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When the three-phase LCL grid-connected inverter operates under the condition of unbalanced grid voltage, the influence of the
negative sequence component in the grid voltage will cause the grid-connected inverter system to produce active and reactive
dual-frequency interference. This will cause the grid-side current to have many low-order harmonics, mainly the third harmonic,
which does not conform the IEEE-Std. 929-2000 standard. In order to solve this problem, this paper designs a current auto-
disturbance-rejection controller, which speeds up the tracking response speed of the system and reduces the harmonic content of
the grid-side current under unbalanced conditions. At the same time, optimize the phase-locked loop structure and introduce a
notch filter in the modulation link to eliminate the third low-frequency harmonic components and further improve the quality of
the grid-side current waveform. Finally, the correctness of the control strategy suggested in this paper is verified by MATLAB/

Simulink simulation.

1. Introduction

As China’s “carbon peak and carbon neutrality” goal is put
forward, many renewable energy sources will be connected
to the grid [1-3], and as the main power electronic
equipment between renewable energy and the grid, three-
phase inverters have been widely used [4-6]. The three-
phase LCL type grid-connected inverter [7, 8] has the ad-
vantages of better harmonic suppression and smaller size in
its filtering link, and it has become more and more popular
in renewable new energy systems such as photovoltaic power
generation and wind power generation [9-11].

The research of three-phase LCL type grid-connected
inverter is mainly concentrated on the condition of three-
phase grid voltage balance [12-14]. However, in actual
systems, unbalanced grid voltages are common, which will
cause harmonic components to appear in the grid-connected
current of the three-phase LCL grid-connected inverter and
caused the performance of the grid-connected inverter to
deteriorate [14-16]. In response to this problem, researchers
have successively suggested some solutions. Through

independent control of the positive and negative sequence
components of the current, the purpose of eliminating active
power fluctuations is achieved, but the positive and negative
sequence current components need to be extracted, and the
control structure is complicated [17, 18]. Added the specific
harmonic order of the grid-connected current suppression
item to the cost function proposed by model predictive
control, which reduced the use of sensors, but the control
algorithm was more complicated [19, 20]. On the other
hand, the traditional PI controller can be used for control
based on the extraction of positive and negative sequence
components. This solution is easy to implement, but the
amount of calculation is too large [21, 22]. The use of the PR
controller does not need to separate the positive and negative
sequence quantities, which improves the control speed of the
system, but the parameter tuning needs to consider different
circuit parameters [20, 23, 24]. Guzman’s team proposed to
achieve flexible control of the total harmonic distortion
(THD) of the grid-connected current by changing the
current command coefficient [25]. In order to effectively
suppress the pulsation of the output power of the system, a
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resonant controller was designed [26]. In addition, the ex-
traction method of positive and negative sequence com-
ponents commonly used in control strategies under
unbalanced grid voltage has also attracted the attention of
many scholars. Based on the extraction method of ANF-PLL,
its structure has been simplified compared with the tradi-
tional method, but the scope of application is small [27-29].
In addition, DSOGI-PLL is used to propose the positive and
negative sequence components of the grid voltage, and the
filter is used to improve its performance, but the calculation
process is complicated [27]. The digital notch filter can also
be used to extract the positive and negative sequence
components of the grid voltage. Although its structure is
simple, its performance will be affected in a complex grid
environment [30].

This paper proposes a new type of control algorithm on
the basis of existing research. First, establish the mathe-
matical model of the three-phase LCL grid-connected in-
verter in the two-phase synchronous rotating coordinate
system and analyze that when the grid voltage is unbalanced,
the positive and negative sequence components in the grid
voltage will result in many harmonics in the grid-connected
current of the inverter. It is suggested to reduce the influence
of harmonics on the phase-locked loop structure through a
front low-pass filter and combine the optimized phase-
locked structure to design a current auto-disturbance-re-
jection controller, which realizes the safety and stability run
of the grid-connected inverter under unbalanced grid
voltage. Finally, a simulation model is established through
MATLAB/Simulink, and the feasibility and effectiveness of
the control strategy are verified under balanced and un-
balanced grid voltages.

2. Working Analysis of Three-Phase LCL Grid
Connected Inverter System

The topology of the three-phase LCL grid-connected in-
verter is shown in Figure 1, In this system, u4. denotes DC
side voltage, C is the DC side filter capacitor, S1-S6 are IGBT
switch tubes, u;,,x denotes AC side output voltage, iy is the
AC side output current, L, and C; are AC side filter in-
ductance and filter capacitor, respectively, i. is the AC side
filter capacitor branch current, u. is the filter capacitor
voltage, Ly is the grid-side filter inductance, and ug and ig
are the grid voltage and the grid-connected current, re-
spectively, where k=a, b, c.

According to Kirchhoft’s law of voltage and current, the
AC side output current, grid-side output current, and AC
side filter capacitor voltage equations of the three-phase LCL
grid-connected inverter in the three-phase static coordinate
system are obtained.
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When the grid voltage is balanced, a reasonable design of
the system controller can easily realize the control of the
grid-connected inverter. However, when the grid voltage is
unbalanced, because the grid voltage will produce positive
and negative sequence components, the interaction between
the two will cause the output power to fluctuate, which will
lead to numerous low-frequency harmonic components in
the grid-connected current and seriously affect the perfor-
mance of the grid-connected inverter.

When the three-phase grid voltage is unbalanced,
according to the symmetrical component method, the grid
voltage expression is
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FiGure 1: Topology of the three-phase LCL grid-connected inverter.
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where V! and V! are the amplitudes of the positive and
negative fundamental components, respectively. ¢* and ¢~
are the phases of the positive and negative fundamental
components, respectively. 0 represents the phase angle of the
grid voltage.
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Using the voltage and current components under the
two-phase synchronous rotating coordinate, the instanta-
neous power expression on the grid side can be obtained as
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sequence components of the voltage, respectively. I+ gd,
it89 84 and %9 are the positive and negative sequence
components of the current, respectively.

It can be seen from (5) that the instantaneous active
power and reactive power in the three-phase unbalanced
power grid will produce double pulsation, and the grid-
connected inverter will output unbalanced grid-connected
current with many harmonics [15].

3. Control Strategy under Unbalanced
Grid Voltage

Aiming at the problems of the three-phase LCL grid-con-
nected inverter mentioned above under the three-phase
unbalanced power grid conditions, this paper proposes an
active disturbance rejection control strategy based on an
improved lock loop, as shown in Figure 2. Through a phase-
locked loop to obtain the grid voltage phase; the grid-
connected current is sampled, and the current component in
the d-q coordinate system is obtained through coordinate
transformation; the difference between the given current and
the sampled current is passed through the current controller
and then added to the voltage component. After coordinate
transformation, the drive signal is finally obtained through
SVPWM modulation to realize system control.

In formula (4), when the positive sequence rotation axis
components gd*' and gq"' and the positive sequence
component V{! will coincide, the phase-locked loop can
accurately extract the phase of the three-phase power grid.
Formula (4) is transformed into formula (6)

41 )
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It can be seen from formula (6) that when the grid voltage
is unbalanced, the d-axis and g-axis components of the grid
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F1GURE 2: Control block diagram of grid-connected inverter under unbalanced grid conditions.

voltage will superimpose twice the frequency disturbance, and
there is a coupling relationship with the three-phase grid
voltage. Therefore, it is necessary to adopt a corresponding
phase-locked loop with a decoupling network to solve the
problems such as voltage oscillation caused by this. The or-
dinary phase-locked loop structure is not applicable under
this working condition, which is easily affected by the working
condition, resulting in a certain degree of oscillation in the
output frequency and phase, and affects the response time and
control effect of the entire control system. In response to this
problem, the phase-locked structure in Figure 2 uses a phase-
locked loop (DDSRF-PLL) based on a decoupled multi-
synchronous coordinate system, which uses positive and
negative sequence double d-q rotation coordinate transfor-
mation as the phase detector of the phase-locked loop
structure. Through mathematical operation, the interference
component in the unbalanced grid voltage is eliminated, and
the influence of the unbalanced grid voltage on the perfor-
mance of the phase-locked loop is effectively overcome. Its
decoupling network transformation expression is
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It can be seen that the d-q axis component after
decoupling network transformation suppresses the unbal-
anced influence caused by the second harmonic generated by
the negative sequence component.

In the control strategy of Figure 2, although the PI
controller of DDSRF-PLL can play a filtering role to a certain
extent, the dynamic response speed will be slower. In the
actual three-phase unbalanced situation, the harmonic
components generated by the grid voltage are more com-
plicated, and the influence of multiple harmonics on the
three-phase LCL grid-connected inverter cannot be realized
by the PI controller alone. In response to this problem, this
paper proposes to introduce a low-pass filter to filter before
PI control, to reduce the influence of multiple harmonics on
the phase-locking performance of DDSRF-PLL, and to
improve the accuracy of the phase-locked structure. The
improved DDSRF-PLL phase-locked structure is shown in
Figure 3.

It can be seen from Figure 4 that when the three-phase
grid voltage is unbalanced under steady-state conditions,
DDSRE-PLL can not only accurately detect the phase of the
positive sequence voltage but also detect the amplitude and
frequency. When the voltage phase changes suddenly, the
phase can be relocked within 10 ms, which proves that its
dynamic performance is relatively good.

4. Loop Controller Design

As the loop controller of the three-phase LCL inverter, the
linear active disturbance rejection controller mainly includes
linear tracking differential controller (LTD), linear extended
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FiGUure 4: DDSRF-PLL dynamic response waveform: (a) voltage waveform when three-phase grid voltage amplitude is unbalanced, (b)
DDSREF-PLL outputs ugg,; and gq.1, () DDSRE-PLL outputs angle when the voltage amplitude is unbalanced, and (d) response waveform of

DDSREF-PLL at 0.1 s phase change.

state observer (LESO), and linear state error feedback
controller (LSEF) which are shown in Figure 5.

The traditional PI controls directly uses the difference
between the grid-side current reference value of the inverter
and the grid-side current as the feedback control signal. The
use of traditional PI controllers causes the contradiction
between the inverter’s grid-side current response speed and
overshoot. At the same time, the three-phase LCL grid-
connected inverter, as a voltage-type inverter, is prone to
inrush current during the startup. Therefore, the linear
active disturbance rejection controller is introduced into
LTD, and the grid-side current reference value is given to the
inverter. The grid-side current impact is reduced by

Grid
connected
inverter

Ficure 5: LADRC control of the current loop.

arranging the transition process, so that the system responds
quickly at startup without overshoot. The specific design of
LTD is
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where r is the speed factor, which is positively correlated
with the controller tracking speed, and x; is the transition
process of the inverter grid-connected current ig.

The design of the linear state observer is shown in
formula (9), and it can observe the grid-side current of the
three-phase LCL grid-connected inverter in real time and
introduce an expanded state device to observe the internal
and external disturbances of the inverter.

{21 =2, - By (2, —ig) + by,

Z, = =P, (21 —ig)s

(9)

where z; is the real-time observation value of the grid-
connected current ig; z, is the real-time estimated value of
the internal and external disturbances of the three-phase
LCL inverter; and f; and j3, are adjustable parameters.
The design of LSEF is specifically shown in (10), using the
squared difference of the current as the feedback control
quantity. Through amplifying, the error can speed up the
tracking of the inverter grid-connected current iy to the
given value and speed up the system response speed. LSEF
can also compensate the system in real-time based on
LESO’s real-time estimation of internal and external dis-
turbances to improve the system’s anti-interference ability.

o= K(x1-22),

Z)
=p, —(22),
4 °<b>

where b is the compensation coefficient; when b increases,
the system dynamic performance decreases; when b de-
creases, the system dynamic performance increases; k is the
error feedback coefficient.

(10)

5. System Modulation Strategy

The SVM method is the most commonly used method to
control the three-phase LCL grid-connected inverter. The
switching state and sector division of the traditional 6-sector
modulation is shown in Table 1.

Analyzing Table 1, we can get the voltage vector and
sector spatial distribution as shown in Figure 6. In the
figure, the effective voltage vector U;~Us with an amplitude
of 2/3 ug. divides the complex plane into 6 sectors I-VI.
When Uj runs to any sector, it can be combined by the
adjacent effective voltage vector and zero vector on both
sides of the sector. When Uj rotates at a constant speed, the
desired three-phase symmetrical sine wave can be obtained.
Uy and U; are both zero-voltage vectors with an amplitude
of 0.

It can be seen from the above that the grid-side current
mainly contains the third low-frequency harmonics, and the
modulated signal obtained by coordinate transformation
will also contain the third-harmonic components. A notch
filter can be used to eliminate the harmonics to further
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TaBLE 1: Relationship between switch state and voltage vector.

Sa Sb Sc Uy Up Uc UO~7
0 0 0 0 0 0 U,
1 0 0 2/3udc —1/3udc —1/3udc U1
1 1 0 1/3udc 1/3“dc —2/3udc UZ
0 1 0 _1/3udc 2/314(1,: _1/3”dc U3
0 1 1 —2/3ug. 1/3uy. 1/3uq. U,
0 0 1 “13ug. —1/3uqe 1/3ugc Us
1 0 1 1/3uy. —2/3ug. 1/3uq. Us
1 1 1 0 0 0 U,

improve the quality of the grid-connected current waveform.
The expression of the notch filter is

s +(w,)”

G(s)=5——">""2 |
s* + Kos + (w,)’

(11)

where K is the controller coefficient and w, is taken as 3w.

6. Simulation Result Analysis

Establish a three-phase LCL grid-connected inverter sim-
ulation model based on MATLAB/Simulink, analyze the
steady-state and dynamic performance of the system, and
verify the correctness of the proposed method.

6.1. Three-Phase Power Grid Balance Conditions. The voltage
parameters of the three-phase grid-side grid are uz, = 38020,
Ugp, = 380£-120°, and ug. =380,120°, and the voltage wave-
form is shown in Figure 7.

The simulation parameters are shown in Table 2.

Figure 8 shows the simulation results when using the
self-interference immunity proposed in this article and the
improved DDSRE-PLL control. It can be seen that the grid-
side voltage of the system and the grid-connected current
maintain the same phase, and the grid-connected current
THD is 1.69%, which conforms to IEEE std. 929-2000
standard.

6.2. Three-Phase Power Grid Unbalance Conditions. The
three-phase grid voltage parameters are wug,=38020",
Ug, =2802-137", and ug.=280,137°, and the other simu-
lation parameters are consistent with the parameters in
Table 2, and the voltage waveform is shown in Figure 9.

When the traditional PI control is used, the simulation
results of the three-phase LCL grid-connected inverter
during steady-state operation are shown in Figure 10, and
the grid-connected reference current is 200 A. It can be seen
that although the grid-side voltage and the grid-connected
current maintain the same phase, the three-phase grid-
connected current output is unbalanced, and the amplitudes
are obviously different. The grid-connected current has a
large third harmonic content, accounting for about 5.70%,
and the THD is 5.96%, which does not conform to the IEEE
§td.929-2000 standard.

Figure 11 is the simulation result when the system adopts
the active disturbance rejection and improved DDSRF-PLL
control suggested in this paper. From the figure, it can be
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FIGURE 6: 6 sector modulation schematic diagram: (a) 6 sector grid voltage and sector distribution, and (b) voltage vector and sector spatial
distribution.
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FiGUure 7: Three-phase balanced grid voltage.

TABLE 2: Switch status and sector division.

Quantity Symbol Value
Grid frequency f 50 Hz
Grid side inductance Lok 1 mH
AC side inductance Ly 1 mH
AC side capacitance Cx 100 uF
DC side capacitance C 500 uF
Switching frequency fs 10kHz
Sampling frequency fa 10kHz
DC side voltage Uge 800V

Fundamental (50 Hz) = 198.3, THD= 1.69%
150 Hz (3 h) accounted for 0.42%

Ugg (100 V/div)
igq (100 A/div)

Mag (% of fundamental)

t (0.02 s/div) 0 10 20 30 40 50 60
Harmonic order

(@ (b)

FiGure 8: Simulation results of the proposed method when the power grid is balanced. (a) Grid side a-phase current and voltage, and (b)
grid-side current spectrum analysis.

seen that the grid-side voltage and the grid-connected  traditional PI control, the third harmonic content of the
current maintain the same phase, and the three-phase grid-  grid-connected current of this method is significantly re-
connected current output is balanced. Compared with the  duced, accounting for about 0.31%, and the grid-connected
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F1GURE 9: Three-phase unbalanced grid voltage.
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F1Gure 10: The simulation results of traditional PI: (a) grid side a-phase current and voltage, (b) grid-side current, and (c) grid-side current

T
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09 | Fundamental (50 Hz) =201.5 , THD= 1.89%
0.8 | 150 Hz (3 h) accoyinted for 0.31%
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FIGURE 11: Simulation results of active disturbance rejection control: (a) grid side a-phase current and voltage, (b) grid-side current, and (c)
grid-side current spectrum analysis.
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FiGure 12: Simulation results of active disturbance rejection control method at different powers: (a) grid-side current waveform when the
reference current is 150A and (b) grid-side current waveform when the reference current is 250 A.

current THD 1is 1.89%, which conforms to the IEEE std.
929-2000 standard.

Figure 12 shows the output waveforms of the three-
phase grid-connected current when the reference current is
150A and 250A, respectively. It can be seen that, under
different operating conditions, the three-phase grid-con-
nected current output is balanced. The simulation results
show that the three-phase LCL grid-connected inverter has
good steady-state performance under different output
powers under unbalanced conditions.

7. Conclusion

This paper proposes a method to reduce the influence of
harmonics on the phase-locked loop structure through a
low-pass filter and designs a current active disturbance
rejection controller, which solves the problem of the three-
phase LCL type transformer inverter operating in unbal-
anced grid problems in voltage conditions. Based on the
simulation results under balanced and unbalanced grid
voltages, the following conclusions can be drawn:

(1) The optimized phase-locked structure has excellent
performance; the method proposed in this paper can
keep the grid-side voltage and current in the same
phase under the balanced grid voltage, and the grid-
connected current THD is only 1.69%, and the
system has good steady-state performance.

(2) When the traditional PI loop is used under unbal-
anced grid voltage, the grid-connected current three-
phase output is unbalanced, the amplitude is obvi-
ously different, the third harmonic content is large,
and the THD value is greater than 5%.

(3) The method proposed in this paper enables the grid-
connected inverter to have superior performance
under unbalanced conditions. When operating at
three different output powers, the grid-connected
current is output in three phases, and the third

harmonic content is significantly reduced, the THD
value is 1.89%, and it conforms to the IEEE std.
929-2000 standard.
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