within 80 ms. Compared to the
PIMR-RC system, the convergence rate of the FA-IRC system, with the same large gain, is
equally fast. Furthermore, the current error of the FA-IRC system is approximately 0.04 A at
grid frequencies of 49.6 Hz and 50.4 Hz, however, the current error of the PIMR-RC system
is 0.2 A. Therefore, the proposed method can achieve good current tracking performance
and dynamic performance when the grid frequency changes.
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Figure 20. Transient waveforms and current errors of different control systems when reference
current changes, with grid frequency fg = 49.6 Hz. (a) FA-IRC system. (b) PIMR-RC system.
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Figure 21. Transient waveforms and current errors of different control systems when reference current
changes, with grid frequency fg = 50.4 Hz. (a) FA-IRC system. (b) PIMR-RC system.
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6. Conclusions

This paper proposes an FA-IRC with a fixed sampling rate, to reject the harmonic
components in the injected current of grid-tied inverters when grid frequency varies.
The control strategy is based on a novel improved repetitive control. The improved
repetitive control, with a modified internal model Q(z) filter and a positive proportional
gain, has a higher gain and bandwidth at resonant frequencies. Therefore, it has good
dynamic performance. Moreover, to achieve frequency adaptive capability, a fractional-
order delay, based on a polynomial Lagrange interpolating FIR filter, is built into the system.
The FA-IRC system can output high quality current when the grid fundamental frequency
varies within ±0.4 Hz, because it makes the resonant frequency of the IRC approximate
the actual grid frequency and harmonic frequency. Simulation results demonstrate that the
FA-IRC is effective at resisting variations in grid frequency.

It is worth mentioning that, for the control methods of the grid-tied inverters con-
sidered in this paper, grid voltage magnitude fluctuations and grid impedance varia-
tions, which are common in distributed generation systems, are not taken into account.
The impedance analysis method is an important tool for the stability of grid-tied inverter–
grid interaction systems. It conveniently implements the modeling of the frequency charac-
teristics of the grid-tied inverter system, and effectively simplifies the complexity of the
grid-tied inverter system impedance stability analysis during grid changes. In addition,
the inverter–grid system can be kept stable with reasonable grid voltage feedforward
values. These cases should be considered in future work.
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