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LCL-type converters are widely used in grid-connected systems due to their small size and good filtering performance. However,
the resonance suppression problem brought by the LCL filter cannot be ignored. 2e capacitive current feedback is a commonly
used resonance suppression method. In applications, the grid impedance can cause LCL filter resonance.2us, this paper presents
an adaptive resonance suppression method based on the RBF network optimized by particle swarm optimization. 2is method
optimizes the initial parameters of the RBF network through particle swarm optimization, identifies the parameters of the PI
controller by RBF neural network’s own identification capability, and updates the active damping coefficient based on constraints
such as stability margin, thereby realizing the LCL-type inverter tomaintain the system stability when the grid impedance changes.
2e effectiveness of the method is verified by experiments.

1. Introduction

Renewable energy based distributed power generation
system (RE-DPGS), as an efficient and highly promising
power generation method, plays an important role in
modern power grid systems [1]. As a power interaction
device between the renewable energy power generation
system and the smart grid, the LCL converter plays a pivotal
role in the modern smart grid [2]. However, as the LCL
filter is a third-order system, its own resonant peak is also a
key factor threatening the stability of the grid-connected
converter system [3, 4]. 2erefore, the research on the
suppression of LCL converter resonance has practical
significance for improving the system’s operating efficiency
and reliability.

At present, a great number of studies have been con-
ducted on the methods of suppressing the harmonic reso-
nance of LCL-type inverter, including passive damping and
active damping methods [5, 6]. Passive damping is worked
by connecting the LCL filter capacitor in parallel or in series
with a damping resistor to achieve resonance suppression.
Compared with the passive damping method, the active

damping method uses an optimized control method to solve
the resonance problem of the LCL converter, can avoid
additional power loss, and is widely used in medium and
high power converter systems. Active damping mainly in-
cludes the state feedback method [7], notch-based damping
control method [8], and harmonic current extraction
technique-based damping method [9].

2e commonly used controllers in the grid-connected
converter control strategy are the PR controller [10], PI
controller [11], repeated control [12], and fuzzy control and
hysteresis control [13]. 2e PR controller can suppress the
grid harmonics effectively, but when the harmonic fre-
quency of the grid approaches the cut-off frequency of the
system, the PR controller will reduce the phase angle margin
of the system and cause system instability. 2e PI controller
can improve the steady-state performance of the system and
suppress harmonics which is smaller than the cut-off fre-
quency fc and ensure that there is no steady-state error
adjustment to achieve stable operation of the grid system.
2e accuracy of hysteresis control is affected by the loop
width and switching frequency. Fuzzy control rules are
based on experience, and the system’s steady-state tracking
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ability is poor. Repetitive control works based on the intimal
principle and the dynamic characteristics of the system
affected by the intimal are poor. However, no matter which
kind of controller is used, its parameters are designed under
the standard condition, and the high accuracy of the system
model is required. When the impedance of the grid changes,
it will affect the steady-state error of the system and the
power quality of the grid-connected system.

2is paper presents a resonance suppression strategy
based on particle swarm optimization to optimize the RBF
neural network and closed-loop parameter design method
for LCL-type grid-connected inverter. According to the
change of grid impedance, this strategy can set appropriate
PI controller parameters through the recognition ability of
RBF neural network and get the relationship capacitor
current feedback coefficient with constraints of phase angle
margin, amplitude margin, and system damping ratio, so as
to calculate the optimal feedback coefficient of the PI
controller parameter. It is verified based on the SIMULINK
simulation platform.

2. LCL-Type Inverter Mathematical Model

2e control structure of the single-phase grid-connected
converter is shown in Figure 1. 2e DC power supply ud is
the inverter input; Cdc is the DC side capacitor; iinv is the
inverter output current; uinv is the inverter output voltage; C
is the filter; uc is the filter capacitor voltage; L1 is the inverter
side inductor; L2 is the grid side inductor; ic is the capacitor
current, ig is the grid-connected current; ug is the grid
voltage; the switching device is a symmetrical switch bridge
arm. 2e device is an ideal device.

2e grid-connected converter control strategy shown in
Figure 1 is as follows. 2e error value between grid-con-
nected current and reference current containing grid phase
and frequency information, through controller and pulse
width modulation strategy (SPWM) module, generates the
modulation pulse to control the power switch on and off.
2is can make the output current of the grid-connected
converter have the same phase information with the grid
voltage and ensure that the THD of the output current of the
grid-connected converter meets the grid-connected stan-
dard. According to the electrical attribute relationship be-
tween the various components, the control block diagram of
the single-phase grid-connected converter can be obtained,
as shown in Figure 2.

2e open-loop transfer function of the grid-connected
system is

GO(s) �
GPIKpwm

s3L1L2C + s2L2CHi1Kpwm + s L1 + L2( 
. (1)

3. Resonance Analysis

3.1. LCL Grid-Connected Converter Resonance Analysis.
2e analysis in this paper only involves higher harmonics,
and the ideal grid voltage only works at the fundamental
voltage. 2erefore, this paper only considers the grid voltage

as the influence of the disturbance. 2e transfer function of
uinv to grid-connected current ig from Figure 1 is

Y(s) �
ig(s)

uinv(s)
�

1
s s2L1L2C + L1 + L2(  

. (2)

It can be seen from the above equation that the resonant
angular frequency of the LCL filter is

ω0 �

������
L1 + L2

L1L2C



. (3)

3.2. Considering the Resonance Analysis of Grid-Connected
System under Grid Impedance. In the grid-connected sys-
tem, the magnitude of the grid impedance can affect the
work performance of the LCL filter. 2e grid impedance is
mainly inductive, which is expressed by Lg. 2e grid-con-
nected current is affected by LG which is the sum of the grid
side inductance and the grid impedance (LG � L2 +Lg), so
that the transfer function of uinv to grid-connected current ig
is

Y(s) �
ig(s)

uinv(s)
�

1
s s2L1CLG + L1 + LG(  

. (4)

2en, the resonant frequency of the transfer function is

ωr �
1

��������������������������
C•L1• L2 + Lg / L1 + L2 + Lg 

 . (5)

Figure 3 shows the Bode plot of the transfer function Y
(s) considering the grid impedance and the ideal grid im-
pedance, respectively. 2e filter parameters are shown in
Table 1.

It can be seen from Figure 3 that as the grid impedance
becomes larger, the system resonance changes. 2e LCL
filter has a resonance peak at the frequency ωr1 and ωr2, and
the phase information in both cases is traversed by −π in the
negative direction. According to the control theory, the
negative crossing will generate a closed-loop pole in the right
half plane, which will cause the unstable operation of the
grid-connected converter system. After considering Lg, the
resonant angular frequency of the inverter grid-connected
system will move to the low-frequency band. Obviously, it is
difficult to maintain stability without the damping sup-
pression resonance.
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Figure 1: Control structure of the grid-connected converter.
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4. Strategy Analysis

4.1. Capacitive Current Feedback Active Damping.
Capacitive current feedback active damping uses a control
method to modify the resonant frequency characteristics of the
LCL filter. As shown in Figure 4, this method can effectively
suppress resonance spikes without reducing the low-frequency
gain and high-frequency harmonic attenuation of the LCL filter
and increasing the extra power loss of the system.

4.2. Selecting the Capacitor Current Feedback Coefficient.
2e PI controller can reduce the current harmonics at the grid-
connected point and improve the quality of the grid-connected
power. 2e selection of the appropriate capacitor current
feedback coefficient in the stable operation of the grid-connected

system is greatly affected by the PI controller parameters and the
stability margin of the system [14]. So, Hi1 design can be
summarized as follows. According to the relationship between
the amplitude margin GM of the grid-connected converter, the
phase margin PM, andHi1, Kp, Ki, we calculated the range ofHi1
and determined the optimal value. Next, the relationship be-
tween Hi1, Kp, Ki, and PM, GM is analysed in detail. 2e pa-
rameters used in the calculation are shown in Table 1.

When using capacitor current compensation, different
compensation coefficients have different suppression effects
on resonance [5]. When the Hi1 value is large, it has a better
damping effect on the resonance frequency fr and hardly
affects the amplitude-frequency characteristics of the high-
frequency and low-frequency bands; as the Hi1 value in-
creases, the phase angularmargin becomes smaller.2erefore,
selecting various Hi1 values can affect the phase angle margin
and amplitude margin of the grid-connected system.

Figure 5 shows the inner loop Bode diagram of the grid-
connected system when Kp and Ki take different parameters.
First, the Ki parameter is fixed and the Kp parameter is
adjusted; then, the Kp parameter is fixed and the Ki pa-
rameter is adjusted. It can be seen that as the Kp parameter
increases, the phase angle margin increased and the am-
plitude margin reduced; while setting the larger value of the
Ki parameter, the phase margin reduced, and there is almost
no effect on the amplitude margin. 2erefore, when cal-
culating the amplitude margin, the PI controller can be
regarded as the Kp proportional controller.
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Figure 3: Bode diagram of the transfer function Y (s).

Table 1: Grid system parameters.

System parameters Value
Converter side inductance (mH) 1
Grid side inductance (mH) 0.2
Filter capacitor (μF) 20
Fundamental frequency (Hz) 50
Switch frequency (kHz) 10
Inverter output power (kW) 3.7
Learning rate (η) 0.2
Momentum factor (zc) 0.1
DC side voltage (V) 400
Power voltage (V) 220
Grid inductance (mH) 1
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Figure 4: Capacitive current feedback damping.
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Figure 2: Block diagram of the control system of the single-phase grid-connected converter.
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In order to make the system have good dynamic
performance and robustness, it is necessary to ensure that
PM is in the (30°, 60°) range and GM (fr) > 3 dB (consid-
ering the 3 dB margin) is at the resonant frequency ωr.
Selecting the system’s phase angle margin PM > 30°, Hi1
needs to meet

PM � 180° + ∠G−0 j2πfc( ≥ 30°. (6)

We bring the formula (1) into (7) and sort out

Hi1 ≤
A − B

2πfc( 
2
L2CKpwm

, (7)

where

A � tan −30° + arctan 2πfc

Kp

Ki

  ,

B � 2πfc( 
3
L1L2C + 2πfc(  L1 + L2( .

(8)

2e amplitude margin GM of the grid-connected system
is

GM � −20log G−0(j2πf)r


≥ 3dB. (9)

We bring formula (1) into formula (9) and replace the PI
controller GPI (s) with the proportional regulator KP.

Hi1 ≥
10GM/20KpwmKp1

������
L1L2C


L1

L1 + L2( 
3/2

Kpwm
. (10)

Reference [15] deduces the relationship between Hi1 and
system damping ratio ζ and the relationship between system
damping ratio ζ and α:

Hi1 ≥ 2L1ζ

������
L1 + L2

L1L2C



, (11)

ζ >

����������������

1 −
����������
1 − 1/101/5α

√
( 

2



, (12)

where α� fc/fr. For the convenience of calculation, we ig-
nored the filter capacitor branch and used a single L-type
filter instead of the LCL filter.2e current inner loop transfer
function can be simplified as

G(s) ≈
KpwmKp1

s L1 + L2( 
. (13)

Since the current inner loop gain is 1 at the cut-off
frequency fc,

G j2πfc( 


 � 1 ≈
KpwmKp1

s L1 + L2( 
. (14)

2e relationship between fc and KP can be obtained as
follows:

fc ≈
Kp1Kpwm

2π L1 + L( 2
. (15)

Bringing formulas (12) and (15) into formula (11), the
capacitance current coefficient can be obtained Hi1_ζ under
the constraint of damping ratio ζ:

Hi1−ζ > 2L1

����������������

1 −
�����������
1 − 1/10fc/5fr

√

2



. (16)

If the parameter of Kp controller is adjusted due to
operational requirements, the cut-off frequency fc will also
change, and a higher fc value will promote the dynamic
response of the system. Generally, the resonance frequency fr
is larger than the cut-off frequency fc, so is the ratio α be-
tween [0, 1]. When the system damping is fixed, the smaller
the α value, the better the damping effect of the system’s
resonance. When the cut-off frequency fc is constant, the
larger the damping ratio, the smaller the resonant peak.

As can be seen from the above, under the requirement of
the phase margin and amplitude margin of the stable op-
eration of the system, an appropriate value of Hi1 can make
the system show better dynamic response without affecting
the steady state of the system. 2erefore, the selection
process for the current inner loop parameters Kp, Ki, andHi1
is as follows:

(1) Substitute the controller parameters KP and Ki into
formula (7) and (10) to obtain the value range
[Hi1_min, Hi1_max] of Hi1.

(2) Determine the cut-off frequency fc of the system and
substitute it into formula (16) to calculate Hi1_ζ
under the condition of the damping ratio.

(3) Confirm whether the result of Hi1_ζ satisfies the
range of Hi1. If it is satisfied, select the larger values
between Hi1_min and Hi1_ζ. Otherwise, select Hi1_min.
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From the above analysis, the selection of the capacitive
current feedback coefficient is affected by the controller
parameters, so determining the appropriate PI parameters is
very important for the system resonance damping.

5. Parameter Optimized Method Based on
Particle Swarm Optimization to
Optimize RBF

5.1. RBF Neural Network. Moody and Darken proposed the
RBF neural network in 1989 and verified that the network
has the best nonlinear approximation performance. RBF
neural network has the advantages of fast learning speed and
global approximation ability. Compared with BP neural
network, it shows stronger universality and is widely used in
various fields [16]. 2e RBF neural network is a three-layer
feed-forward network, and its structure is shown in Figure 6.

Figure 6 shows a typical structure of an RBF neural
network. 2e RBF network includes a signal input layer, an
intermediate hidden layer, and an output layer. In the figure,
x� [x1, x2, . . ., xl]T ∈Rl is the network input vector, and
cj � [c1, c2, . . ., ci, . . ., cm]T is the data center vector of the RBF
network hidden layer, i� 1, 2, . . ., n. wij is the weight vector
of the middle layer to the output layer.2e network output is
y� [y1, y2, . . ., yn]T, and ϕj (∗) is the radial basis function of
the jth hidden node. 2e radial center network is sym-
metrical about the data center of the hidden layer, and the
smaller the difference between the input signal and the data
center, the higher the degree of the activation of this node,
which is a local characteristic of the radial base network.
Gaussian functions are often used as radial basis functions:

ϕi(x) � exp −
x − ci

����
����
2

2σ2i
⎛⎝ ⎞⎠, (17)

where i� 1, 2, . . ., n. σ � [σ1, σ2, . . ., σm]Τ is called the basis
function width or expansion coefficient, which means that
different function values are calculated under the same input
data and data center distance.

2erefore, for an RBF network, each node of the hidden
layer will have its own corresponding data center. It can be
seen from Figure 6 that the output of the kth output node of
the RBF network can be expressed as

yk � 
m

j�1
wijϕj x − cj

�����

�����, σj , (18)

where the input vector x is consistent with the dimension of
cj.

5.2. Particle SwarmOptimization for RBF. 2e conventional
gradient descent training method of the RBF network is
easy to fall into a local optimum, so the initial value of the
network parameters will affect the identification of the PI
parameter values. 2erefore, this paper uses particle swarm
optimization (PSO) to optimize the network. Particle
swarm optimization is one of the most mature and widely
used adaptive probability search optimization algorithms
in evolutionary algorithms [17, 18]. A flow chart for

optimizing the initial weight of the RBF neural network
based on the particle swarm optimization is shown in
Figure 7.

2e fitness function of the particle swarm optimization
uses the error function to calculate the individual fitness:

E �
1
L



L

j�1


p

k�1
djk − yjk 

2
, (19)

where yjk is the actual output of the neuron k corresponding
to the jth sample input and djk is the expected output of the
neuron k.

2e PSO optimize RBF neural network process is as
follows:

(1) Determine the initial population. 2e data center ci,
the expansion coefficient σ, and the weight Wj
population size are determined according to the
network structure.

(2) Encode individuals. In this paper, the data center ci
and the expansion constant are arranged in a cross,
and the weight is placed at the back. Among them,
the data center ci and the extended constant have a
value range of [−8, 8], and the weight value ranges
from [−1, 1].

(3) Update the speed and position of particles.
(4) Evaluate the fitness function. If the requirements are

met, go to (5); otherwise, go to (3) to continue
execution.

(5) Assign the optimized parameters to the RBF neural
network.

5.3. Neural Network Controller Optimization. 2e adaptive
resonance suppression control strategy proposed in this
paper is based on the addition of an adaptive correction link
on the control system using a PI controller. 2is method
does not increase the complexity of the control system and
can timely correct the control parameters of the control
system according to the change of the impedance of the
power grid.
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Figure 6: RBF neural network structure.
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2e block diagram of the control structure using the RBF
neural network is shown in Figure 8; it includes two main
components: the PI self-correction link and the particle
swarm optimization-optimized RBF network.

In the working process of the system, the RBF network
based on particle swarm optimization is mainly used to
adjust the error signal. As shown in Figure 8, the RBF
network element has two inputs: the grid-connected current
and the output signal of the PI controller, which can be
expressed as follows: x� [x1 (k) x2 (k)]T � [u (k− 1) i2d
(k− 1)]T. When the impedance of the grid changes and the
system is disturbed, the ideal tracking signal ym (k) is ob-
tained through the identification capability of the RBF itself.
So, the output of the RBF network can be expressed as

ym(k) � w1h1 + w2h2 + · · · + wmhm. (20)

2e expression of the difference value e (k) between the
grid-connected current i2d (k) and the output ym (k) of the
network is

e(k) � ym(k) − i2d(k). (21)

2e error indicators of the learning weight of the RBF
network are

E(k) �
1
2

e(k)
2
. (22)

2e extension coefficient σj (k), the node data center cj
(k), and the output weightWj (k) of the network are updated
based on the particle swarm optimization method to ensure
the tracking performance of the RBF network. A correction
information matrix for grid-connected current input to the
RBF neural network can be derived:

zi2d(k)

zu(k)
≈

zym(k)

zu(k)
� 

m

j�1
wj(k)hj

Cji − u(k)

σ2j
. (23)

2e Jacobian information matrix is sent to the PI self-
controller to correct the PI controller parameters. Definition
error ec is

ec(k) � i
∗
2d(k) − i2d(k), (24)

kp and ki values can be expressed as
Kp(k) � Kp(k − 1) + ΔKp(k) + zc Kp(k − 1) − Kp(k − 2) ,

Ki(k) � Ki(k − 1) + ΔKi(k) + zc Ki(k − 1) − Ki(k − 2) ,

⎧⎨

⎩

(25)

where zc is the momentum factor; η is the learning rate; ΔKp
(k) and ΔKi (k) are expressed as follows:

ΔKp � ηec(k)
zi2d(k)

zu(k)
ec(k) − ec(k − 1) ,

ΔKi � ηec(k)2
zi2d(k)

zu(k)
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(26)

2erefore, the output of the PI self-correction controller
is

u(k) � u(k − 1) + Kiec(k) + Kp ec(k) − ec(k − 1) . (27)

6. Simulation Analysis

In order to verify the effectiveness of the method presented
in this paper, the controller parameters were adjusted using
the RBF network method and PSO_RBF network method
when the impedance of the power grid is changed. 2e
inverter uses the SPWMmethod, and the system parameters
are shown in Table 1. In order to ensure stable operation, it is
required that the phase angle margin PM be greater than 30°
and the amplitude margin GM be greater than 3 dB of the
grid-connected system. 2e parameters of the PI controller
of the system after particle swarm optimization are kp � 0.45
and ki � 500.

Figure 9 shows a Bode plot of the loop gain of the
system with different controllers. As shown in the figure,G0
(s) is the Bode diagram with the system working normally,
G1 (s) is the Bode diagram with the grid impedance being
increased to 1.2mH, and G2 (s) and G3 (s) are Bode dia-
grams using RBF network PI controller and PSO_RBF
network PI controller, respectively. From the Bode diagram
of G1 (s), it can be known that when the grid impedance is
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Grid-connected 
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Figure 8: Block diagram based on PSO_RBF network adaptive
controller.
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increased to 1.2mH, the system controller parameters and
capacitor current feedback parameters do not adapt to the
new grid impedance, which leads to new resonances and
causes the system’s instability. G2 (s) is the Bode diagram of
the system with the PI parameters being set using the RBF
neural network; in this case, the PI controller parameters
are adjusted toKp � 0.64 andKi � 350, the resonance peak of
the system is suppressed, and the stability margin of the
system is 25 dB (33°). G3 (s) is the Bode diagram of the
system with the PI parameters being set using the PSO_RBF
neural network; in this case, the PI controller parameters
are adjusted to Kp � 0.8 and Ki � 210, the resonance
problem peak of the system has been improved, and the
stability margin is 40 dB (48°), which ensures the stability of
the system’s operation.

We set the experimental parameters according to the
parameters in Table 1, increase the grid inductance
Lg � 1.2mH at 1 s, and observe the change waveform of the
grid-connected current as shown in Figure 10. It can be seen
from the figure that, with the grid impedance changes, the
grid-connected current is significantly distorted and con-
tains harmonics, which affects the current quality.

In the case of grid impedance changes, we use the RBF
network and PSO_RBF network to optimize the controller
parameters and then update the capacitor current feedback
coefficient. Grid-connected system simulation is performed
through SIMULINK, and the results are compared and
analysed.

In Figure 11 , using the PI controller with parameters is
adjusted by the RBF neural network at 0.2 seconds.
According to FFT analysis, this method can reduce system
harmonics caused by changes in grid impedance. Total
harmonic distortion (THD) of grid current is reduced to
2.17%, and grid-connected current is 16.82A which is less
than the reference current of 17A.

Figure 12 shows the FFT analysis of the grid-connected
current with the PI controller parameters being adjusted by
the PSO_RBF method. After the PSO_RBF network has
adjusted the controller parameters and updates the capacitor
current feedback coefficient, the grid-connected current
changes significantly at 0.2 seconds. From the FFTanalysis, it
can be seen that this method can be used to suppress system
harmonics caused by grid impedance changes. In this case,
the THD of the grid-connected current is only 2.17%, the
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grid-connected current value is 16.95, and the error between
grid current and reference current t is small. 2is method
can ensure a good improvement in the quality of the grid-
connected current.

2e comparison of simulation results shows that the
adaptive PI controller based on the PSO_RBF neural network
has good adjustment performance. When the grid impedance
changes, it can quickly find the suitable controller parameter
value tomake the system grid-connected current stable. Based
on the constraint conditions such as stability margin and
damping ratio, the capacitance current feedback coefficient is
calculated; this can effectively suppress system resonance and
reduces grid-connected current ripple.

7. Discussion and Conclusions

2is paper conducts a study on the resonance problem of
LCL-type grid-connected converter, and the generation and
suppression of resonance are systematically analysed. 2e
main research results are as follows:

(1) 2is paper conducts an impedance model based on a
single-phase converter and analysis system reso-
nance. It reaches the conclusion that the LCL grid-
connected converter is affected by the impedance of
the grid and the system resonance changes. An
adaptive control strategy based on the PAO_RBF
network is proposed, in which the controller pa-
rameters can be adjusted quickly and accurately
according to the change of the grid impedance. 2is
method effectively reduces system steady-state error.

(2) Based on the results of resonance analysis, the ef-
fectiveness of using capacitor current feedback to
suppress resonance is pointed out. In order to solve
the system resonance problem caused by the im-
pedance change of the power grid, this paper uses
particle swarm optimization to optimize the RBF
network to adjust PI controller parameters and
calculates the capacitor current feedback coefficient
under the constraints of the system’s stability margin
and damping ratio. By comparing it with the RBF
neural network optimization method, it can be seen
that the PAO_RBF method can effectively make the
control parameters adjust with the change of the grid
impedance in time, thus, more effectively sup-
pressing the system resonance.
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