
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024 4017

Passivity-Based Design of Frequency Adaptive
Repetitive Controller for LCL-Type

Grid-Connected Inverters
Ying Zhao , Chuan Xie , Senior Member, IEEE, Chao Peng , and Jianxiao Zou , Member, IEEE

Abstract—The frequency adaptive repetitive controller (FARC)
can offer high control accuracy for grid-connected inverters (GCIs)
in the presence of grid voltage distortions and frequency variations.
The conventional design guidelines for FARC are primarily based
on the system’s closed-loop transfer function, which is only able to
assess the internal stability of GCIs. However, their external sta-
bility is uncertain in complex grid impedance conditions, such as a
weak inductive grid, a capacitive grid, or a grid comprising multiple
inverters. The frequency-domain passivity theory offers a sufficient
stability condition for GCIs operated in complex grid impedance
conditions and has been widely recognized and applied in the
control design. This article establishes an optimization problem
with constraints of internal stability condition, passivity compli-
ance, and grid frequency variation for FARC-controlled LCL-type
GCIs involving inverter-side or grid-side current control modes.
By solving the established optimization problem, the system can
fulfill a full-frequency passive output admittance, simultaneously
achieving sufficient stability condition and high control accuracy
regardless of grid voltage distortions, impedance and frequency
variations. Finally, theoretical findings are verified by experimental
results from a laboratory prototype.

Index Terms—Frequency adaptivity (FA), passivity, repetitive
control (RC), robustness, stability.

I. INTRODUCTION

H IGH-GAIN current controllers have the advantage of
high control accuracy and thus have gained popularity

in grid-connected inverters (GCIs) that are required to comply
with mandatory power quality requirements of the grid code
[1], [2]. As one of the high-gain controllers, the repetitive
controller (RC), with the advantages of simple structure and
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easy implementation, has been widely applied to different ap-
plications, e.g., uninterrupted power supplies [3], active power
filters (APFs) [4], and renewable energy generations [5], [6], etc.
With the increasing penetration of renewable energy sources
and the high proliferation of GCIs in the grid, the grid has
faced a paradigm shift from the traditional centralized generation
to distributed generation. Hence, the running environment of
GCIs is undergoing dramatic changes, such as wide frequency
variations (e.g., 47.5–52 Hz [7]) and grid impedance variations
[8], which severely aggravate the power quality and stability
issues of GCIs.

One well-known deficiency of RC is that its performance is
highly susceptible to grid frequency variations [9]. Researchers
have proposed a variety of methods to cope with the frequency
adaptivity issue of RC, which roughly fall into two categories,
viz., variable sampling frequency [9], [10], [11] and fixed sam-
pling frequency [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21]. With the variable sampling frequency, the ratio of the
sampling frequency to the grid frequency is an integer, which
serves as a prerequisite for maintaining the high performance of
RCs [9]. However, a variable sampling frequency will not only
compromise the overall closed-loop stability but also signifi-
cantly increase the control systems’ real-time implementation
complexity, such as unique capabilities of the CPU for variable
sampling and online controller redesign for maintaining system
stability [10], [11]. With fixed sampling frequency, noninteger
delay, also named the fractional delay, approximated by a finite
impulse response (FIR) filter [13], [14], [15], or an infinite
impulse response (IIR) filter [12], [16] or compensated by a
linear-phase-lead low-pass filter (LPF) [17], has been devel-
oped for different applications. However, these fractional-delay
approximation-based frequency adaptivity approaches cannot
be applied to some particular scenarios, such as selective har-
monic RC [19]. Hence, the virtual delay unit concept with fixed
sampling frequency was developed in [19], [20], and [21], which
enables the virtual variable sampling control to cope with the
frequency adaptability issue of RC. The virtual delay unit is
based on linear interpolation and needs to replace each delay
element of RC, hence significantly increasing the computation
burden.

Although many achievements have been achieved in dealing
with the frequency adaptability issue of RC, primary contribu-
tions are focused on the modifications of the internal model, ex-
cept for the design guidelines. The design guidelines are almost
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based on the system’s closed-loop transfer function, which can
only assess the internal stability of an individual GCI connecting
to an ideal inductive grid [22]. However, when GCIs operate in a
complex grid, such as an inductive weak grid, a capacitive grid,
or a grid comprising multiple inverters, the interactive stability
between them, also called external stability, is unknown.

The external stability of the GCI system is related to the grid
impedance, which can be assessed by applying the Nyquist rule
to the impedance ratio of the GCI system and the grid [8], where
the information about the grid impedance must be known [23],
[24]. Hence, the external stability of the GCI system still cannot
be ensured when the grid impedance varies. Fortunately, the
frequency-domain passivity theory can guarantee the external
stability of the GCI even without knowing the specific informa-
tion of grid impedance [25] and gains much research attention
[26], [27], [28]. According to the frequency-domain passive
theory, an internally stable GCI system can always maintain
its external stability in case the output admittance of the GCI is
passive (i.e., the real part of the output admittance is nonnega-
tive) [26] when it is operating in a resistive–inductive–capacitive
(RLC) type grid, regardless of its complexity. Extensive re-
search has been devoted to the field of passivity enhancement
for GCIs, including inverter-side current control (ICC) mode
[26], [29] and grid-side current control (GCC) mode [25], [27],
[28], [30]. In most literature concerning the passivity enhance-
ment for GCI’s output admittance, proportional-integral and
proportional-resonant (PR) controllers are commonly used [25],
[26], [27], [28], [29], [30]. High-gain current controllers, such as
resonators or RC, will create zeros in the output admittance of the
GCI system and thus result in a risk of emerging negative-real-
part regions that may trigger system oscillations. Passivity com-
pliance design methods for the resonators [31] and RC [22] have
been introduced to address their external stability issues. How-
ever, the method in [22] suffers from empirical and trivial trial-
and-error. Besides, the effect of grid frequency variations and
the frequency adaptive mechanism on the passivity has yet to be
considered.

In light of this, the external stability issue of FARC-controlled
LCL-type GCI in the presence of both grid impedance and
frequency variations is deeply investigated in this article from
the perspective of passivity stability. The main contributions can
be summarized as follows.

1) A general admittance model for the FARC-controlled
LCL-type GCI with ICC or GCC modes is built for
passivity property analysis and control design. The
analysis reveals that grid frequency variations and
the frequency adaptive mechanism of FARC may raise
the negative conductance in the GCI’s output admittance,
which may excite the system oscillations.

2) Passivity constraint is introduced to the design of FARC.
Compared to passivity-based RC design guidelines in-
vented in [22], this article establishes an optimization
problem to replace the empirical and trivial trial-and-error.
Furthermore, the grid frequency variation constraint is
added to the optimization problem to ensure the passivity
robustness of GCI’s output admittance against the grid
frequency variation.

Fig. 1. Configuration of the studied three-phase GCI system with an LCL filter.

3) Experiments have been performed to demonstrate the ef-
fectiveness and superiority of the proposed design method
in ensuring the stability and high performance of FARC-
controlled LCL-type GCI against grid voltage distortions
and grid impedance and frequency variations.

The rest of this article is organized as follows. Section II
introduces the system configuration of the studied three-phase
LCL-type GCI and the derivation of the corresponding admit-
tance model. Section III gives the system stability conditions,
analyzes the effect of grid frequency variation on the passivity
of GCI’s output admittance, and establishes and solves the
optimization problem with passivity constraints. Experimental
verification has been conducted in Section IV. Finally, Section V
concludes this article.

II. SYSTEM CONFIGURATION AND MODELING OF THE

LCL-TYPE GCI

Fig. 1 shows the configuration of the studied three-phase GCI
system with an LCL filter. L1, L2, and C are the inverter-side
inductor, grid-side inductor, and capacitor of the LCL filter,
respectively. Lg and Cg stand for the transformer leakage in-
ductor or transmission line inductor and power factor correction
capacitor, respectively. i1, i2, ic, vi, vc, vpcc, and vg represent
the inverter-side current, grid-side current, capacitor current,
inverter output voltage, capacitor voltage, the voltage of point of
common coupling (PCC), and grid voltage, and their uppercase
symbols represent the corresponding s-domain variables.

The control algorithm is executed in theαβ-frame to eliminate
the complexities associated with decoupling terms for LCL-filter
topology in the dq-frame [32]. Gc is the current controller. Had

and Hf represent the capacitor current feedback active damping
(CCF-AD) controller and capacitor voltage feedforward active
damping (CVF-AD) controller. Utilization of both CCF-AD
and CVF-AD is for the passivity compliance design [33]. Gd

stands for system delays, including sampling and pulsewidth
modulation (PWM). Note that the selector S = 1 or 2 represents
the ICC or GCC, respectively.

The per-phase control block diagram for the studied LCL-type
GCI is drawn in Fig. 2, where the filter capacitor voltage vc is
regarded as the disturbance rather than the voltage at PCC used in
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Fig. 2. Per-phase control block diagram for the studied LCL-type GCI.

Fig. 3. Equivalent circuit for the LCL-type GCI.

most conventional modeling processes. This kind of derivation
can result in a simpler control plant and GCI’s output admittance
model [33].

By applying Mason’s formula to Fig. 2, the closed-loop
transfer functions for the current reference ir and filter capacitor
voltage vc to the grid current i2 can, respectively, be derived as

Tc(s) =
I2(s)

Ir(s)

∣∣∣∣
Vc(s)=0

=
Gc(s)Gd(s)

L1s+Gc(s)Gd(s)
(1)

and

Y (s) = − I2(s)

Vc(s)

∣∣∣∣
Ir(s)=0

=

1+L1Cs2+{[(2−S) ·Gc(s)+Had(s)] · Cs−Hf (s)}Gd(s)

L1 · s+Gc(s)Gd(s)
(2)

where Gd (s) = e-Td s and Td = 1.5Ts.
Combing (1) and (2), the total grid current i2 can be expressed

as

I2(s) = Tc(s)Ir(s)− Y (s)Vc(s). (3)

Based on (3), the equivalent circuit can be obtained, as shown
in Fig. 3, in which Z2(s) = L2 s and Zg(s) is the grid impedance.

III. PASSIVITY-COMPLIANCE CONTROL PARAMETERS DESIGN

A. Overall Closed-Loop System Stability Condition

According to Fig. 3, combining (3) with the equation Vc(s)
= Vg(s)+I2(s)[Z2(s)+Zg(s)], the overall closed-loop current
response can be expressed as

I2(s) = Ir(s) · Tc(s)

1 + [Z2(s) + Zg(s)]Y (s)

− Vg(s) · Y (s)

1 + [Z2(s) + Zg(s)]Y (s)
. (4)

Fig. 4. Block diagram of the studied FARC.

From (4), it can be observed that the overall closed-loop
system is stable if the following two conditions hold [22], [25].

1) Internal stability: The inner closed-loop system (Tc(s)) is
asymptotic stable, which is recognized as independent of
the grid impedance.

2) External stability: The roots of 1+[Z2(s)+Zg(s)]Y(s) = 0
are all located in the left half of the s-plane, which reflects
the interaction between the GCI’s output impedance and
the grid impedance.

In the derived system, ICC and GCC have identical inner
closed-loop systems, and they can be easily tuned by introduc-
ing indexes of the open-loop system gain crossover frequency
and the associated phase margin (PM) [22]. As for the second
stability condition, if [Z2(s)+Zg(s)] and Y(s) are both passive,
then the second stability condition is guaranteed. Assuming
[Z2(s)+Zg(s)] is a RLC network, it is passive. The remaining
is to make Y(s) passive [26].

B. Preselection of Controller Parameters for the Internal
Stability

The controller parameters can be preselected via the transfer
function-based frequency response method for the system’s
internal stability. Although this has already been well discussed
in many papers [13], [14], [17], it is rearranged and briefed here
for the integrality of the article.

The block diagram of FARC used in this article is depicted
in Fig. 4. The transfer function of the current controller can be
expressed as

Gc(s) =
Uc(s)

E(s)
= Kp[1 +Gfrc(s)] (5)

where Kp is the proportional gain, and Gfrc(s) is the FARC with
the following form:

Gfrc(s)=
Ufrc(s)

E(s)
= Kfr

(e−NiTss · e−FTss)Q(s)

1− (e−NiTss · e−FTss)Q(s)
Gf (s)

(6)
where Kfr is the FARC gain, and Ts is the control period. Gf(s)
= emTs s is the compensator that could be a pure leading element,
and Q(s)=a1eTs s+a0+a1e-Ts s with 2a1+a0=1 is an LPF [13],
[22]. N is the ratio of the sampling frequency and fundamental
frequency of the grid, supposing N = Ni + F with Ni = int[N]
being the integer part of N, and F = N − Ni (0<F<1) being
the fractional part of N, then e-F Ts s can be approximated by a
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Lagrange interpolation-based FIR filter as follows [13]:

e−FTss ≈
n∑

k=0

h(k)e−kTss (7)

where n is the order of the FIR filter. The coefficient can be
obtained as

h(k) =

n∏
i=0
i �=k

F − i

k − i
k, i = 0, 1 . . . n. (8)

Substituting (7) into (6), giving

Gfrc(s) = Kfr

(
e−NiTss

∑n
k=0 h(k)e

−kTss
)
Q(s)

1− (e−NiTss
∑n

k=0 h(k)e
−kTss)Q(s)

Gf (s).

(9)
1) Selection of the Proportional Gain Kp: Assuming Kfr= 0,

the proportional gain Kp can be analytically designed according
to the open-loop system gain at the crossover angular frequency
and the associated PM [33]

Kp =

ωc︷ ︸︸ ︷
π/2− ϕm

Td
L1 (10)

where ϕm is the desired PM, which is set to π/3 rad (60°) in this
article. ωc is crossover angular frequency.

2) Selection of m and Kfr for the FARC: Substituting (5) and
(9) into (1), the inner closed-loop system transfer function Tc(s)
can be rewritten as

Tc(s) =

Tcp(s)
{
1−Q(s)

(
e−NiTss

∑n
k=0 h(k)e

−kTss
)
[1−KfrGf (s)]

}
1−Q(s) (e−NiTss

∑n
k=0 h(k)e

−kTss) [1−KfrGf (s)Tcp(s)]
(11)

where Tcp(s) = Top(s)/[1+Top(s)] represent the inner closed-
loop transfer function, and Top(s) = KpGd(s)/L1s represent the
open-loop transfer function with only proportional control.

Since Tcp(s) is asymptotically stable, Tc(s) is stable if the
following condition holds [34]:∥∥∥∥∥Q(s)

n∑
k=0

(h(k)e−kTss)[1−KfrGf (s)Tcp(s)]

∥∥∥∥∥ ≤ 1. (12)

Choosing m and Kfr for the FARC is difficult since they
are coupled in (12). Following the frequency-domain design
approach in [35], (12) can be rewritten as

∥∥∥1−KfrN(ω)ej[θ(ω)+mωTs]
∥∥∥ ≤ 1

‖Q(jω)‖

· 1

‖∑n
k=0 (h(k)e

−jkTsω)‖

=
1

a0 + 2a1 cos(ωTs)
· 1

‖∑n
k=0 (h(k)e

−jkTsω)‖ . (13)

Since ‖∑n
k=0 (h(k)e

−jkTsω)‖ ≤ 1 is true, (13) always holds
if∥∥∥1−KfrN(ω)ej[θ(ω)+mωTs]

∥∥∥ ≤ 1

a0 + 2a1 cos(ωTs)
. (14)

Fig. 5. Curve of Kfrmax for different values of m (a1 = 0.25 and a0 = 0.5).

By using the Euler expansion, (14) can be further rewritten as

0 ≤ Kfr ≤ f(m,ω) =
a(ω) +

√
b(ω)

N(ω)
(15)

where

a(ω) = cos[θ(ω) +mωTs]

b(ω) =
1

[a0 + 2a1 cos(ωTs)]
2 − sin2[θ(ω) +mωTs]

N(ω) = ωc

/√
ω2 + ω2

c − 2ωωc sin(ωTd)

θ(ω) = − π + arctan
ω cos(ωTd)

ω sin(ωTd)− ωc
.

Equation (15) holds if Kfr is smaller than the minima of the
f(m,ω); thus, the upper boundary of Kfr, i.e., Kfrmax, is set to
the minima of f(m,ω). For Kfrmax, the numerical results can be
easily obtained using mathematical software, e.g., MATLAB.
Fig. 5 shows the curve of Kfrmax for different values of m. It can
be seen that the value of m has a significant effect on the upper
boundary of Kfr, so an appropriate value should be carefully
selected for the system’s internal stability. Note that all power
stage parameters used in the analysis are given in Table II.

C. Passivity Compliance Design for the External Stability

1) Selection of Parameters for CCF-AD and CVF-AD: The
external stability is guaranteed by carrying out the passivity
compliance design for Y(s), viz., making the real part of Y(s)
nonnegative. With only proportional control, the full-frequency
nonnegative real part of Y(s) can be achieved via the combination
of proportional CCF-AD and CVF-AD. The parameter design
guidelines for CCF-AD and CVF-AD in [33] are also briefed
here for the integrality of the article.
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CCF-AD feedback gains for ICC and GCC can be calculated
according to

Kad = (S − 1)ωcL1 − 36ωc

Cω2
s

(16)

where ωs = 2π/Ts is the sampling angular frequency.
In practice, the CVF-AD controller Hf(s) consists of a band-

pass filter (BPF) and a scaled first-order finite-impulse response
LPF (FIR-LPF) as follows [33]:

Hf (s) = KfGLPF(s) +KfbGBPF(s)

= Kf (1− a+ ae−sTs)︸ ︷︷ ︸
GLPF(s)

+Kfb ωbc
s cosϕb − ω1 sinϕb

s2 + ωbcs+ ω2
1︸ ︷︷ ︸

GBPF(s)

(17)

where Kf and ɑ are the feedforward gain of CVF-AD and the
parameter of FIR-LPF, respectively. Both of them are constants
of less than one. Kfb, ω1, ωbc, and ϕb are the gain, fundamental
angular frequency, cut-off angular frequency, and compensation
angle of the BPF, respectively. ωbc is set to 0.1ω1. More details
about parameter selection for CVF-AD can be found in [33].

2) Reselection of m and Kfr for Passivity Compliance:
Ignoring the grid frequency variation, FARC degrades to RC.
Following the method given in [22], the value of m can be further
graphically optimized from the preselected values by using
curves of the real part of the output admittance, enhancing the
overall passivity of the output admittance as much as possible.
Fig. 6 shows curves of the real part of the output admittance
for different values of m associated with the corresponding
maximum Kfr obtained from the previous Fig. 5. It can be seen
from Fig. 6 that m= 2 is an optimal value for the ICC. In contrast,
m = 4 is more appropriate for the GCC to achieve a relatively
better overall passivity of the output admittance.

In consideration of the inversely proportional relationship
between the gain of FARC and the passivity of output admit-
tance, in other words, reducing the gain of FARC can drive the
output admittance towards the passivity reinforcement. To this
end, finding the upper boundary of Kfr becomes an optimization
problem stated as follows:

max Kfr

s.t. min{Re{Y (jω)}} ≥ 0, ω ∈
(
0,

ωs

2

)

0 < Kfr ≤ Kfrmax

fg = fgn. (18)

Solving the above optimization problem can obtain the upper
boundary of Kfr for FARC at the nominal grid frequency, and
the trivial trial and error method used in [22] is avoided. The
flowchart for solving the proposed optimization problem is
shown in Fig. 9, where the sweeping of grid frequency should
be removed but fixed at the nominal one. In our studied case, the
upper boundary of Kfr for internal stability is in accord with the
passivity constraint for the ICC. In contrast, the upper boundary
of Kfr must be reduced from 1.33 to 0.55 to fulfill the passivity
constraint for the GCC. Fig. 7 shows curves of the real part of

Fig. 6. Real part of the output admittance for different values of m associated
with the corresponding maximum Kfr. (a) ICC with m = 2 and Kfr = 1.25.
(b) ICC with m = 3 and Kfr = 1.41. (c) ICC with m = 4. and Kfr = 1.33. (d)
GCC with m = 2 and Kfr = 1.25. (e) GCC with m = 3 and Kfr = 1.41. (f) GCC
with m = 4 and Kfr = 1.33.

Fig. 7. Real part of the output admittance at the nominal grid frequency.
(a) ICC with m = 2 and Kfr = 1.25. (b) GCC with m = 4 and Kfr = 0.55.

the output admittance when the gain of FARC is set to the upper
boundary value. It can be seen that full-frequency passive output
admittance is achieved at the nominal grid frequency fgn, i.e.,
50 Hz.

When considering the frequency adaptivity mechanism under
the grid frequency variation, e.g., from 0.9 fgn to 1.1 fgn, the
minimum value for the real part of the output admittance varies
along with the grid frequency (see Fig. 8, the minima is amplified
100 times and then projected in the yoz-plane with x = 0.6). For
the ICC of our study case, the full-frequency passive output
admittance is maintained in the presence of the grid frequency
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Fig. 8. Real part of the output admittance of either (a) ICC with m = 2 and Kfr

= 1.25 or (b) GCC with m = 4 and Kfr = 0.55 in the presence of grid frequency
varying from 0.9 fgn to 1.1 fgn.

TABLE I
REFINED PARAMETERS FOR FARC CONCERNING PASSIVITY COMPLIANCE IN

THE PRESENCE OF GRID FREQUENCY VARIATION

variation, as shown in Fig. 8(a). In contrast, it is not the same
for the GCC, where the negative real part of output admittance
emerges as shown in Fig. 8(b)(the negative real part is projected
in the xoy-plane with z = −15), which will jeopardize the
passivity compliance that already obtained at the nominal grid
frequency.

Taking into account the effect of grid frequency variation
on passivity compliance for the GCI’s output admittance, the
constraint on the grid frequency of the optimization problem
stated in (18) should be loosened from a single value of the
nominal frequency to a certain range, which gives

max Kfr

s.t. min{Re{Y (jω)}} ≥ 0, ω ∈
(
0,

ωs

2

)

0 < Kfr ≤ Kfrmax

0.9fgn ≤ fg ≤ 1.1fgn. (19)

By solving the above new optimization problem, the upper
boundary of Kfr for FARC concerning grid frequency variation
can be obtained, which is given in Table I. The optimization
problem established in this article can be solved offline in
MATLAB with m-script. The flowchart for solving the proposed
optimization problem is shown in Fig. 9. The solution of the
proposed optimization problem provides an upper boundary
value for the refined parameter Kfr. Fig. 10 shows curves of
the real part of the output admittance with refined parameters
for FARC. It can be seen that the full-frequency passive output
admittance can be achieved in the presence of grid frequency
varying from 0.9 fgn to 1.1 fgn.

IV. EXPERIMENTAL VERIFICATIONS

Experiments have been conducted to verify the correctness
of the theoretical stability analysis and the effectiveness of the

Fig. 9. Flowchart for solving the optimization problem.

Fig. 10. Real part of the output admittance of either (a) ICC with m = 2 and
Kfr = 1 or (b) GCC with m = 4 and Kfr = 0.2 in the presence of grid frequency
varying from 0.9 fgn to 1.1 fgn.

proposed controller parameter design method. The photo of the
experimental setup is shown in Fig. 11. The setup consists of
four three-phase Danfoss inverters with LCL filters, one of them
serves as the GCI under test. The LCL-filter’s parameters are
given in Table II, and design rules can be found in [36]. In the
test, a commercial grid emulator (IT7909) is used to generate
background voltage harmonics and grid frequency variations.
The designed control algorithm is implemented in the dSPACE
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Fig. 11. Photograph of the experimental setup in the laboratory.

TABLE II
NOMINAL POWER STAGE PARAMETERS

1005 platform for real-time control. The power stage param-
eters and controller parameters are given in Tables II and III,
respectively.

A. External Stability Against Grid Frequency Variations

Before conducting experiments, theoretical stability assess-
ments are performed by using Bode plots of both inverter
output admittance and grid admittance. Normally, the stability
in terms of PM can be interpreted by the phase difference at
the intersection point of the magnitude responses of the GCI’s
output admittance and grid admittance [22], [25], viz., the phase
difference over 180° indicates stability and vice versa. In the

TABLE III
CONTROLLER PARAMETERS

presence of the grid frequency variation, negative-real-part re-
gions of the GCI’s output admittance may appear, at which the
intersection locations of the magnitude responses of the GCI’s
output admittance and grid admittance occurring may lead to
system instability. In this article, the LC-type network is used to
simulate the grid impedance (see Fig. 1) to build the instability
conditions intentionally.

ICC mode with m = 2 and Kfr = 1 is tested at first. During
the test, the grid frequency fg changes from 50 to 54 Hz at a rate
of 15 Hz/s. Experimental waveforms are given in Fig. 12, where
the GCI operates normally, and no oscillations are observed even
during the frequency transients process, as shown in Fig. 12(b).
The experimental results are consistent with the theoretical
expectation in Fig. 10(a) that the full-frequency passive output
admittance is always fulfilled, even in the presence of the grid
frequency variation.

The same tests are carried out for the GCC with m= 4 and Kfr

= 0.55. Experimental waveforms are given in Fig. 13. The GCI
operates normally at the nominal grid frequency. When the grid
frequency changes from 50 to 54 Hz, the GCI’s output current
gradually oscillates, which respects the theoretical expectation
in Fig. 8(b) that the negative of the GCI’s output admittance
emerges. According to the FFT analysis result, the oscillation
frequency is around 2 kHz, which can be exactly predicted by
the Bode plot given in Fig. 14.

Set Kfr to 0.2 for GCC, then perform the same tests. Ex-
perimental waveforms are given in Fig. 15. The GCI op-
erates normally, and no oscillations are observed even dur-
ing the frequency transients process, as shown in Fig. 15(b).
The experimental results are in line with the theoretical ex-
pectation in Fig. 10(b) that the full-frequency passive output
admittance is always fulfilled even in the presence of the
grid frequency variation, and thus the system instability is
prevented.

B. Current Quality Enhancement Against the Grid Voltage
Distortion and Grid Frequency Variation

To show the superiority of the designed FARC in harmonics
rejection and power quality enhancement in the presence of the
grid voltage distortion and grid frequency variation, the grid
emulator has added some low-order voltage harmonics (5th 3%,
7th 2.14%, 11th 1.36%, 13th 1.15%, 17th 0.88%, and THD is
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Fig. 12. Experimental waveforms of the ICC with m = 2 and Kfr = 1 in the
presence of grid frequency fg changes from 50 Hz to 54 Hz. (a) Steady-state
50 Hz. (b) Frequency transient process. (c) Steady-state 54 Hz.

4.45%) for the test. During the test, the grid frequency fg changes
from 45 to 55 Hz at a rate of 15 Hz/s.

Experimental waveforms are given in Figs. 16 and 17, and
the output current waveforms are always kept sinusoidal with
THD less than 5%, which complies with the IEEE Std-1547
standard [37], even during the frequency transients process.

Fig. 13. Experimental waveforms of the GCC with m = 4 and Kfr = 0.55 in
the presence of grid frequency fg changes from 50 to 54 Hz. (a) Steady-state
50 Hz. (b) Frequency transient process. (c) Steady-state 54 Hz.

Besides, the harmonic spectra of the controlled current are far
below the standard. However, it’s worth mentioning that the
actual injection current to the grid is the grid-side current for the
ICC and is highly distorted (THD = 5.55% and 5.88%) because
current harmonics can freely flow into the filter capacitor of the
LCL-filter. It’s worth mentioning that during the grid frequency
transient process, the harmonic spectra of the controlled current
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Fig. 14. Bode plots of Y2t(s) and Yg(s) for GCC with m = 4 and Kfr = 0.55.

TABLE IV
COMPARISON OF DIFFERENT STUDY CASES ON RC

are also below the standard line for ICC mode while slightly over
the standard line for GCC mode. The reason is that, compared
with the GCC mode, the ICC mode has a larger feasible value
for Kfr to meet the passivity constraint, which can render a faster
system dynamic response.

With the FFT analysis, the curves of THD for output currents
of ICC and GCC with different RCs in the presence of grid
frequency variation are depicted in Fig. 18. For the conventional
RC (CRC), without the frequency adaptivity mechanism, the
performance severely degrades when the grid frequency bias the
nominal value, which results in a sharp rising in THD of output
current. Conversely, embedding with the frequency adaptivity
mechanism to RC to construct the FARC, the output current’s
THD can always be maintained at a relatively low value below
5% against the wide grid frequency variation, which implies the
necessity of adding the frequency adaptivity mechanism to CRC
to sustain the high performance in the presence of grid frequency
variation.

C. Discussion

Table IV gives some of the latest study cases in the field
of RC design and applications to highlight the merit of the
proposed one. A study case in [12] designed a FARC based on
an improved IIR filter, which can effectively correct the resonant

Fig. 15. Experimental waveforms of the GCC with m = 4 and Kfr = 0.2 in
the presence of grid frequency fg changes from 50 to 54 Hz. (a) Steady-state
50 Hz. (b) Frequency transient process. (c) Steady-state 54 Hz.

gain range of RC and ensure the tracking control accuracy when
the frequency varies. The study case in [18] proposed a hybrid
control scheme that combines a FARC controller with a deadbeat
(DB) controller to obtain fast and accurate control in the presence
of grid frequency variation and load changes. The study case in
[38] introduces the parallel structure for the repetitive controller
(PSRC). They have the advantage of fast dynamic response
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Fig. 16. Experimental waveforms of the ICC under distorted grid voltage and
in the presence of grid frequency changes from 45 to 55 Hz. (a) Steady state
45 Hz. (b) Frequency transient process. (c) Steady-state 55 Hz.

speed. Study case [4] proposed a novel frequency adaptive
fast repetitive control (FAFRC) for APF with SiC-MOSFET
inverter to achieve optimal performance in variable frequency
girds through changing order N of RC.

The common drawback of the above study cases is that
they are all designed on the basis of the system’s closed-loop
transfer function, which can only assess the internal stability
of an individual GCI, and their external stability is unknown.

Fig. 17. Experimental waveforms of the GCC under distorted grid voltage and
in the presence of grid frequency changes from 45 to 55 Hz. (a) Steady-state
45 Hz. (b) Frequency transient process. (c) Steady-state 55 Hz.

Passivity-based RC is studied in [22] to guarantee the system’s
external stability. However, frequency adaptability is not con-
sidered. In this article, a stricter passivity constraint is imposed
on the FARC design to guarantee the system’s external stability
in the presence of grid frequency variation. Sometimes, it will
result in a sluggish dynamic response speed, such as for the GCC
mode in the article.
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Fig. 18. Curves of THD for output currents of ICC and GCC with different
RCs in the presence of grid frequency variation.

V. CONCLUSION

This article investigates the external stability issue of LCL-
type GCIs with FARC from the perspective of output admit-
tance’s passivity. It finds that the frequency adaptive mechanism
of FARC associated with the grid frequency variations may raise
the negative conductance in the GCI’s output admittance, which
will jeopardize system stability. An optimization problem with
constraints on internal stability, passivity compliance, and grid
frequency variation is established to design the FARC param-
eters. The method is applicable for LCL-type GCIs with ICC
or GCC structures to maintain the full-frequency passive output
admittance against the grid frequency variation. Therefore, a
sufficient stability condition and high control accuracy can be
achieved simultaneously regardless of grid voltage distortion
and grid impedance or frequency variations. Finally, experi-
ments validate the theoretical findings.

The grid frequency variations and the frequency adaptive
mechanism of FARC may also affect the system stability when
applied to the island mode inverter, the study about this will be
the future work.
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