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Abstract

Owing to the increased penetration of a distributed generation system, a single-phase grid-connected inverter (SPGCI)
with inductive-capacitive-inductive (LCL) filter has been widely used in a small-scale power generation system.
However, for a grid-connected inverter-based generation system, power quality is affected by the resonance problem
caused by LCL filter, and a control strategy is required. To enhance the power quality in a generation system that has
SPGGI with an LCL filter, a dedicated control scheme based on grid voltage feedforward (GVFF) and a double-loop
control that is composed of capacitor current feedback (CCF) and a proportional-resonant (PR) controller were proposed.
CCF-based resonant damping was analyzed on the basis of a mathematical model. The control including PR and GVFF
was also analyzed. The feasibility was verified through simulation. Results show that CCF-based active damping can
effectively suppress resonant peak, generating a frequency characteristic similar to that of passive damping, but without
power loss. The technique composed of double-loop control and GVFF exhibits various strengths, such as high steady-
state accuracy and low total harmonic distortion below 5%, ensuring the high quality of injected grid current. This study

can offer a reference for the control of SPGCI.
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1. Introduction

On the one hand, economic development imposes increased
energy demands. On the other hand, the extensively used
fossil energy could generate various harmful emissions,
resulting in environmental pollution [1]. Consequently,
using alternative energy to replace or supplement fossil
energy has become an urgent problem to be solved.
Renewable energy, such as solar energy and wind energy, is
abundant and pollution-free and has attracted increasing
attention [2]. For solar energy, one main application is its
conversion into electrical energy by using a distributed
generation system (DGS).

Generally, a small-scale photovoltaic (PV) DGS
depends on a single-phase grid-connected inverter (SPGCI)
to realize energy conversion, in which the direct current (DC)
from a PV panel is converted into alternating current (AC)
injected into the grid. Thus, for SPGCI, its performance will
greatly influence the overall performance of a generation
system. Its control has received increased focus [3]. In
SPGCI, a filter is an essential component used to eliminate
the switching harmonic introduced by pulse width
modulation (PWM). Compared with inductive and inductive-
capacitive filters, an inductive-capacitive-inductive (LCL)
filter presents better performance in terms of smaller current
ripple, higher harmonic attenuation, and smaller volume, and
it has become a favorable choice for a grid-connected
inverter (GCI) [4]. Nevertheless, the frequency response
curve of an LCL filter exhibits a peak at resonant frequency
( f. ), resulting in a resonance problem. It can cause
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oscillation, deteriorate power quality, and even destabilize a
system under a severe condition [5]. Therefore, the
resonance problem has become a challenge for GCI with an
LCL filter.

Consequently, different studies have focused on the
control of an LCL-type GCI, and passive damping (PD)
methods have been employed [6-9]. Although a PD method
can suppress the resonant peak, the damping component will
generate power loss, resulting in decreased system efficiency.
Thus, for GCI with an LCL filter, resonance should be
suppressed to ensure system stability and efficiency, and
reference current should be tracked to provide high-quality
current injected into the grid.

Accordingly, this study proposes capacitor current
feedback (CCF)-based active damping (AD) to suppress
resonance. A hybrid method integrated with proportional-
resonant (PR) and grid voltage feedforward (GVFF) control
is used to enhance power quality. The theoretical analysis
and parameter design are given on the basis of mathematical
modeling, offering a guideline for the control of SPGCI with
an LCL filter.

2. State of the art

Many investigations have focused on the control of GCI
with an LCL filter. Xu et al. [10] proposed a split capacitor-
based damping method for a three-phase GCI, in which an
additional capacitor was connected in parallel with the filter
capacitor. This method could realize resonance suppression,
gain reduction at high frequencies, and improved filter
performance. However, the resistor in series with the filter
capacitor would still generate power loss. Xu [11] suggested
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an AD method by generating a virtual resistor connected in
parallel with the filter capacitor branch. The impact of
frequency response on the system was analyzed using a
mathematical model. The effectiveness was verified through
simulation. Although this method could achieve resonant
damping, the influence of the virtual resistor value on the
damping result was not illustrated. As a result, an
inappropriate value might diminish the effectiveness of this
method. Yang et al. [12] also proposed a CCF-based method
to suppress resonance. A proportional-integral (PI) controller
was employed to regulate the output current. The simulation
results confirmed its performance. Nevertheless, the PI
controller was more suitable for DC signal than AC signal.
The controller could not realize zero steady-state error for
AC signal. Bierhoff et al. [13] also presented PI approach
based control for an inverter with an LCL filter. In
accordance with the Nyquist criteria, the parameter range for
the PI controller to guarantee system stability was given.

Wau et al. [14] used CCF to damp resonance and applied
a PR controller to adjust grid current in a synchronous
reference frame, also called dg frame. Its feasibility was

ascertained through simulation. However, a single-phase
inverter system has no orthogonal signal in a stationary
reference frame, also called @B frame. Therefore, its

realization with coordinate transformation from ¢f frame
to dq frame requires artificially constructed orthogonal

signal generation, which can be obtained using various phase
shift methods. This requirement increases the complexity.
Song et al. [15] proposed a state observer based method to
resolve the resonance issue. A PI controller was
implemented on dg frame. This implementation led to a

similar problem, that is, the construction of dg frame. The

state observer also increased its complexity. Tang et al. [16]
presented decoupling control for d- and g-axis current based
on state feedback for SPGCI. Geddada et al. [17] adopted a
PI controller on dg frame for a three-phase inverter.

Dang et al. [18] proposed improved sliding mode control
with CCF to reduce the total harmonic distortion (THD) of
grid current. The performance was assessed via simulation in
the MATLAB/Simulink platform. Nonetheless, this method
was applied to a three-phase GCI and performed in dg

frame. Hence, it could not directly be employed to SPGCI.
Zhu et al. [19] suggested a two controller-based scheme, in
which one is used to damp resonance by using grid current
feedback, and the other one is used to regulate grid current.

This approach was only considered for a three-phase inverter.

Moreover, two controllers must be implemented in a
stationary o frame. Thus, this scheme is unsuitable for

SPGCL

Eldeeb et al. [20] proposed the Kalman filter to estimate
capacitor current to suppress resonance, but without current
sensor. Despite its merit, this method has complex
computation and must obtain the current and voltage in «f3

frame. Li et al. [21] presented a double-loop scheme with
capacitor current and grid-side current to control resonant
peak. This technique increases the system order. The
capacitor current is fed back to input by a PI controller,
thereby increasing the burden for parameter design and
tuning. Sosa et al. [22] developed an indirect method to
suppress resonant peak and regulate injected grid current for
GCI with an LCL filter. The main feature of this method is
that the injected grid current is indirectly regulated. In fact,
its regulation is realized by adjusting inverter-side current on
the basis of estimated inverter-side reference current and
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grid voltage. Theoretical analysis on system stability and
error and experimental results were also presented. However,
the estimation algorithm for inverter-side current is
cumbersome. Parameter variation may cause an increased
error of the inverter-side current, thus deteriorating power
quality.

Bighash et al. [23] developed a model predictive
control (MPC) based method to adjust inverter current. This
methodology is robust and is adaptive to grid impedance
variation and even LCL filter parameter variation. In its
realization, the switching plan and duty cycle are obtained
using a cost function and a switching table, respectively.
Nevertheless, the cost function computation requires DC bus
voltage. An orthogonal signal must be generated for control
purpose. Similarly, Young et al. [24] presented an MPC-
based technique for controlling a voltage source inverter
with an LCL filter. When this method is used, no additional
damping is needed. This method asserts less computation
time compared with the traditional MPC approach.
Irrespective of these strengths, this method could only be
applied to inverter running in isolated mode rather than grid-
connected mode.

Guzman et al. [25] presented a state observer based
model for a three-phase inverter. Resonant damping was
implemented only using estimated inverter-side current.
Experimental results were provided to substantiate its
effectiveness. Benrabah et al. [26] proposed a Pade
approximation based model for a three-phase inverter.
Active disturbance rejection control was employed to
resolve the problem from an LCL filter. Nonetheless, the
two proposed methods are complex, and both were applied
to a three-phase system. Yang et al. [27] presented the
application of capacitor current to resonant damping. Grid
current was regulated using a one-cycle control based
method. Although the simulation results demonstrated its
veracity, this technique is for a Z source inverter. Zheng et al.
[28] presented a passivity-based controller for GCI with an
LCL filter. The controller parameters were optimized using
the particle swarm optimization algorithm. Alamri et al. [29]
applied a genetic algorithm to optimize the LCL filter
parameter for a multilevel inverter. Simulation analysis was
conducted in the MATLAB/Simulink platform.

The above studies have presented several main issues,
such as power loss, control realization in dg or of frame

instead of a natural frame, a relatively large steady-state
error, and relatively complex control algorithms. By contrast,
the CCFAD method features simplicity and effectiveness.
The PR controller can eliminate steady-state error when it is
applied to AC signal. Under such context, this study
recommends a hybrid method with CCFAD and PR to
control SPGCI with an LCL filter. GVFF is added to
facilitate control performance.

The rest of this study is organized as follows. Section 3
describes the system of SPGCI with an LCL filter. Its
mathematical modeling, control scheme, and parameter
design are also presented. Section 4 provides the simulation
result to verify the proposed method. Lastly, the conclusion
is drawn in Section 5.

3. Methodology

3.1 Single-phase grid-connected mathematical model
Fig. 1 shows the system diagram for SPGCI with an LCL
filer. v, represents the DC power, which can be from a DC

power supply or renewable energy, such solar energy or
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wind energy. The four power switches, namely, S1, S2, S3, _o 1 [L+1, 4)
and S4, are together to form a full-bridge circuit with a "2z 27\ LL,C

function to convert DC into AC. The LCL filter is located

between the inverter and grid. Its function is to impede the Fig. 3 plots the bode diagram for the transfer function of

harmonic from the inverter. Z, and L, are the inverter- and i, with respect to ¥ . The amplitude-frequency curve has
grid-side inductance, respectively. Both equivalent series peak at /. At the same frequency, the phase-frequency

ist lected. is the filt itor. L d .
resistances are neglected. C s the filter capacitor. L, an curve has a step change from —90° to —270°. As mentioned

Rg are the grid inductance and resistance, respectively. VPCC before, this peak may lead to oscillation and even system
instability, causing a difficulty in current regulation.

Consequently, the resonant peak should be suppressed.

Bode Diagram

denotes the point of common coupling, and 7, is the grid

voltage.

T

1001
)
=
g o
=
& -100f
=
Fig. 1. System diagram of SPGCI with an LCL filter -200[
Assuming that the grid is ideal, L, and R, are ignored. -90
Thus, on the basis of the KVL law, the LCL filter can be éﬂ -135f
expressed as the following differential equation: 2 -180f
<
= -225f
dil :
Vinv:LlE*—Vc =270 I |
di 1
V=L, 24V M 10" 10° 10* 10° 10°
¢ | e 8 Frequency (Hz)
Ve= Eficdt Fig. 3. Bode diagram of the LCL filter
Q=i +i
b2 3.3 Double loop with GVFF control
o ) To illustrate the proposed method, the PD based on inserting
where , is inverter output voltage, 7, is voltage of filter R, in series with the filter capacitor C is first explained. Its

capacitor voltage, i and i, are inverter- and grid-side  ,0del is shown in Eq. (5), and the bode diagram with
current, respectively. different values of R, is plotted in Fig. 4. The resonant peak

Eq. (1) can be transformed into s domain via Laplace g evidently diminished as the value of R, is increased. The
transformation. The derived block diagram for an inverter

with an LCL filter is shown in Fig. 2, where ¥ denotes larger the value of R, is, the better the damping is. However,

the inverter modulation signal, and Ginv represents the R, will lead to low power. A positive correlation exists

sinusoidal PWM. Given that the switching frequency ( £, ) between R, and power loss. This aspect is one of the main
of the inverter is much higher than that of the grid ( f; ), the disadvantages for such a PD method.
PWM inverter can be approximated as

G[nv (S) = prm = Vdc/V;r[ (2) G, . (S) — SCRd +1 (5)
LR S’ LL,C +s*(L, + L,)CR, +s(L, + L,)

Bode Diagram

where V. is the DC voltage, and ¥, is the triangular carrier

peak.

Vinga Ginv(s) Vins
mv(s
’ ¥

Magnitude (dB)
9
<

-100[
Fig. 2. Block diagram of an inverter with an LCL filter
-150
3.2 Resonance problem of an LCL filter A _9()'
The transfer function of the LCL filter in Fig. 2, that is, the é" 135F
transfer function of i, with respect to ¥, , can be expressed 2 _1sob
as Eq. (3), and the resonant frequency and angular frequency 5 2225
(w, ) are written as Eq. (4). 270t = i
i 10° 10° 10 10°
G (s)= 3) Frequency (Hz)

3
LLC+s(L+L
g sth 2) Fig. 4. Bode diagram of PD for an LCL filter for different R,
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Accordingly, this study adopts a double-loop control
strategy consisting of CCF and a PR controller to damp
resonance and regulate injected grid current. The control of
GVFF is also added. Fig. 5 depicts the block diagram, where

G, represents the GVFF gain and can be approximated as
/K, [30], K

pwm c

is the damping gain, and G,(s) is the

current controller proposed by means of PR. An ideal PR
controller can be written as follows:

Kr*s
G pp(s) = Kp + ——— (6)
s°+ o,

where K, and K, denote the proportional and resonant
gains, respectively. @, is the resonant frequency. In theory,
an ideal PR controller has an infinite gain at @, , which can

eliminate steady-state error. Nonetheless, the gain at other
frequencies is zero. In other words, the control bandwidth is
insufficient. Consequently, an ideal PR controller cannot
guarantee high performance when grid frequency fluctuates.
Thus, a nonideal PR, also called quasi-PR, is applied to
address this defect. Its mathematical expression is as
follows:

2K .w,s
Goo(s) =K, + e @S (7
=K, "+ 20,5 +w,”

where @, is the resonant bandwidth.

Fig. 5. System block diagram for GCI with CCFAD

3.4 Double-loop parameter design

For further analysis, Fig. 5 can be equivalently transformed
into Fig. 6, where G1 and G2 are Egs. (8) and 9, respectively.
The control scheme is a double-loop structure, in which the
inner loop is a resonant loop, and the outer loop is a current
loop. Usually, for such a double loop, the dynamic response
of the inner loop is faster than that of the outer loop. Thus,
the parameter of the inner loop should be designed first.

K,
G()=— pum 8)
s'LC+sK,,, K.C+1
2
Gy(s) = s LC+sK,,, K.C+1 9)

S'LLC+s’K,,, K L,C+s(L +L,)

pwm™ e

Gff

Gi(s)

Gi(s) »>

+
X
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Gff

i2_ref

4:_?_7 Gi(s) » Gi(s) » Gas) T

(b

Fig. 6. Equivalent block diagram for GCI with CCFAD

=

(1) CCFAD parameter design

The task of parameter design for CCFAD is to determine the
damping gain K. ¥, can be neglected as it is a disturbance
signal. Hence, the transfer function of i, with respect to U,
can be expressed as follows:

K (10)
SLLC+5K,, K L,C+s(L, +L,)

pwm

G cor(®=

Fig. 7 illustrates the bode diagram for G, with

CL _CCF
different X . The resonant peak decreases as K, increases.
This trend is similar to that of the PD method. The proposed
AD and PD can suppress resonant peak, improving system
stability. Nevertheless, the proposed AD only introduces
capacitor current as a feedback variable, without causing any
power loss. On this basis, AD is advantageous over PD,
confirming the preceding discussion. The larger K, is, the

better the damping effect is. Increasing K, will cause a

reduction in the inner loop bandwidth.
Bode Diagram

50r IR

Magnitude (dB)

Phase (deg)

el : — il

10° 10° 10 10
Frequency (Hz)

Fig. 7. Bode diagram of CCFAD for different Kc
(2) PR parameter design

After designing the inner loop parameter, the PR controller
parameters should be selected. The impact of K .o K, and

@, on G,, is shown in Fig. 8. K  will affect the PR

amplitude at all frequencies. In particular, the amplitude will
increase as K, is increased. On the contrary, K, only varies

the amplitude at frequencies around f,. The resonant peak
will increase as K, is increased. The resonant bandwidth is
influenced by @, . The larger «, is, the wider the resonant
bandwidth is. In general, @, can be set to be 7, given that



Zhuo Meng, Lei Guo and Yize Sun/Journal of Engineering Science and Technology Review 14 (5) (2021) 156 - 162

grid frequency normally fluctuates in a small range [31]. In
accordance with these characteristics, the PR controller
parameters can be appropriately selected. The designed
parameters for PR are K, =0.2, K,=0.09, and K, =10. The

corresponding bode diagram is shown in Fig. 9.
Bode Diagram

Magnitude (dB)

o
(]
=
2 0
<
<
(=W
-451 1
10" 10° 10°
Frequency (Hz)
(@)
Bode Diagram
30 LR | T
)
Z 20f 1
L
o
2
2 |
=11}
<
=
P
=
Q
3
=
& 45
-90 *
10' 10° 10°

Frequency (Hz)
(b)

Bode Diagram

Magnitude (dB)

(=}

Phase (deg)

-30

Frequency (Hz)
(©
Fig. 8. Bode diagram of the PR controller for (a) different Kp ,(b)

different K, and (a) different @, .
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Bode Diagram

Magnitude (dB)

-135
-180
-225

270
10°

Phase (deg)

10' 10°
Frequency (Hz)
Fig. 9. Bode diagram of the GCI open loop.

4 Result Analysis and Discussion

To evaluate the performance of the proposed control
strategy, several scenarios are simulated in the
MATLAB/Simulink environment. Related parameters are
listed in Table 1, and controller parameters are given as
mentioned before.

Table 1. System parameters

Symbol Parameter Value
L, Inverter-side inductor 4.5mH
L, Grid-side inductor 1.5mH
C Capacitor 3pF
Vi DC bus voltage 400V
Sow Switching frequency 10kHz
V, Grid voltage (RMS) 220V
1o Grid frequency 50Hz

4.1 Steady-state performance
To assess the control performance under steady state, the

injected grid current is shown in Fig. 10, where 7, . is the

grid reference current, and i, is the injected grid current.

i, ., is well tracked by 7, . i, shows low current ripple and

no distortion. That is, the injected grid current is in phase
with grid voltage, inducing a high-power factor.
Furthermore, CCFAD can effectively suppress resonance,
ensuring system stability. The waveform also manifests the
high performance of the proposed scheme based on PR and
GVFF. Fig. 11 presents the resulting THD for injected grid
current, which is equal to 2.33% and below 5%. This THD
satisfies related IEEE standard. This finding demonstrates
the performance of the advocated approach.
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Fig. 10. Injected grid current waveform under steady state.

0.05 0.1 0.3
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Fig. 11. Injected grid current THD under steady state.

80 100

4.2 Transient performance

The reference current with a step change is considered to
examine the transient response by using the proposed
method. The resulting response curve is displayed in Fig. 12,
where i, ., is abruptly changed from 3 A to 6 A at

approximately 0.15 s. i, . curve is still well followed by

curve, but without evident overshoot. Hence, the

iZ
proposed approach shows a high dynamic response.

= = =i2_ref

—_—i2

Grid Current(A)
(=}

-6
0 0.05 0.1 0.15
Time(s)

Fig. 12. Grid current waveform under step change.

0.2 0.25 0.3

4.3 Performance of GVFF control

Fig. 13 illustrates the injected grid current waveform by the
proposed double-loop control but without GVFF. The
injected current is relatively worse than that in Fig. 10.
Owing to the absence of GVFF control, a large error exists
between actual current and reference current in the first half
cycle. This finding manifests the effectiveness of GVFF
control.

= = =i2_ref|

—_—12

Grid Current(A)

-6 . " . . .
0 0.05 0.1 0.15 0.2 0.25

Time(s)

Fig. 13. Injected grid current waveform using control without GVFF

0.3

5. Conclusions

To obtain high-quality electric power for a generation
system with SPGCI with an LCL filter, double-loop control
with a GVFF-based control scheme is presented in this study.
The resonant damping characteristics and a PR controller
with parameter design are analyzed using a numerical
simulation technique. The conclusions are drawn as follows:

(1) CCFAD can effectively suppress the resonant peak,
ensuring system stability. It presents the advantages of
simplicity and no power loss, leading to increased system
efficiency.

(2) The PR controller can realize grid current control with
such features as high steady-state accuracy, low THD, and
fast response.

(3) GVFF control can enhance the fast tracking for grid
current.

In this study, a dedicated scheme is presented to
accomplish the control for SPGCI with an LCL filter via
theoretical analysis and simulation experiment. CCF-based
AD is recommended. Meanwhile, PR and GVFF control are
combined to control injected grid current. The proposed
approach is simple and effective and can be a design
guideline for GCI control. Nevertheless, the situation for a
weak grid is not considered. In view of this limitation, the
future study can be conducted under a weak grid.

This is an Open Access article distributed under the terms of the
Creative Commons Attribution License.
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