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Under the condition of weak grid, the coupling between parallel inverters and grid
impedance is easy to cause harmonic resonance, which seriously affects the grid-
connected power quality. First, the equivalent circuit model of the multi-inverter parallel
system is established, and the mechanism of harmonic resonance is analyzed from the
perspective of impedance; through the resonance detection method based on a self-
tuning filter, the voltage resonance component of the parallel node is extracted; on that
basis, an active impedance is designed to suppress the resonance of the multi-inverter
parallel system, which can equivalently construct a virtual impedance branch to improve
the grid impedance characteristics at the resonance frequency, and its effectiveness is
verified using the impedance stability criterion. Finally, simulation experiments are carried
out. The results show that this method can effectively suppress the resonance of the multi-
inverter parallel system and can significantly improve the adaptability of inverters to
weak grid.

Keywords: resonance, parallel inverters, LCL filter, weak grid, active impedance

1 INTRODUCTION

With the continuous advancement of the global energy structure transformation process, the
proportion of renewable energy such as wind energy and solar energy connected to the utility
grid is gradually increasing. The research on the grid-connected inverter has attracted people’s
attention (Hong et al., 2019; Xiong et al, 2020; Akhavan et al., 2021). In the actual system,
considering the factors such as long-distance transmission lines and transformer leakage reactance,
the connection between the new energy power generation link and the utility grid becomes weaker,
which makes the utility grid to show the characteristics of weak grid. In the environment of weak
grid, there is interaction coupling between inverters and utility grid, which increases the risk of
harmonic resonance of the system, and may lead to global resonance instability of the system in
serious cases (Zhang et al,, 2016; Lu et al., 2019; Fang et al., 2021; Xiong et al., 2021).

At present, the research on the resonance mechanism and resonance suppression method of the
multi-inverter parallel system is a research hot spot of new energy grid connection technology (Yu
et al, 2019). Different from the single inverter, the resonance mechanism of the multi-inverter
parallel system is more complex. Through calculation and analysis, it has been shown in Zhen-Ao
etal. (2014) that there are two resonance frequency points in the multi-inverter parallel system under
weak grid: one is the inherent resonance of the LCL-type inverter, and the other is the external
coupling resonance between grid impedance and parallel inverters. The equivalent circuit model of
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the multi-inverter parallel system is established in Agorreta et al.
(2011), when n inverters operate in parallel, the equivalent grid
impedance of the single grid-connected inverter can be equivalent
to n times of the actual grid impedance. Furthermore, it is
proposed that with the increase of the number of parallel
inverters, the natural resonance of LCL remains unchanged,
while the external coupling resonance shifts to low frequency
in Hu et al. (2015). In fact, the reason for resonance instability of
the multi-inverter parallel system under weak grid lies in the
existence of grid inductance, and grid resistance is conducive for
improving the stability of the grid-connected system (Pan et al.,
2014). Therefore, in the research process, the resistance can be
ignored and only the grid inductance is considered.

The resonance suppression methods of the multi-inverter
parallel system are mainly divided into single type and
centralized type. The former is to reshape the inverter output
impedance by adding the state variable feedback link to each
inverter control circuit (Yang et al, 2014; Gao et al, 2020;
Natori et al., 2020). However, when the number of inverters is
large, the single impedance remodeling method needs to modify
the control algorithm of each inverter, which is difficult to realize in
practical application. From the global point of view, the centralized
resonance suppression method can effectively suppress the
occurrence of harmonic resonance by reasonably designing the
damping circuit at the point of common coupling (PCC). To
suppress the resonance of the multi-inverter system, a method of
parallel RC branches at PCC is implemented in Wan et al. (2018).
That passive suppression circuit is simple in design, but the
problem of power loss is serious. Furthermore, Wang et al.
(2015) proposed to install an active damper at PCC to
effectively construct the resistance at the resonant frequency, so
as to improve the damping characteristics of the system at the
resonant frequency. This method effectively reduces the power loss
but has high requirements for resonant frequency extraction. In
view of the idea of the active damper, a global active inductor is
designed in Kang (2020), which can realize the approximate
parallel virtual inductance at PCC. However, adding virtual
inductance will cause the phase angle lag of 90" in the whole
frequency band of the system, so it is necessary to add an additional
phase angle compensation link. Most of the above resonance
suppression methods only deal with the harmonic resonance of
specific frequency. However, in the actual system, the grid
impedance will fluctuate due to environmental changes and the
working condition of inverter switching. The resonance frequency
in the system is often time-varying, and the resonance problem in
the grid-connected system is more complex.

Considering the complex grid-connected operation conditions
of weak grid, active impedance designed to suppress the
resonance of the multi-inverter parallel system is discussed in
this article. In Section 2, the equivalent model of the multi-
inverter parallel system under weak grid is established, and its
stability is analyzed by the impedance analysis method. Section 3
presents the main development of this article, which includes the
design method of active impedance and its extraction method
based on a self-tuning filter. Meanwhile, the influence of active
impedance on system stability is analyzed by the Nyquist stability
criterion. Finally, the effectiveness and accuracy of the proposed
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resonance suppression method is verified by simulation in
Section 4.

2 RESONANCE MECHANISM ANALYSIS OF
THE MULTI-INVERTER PARALLEL SYSTEM

2.1 Model of the Multi-Inverter Parallel
System

The system structure of the T-type three-level inverter based
on an LCL filter shown in Figure 1 consists of neutral-point
(NP) switches and vertical half-bridge switches, followed by
an LCL filter, where Uy, is the DC voltage, C, and C, are the
DC support capacitors with equal capacitance, Lj;,. represents
the line impedance from the inverter to PCC, Lg is the
equivalent impedance of the grid, i, is the grid-connected
current and ug is the grid voltage, and 6 is the voltage phase
angle. The voltage outer loop adopts PI control, and the
voltage outer loop provides the current reference value to
the current inner loop. The current inner loop is controlled by
QPR to generate the SVPWM modulation signal to drive the
inverter.

Figure 2 depicts the current feedback control block diagram of
the LCL-type grid-connected inverter. Gg(s) is the QPR
controller, and H(s) is the feedback used to weaken the
inherent resonant peak of LCL and is taken as the
combination of quadratic differential link, primary differential
link, proportional link, and integral link. Specific design methods
are shown in reference (Chen et al., 2013; Xu 2019).

The expression of the grid-connected current can be
obtained as:

. _ Gi(9) Yi(s)
g1 (s) = m gl (s) - m%cc (s), (1)
where
prmG (S)
G = G LCT s+ L)+ Kpum (G (s) + H ()’ @
Y. (s) = kL )

53L1L2C + S(Ll + L2) + prm (Gc (S) + H(S))

According to the expression of the grid-connected current, the
Norton equivalent circuit can be established which includes the
controlled current source Giig; * and admittance Y;. When
multiple inverters operate in parallel in the system, it can be
equivalent to the Norton equivalent model of multiple inverters
in parallel as shown in Figure 3.

2.2 Resonance Mechanism Analysis
According to the superposition theorem, the expression of the
total grid-connected current i, can be deduced:

. Zop (s) U (s)
ig(s) = 72010(5“2(5) Z(G()z (5)- = m)
Uy (s)
1+ 24(9)] Zap(s) £ Z(G() Oz @
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where Z,; represents the output impedance of the ith inverter,
Zouti = SLiinei+1/Y;, and Z,, represents the total output impedance
of inverters in parallel. When the ratio Ty, of grid impedance Z, to
output impedance Z,,, satisfies the Nyquist stability criterion, the
grid-connected system can be considered stable (Sun 2011).

TABLE 1 | Parameters of the grid-connected inverter.

Parameter Value
DC voltage Uge 750V
Capacitance on the DC side Cq Co 4700 uF
Grid voltage Ug 220V/50 Hz
Grid impedance Lg 1 mH
Filter inductance L4 1.8 mH
Inductance on the grid side Lo 0.2 mH
Filter capacitor C 15 uF
Line impedance Line 0.1 mH

When the parameters of parallel inverters are the same, Zy, =
n*Z,,, and the impedance ratio T},, can be written as Eq. 5.
_ Zg(s) _ nZg(s)

Tl =7 ™ Zouls)

®)

Utility grid impedance Z; = sL, draws the impedance ratio
Nyquist curve of single inverter and two inverters in parallel
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FIGURE 4 | Nyquist curve of impedance ratio. FIGURE 5 | Bode diagram of inverter output impedance.

according to Eq. 5, as shown in Figure 4. The parameters of the
grid-connected inverter are shown in Table 1.

It can be seen from Figure 4 that when there is only one
inverter, the Nyquist curve of T,,(s) does not surround (-1,
j0) point and satisfies the impedance stability criterion.
However, it should be noted that the curve of the single
inverter is close to (-1, jO) point, indicating that the stability
margin of the system is relatively low at this time. When the
number of inverters in the system increases, the range of the
Nyquist envelope becomes larger. When n takes 2, the
Nyquist curve of T,,(s) obviously surrounds (-1, jO) point.
It can be determined that resonance instability occurs in the
multi-inverter parallel system at this time. Therefore,
although the single inverter can operate stably, when
multiple inverters operate in parallel, the system still has a
resonance-hidden danger.

The frequency characteristic curves of inverter output
impedance Z,, and grid equivalent impedance nZ, are drawn,
as shown in Figure 5. It can be seen from the figure that there will
be an unstable region with a phase difference greater than or
equal to 180° between the inverter output impedance and grid
impedance in a certain frequency band under the weak grid.
When the intersection frequency of the two impedance is in this
frequency band, the system is easy to resonate with the
harmonics, which is consistent with the results of Nyquist plot
analysis.

3 RESEARCH ON THE RESONANCE
SUPPRESSION METHOD

In order to solve the resonance instability problem of the multi-
inverter parallel system, from the perspective of system global
resonance suppression, it is necessary to extract the resonance
signal in the system first and then use the resonance suppression
unit installed at PCC for centralized treatment.

3.1 Resonance Detection Method Based on
Self-Tuning Filter

The resonance information in the actual grid-connected system is
often uncertain and will change with the change of the system.
Although the traditional wavelet packet and discrete Fourier
transform methods can detect the resonant signal, the
extracted information is not accurate enough, the amount of
calculation is large, and the detection time is long (Zeng et al,,
2014). Therefore, this article adopts the resonance detection
method of the grid-connected inverter based on a self-tuning
filter (STF). The transfer function Ggrg(s) of STF can be
expressed as:

Vi (5) B s+ K+ jw.
Ugy(s)  (s+K)’ +w?

Gsre (s) = (6)

where Uy, is the input signal of STF, V. is the output signal, and
w, is the fundamental angular frequency. As long as K takes a
positive value, STF can remain stable (Biricik et al., 2014). Based
on Eq. 6, the frequency response curve of STF can be obtained as
shown in Figure 6.

It can be seen from Figure 6 that STF has band-pass filtering
characteristics for the input signal, and the output signal is
unattenuated only at the angular frequency w.. Hence, this
characteristic of STF can be used to extract the resonant
signal. The principle is shown in Figure 7, where the
subscript f represents the voltage fundamental component,
and the subscript r represents the voltage resonant
component.

First, by self-tuning filtering the voltage sampled at PCC, the
fundamental frequency component can be tracked without a
static difference, and then the resonance voltage can be
obtained by subtracting the fundamental frequency voltage
from the sampled voltage. Therefore, the resonant detection
method based on the self-tuning filter can quickly and
accurately filter the fundamental frequency component in the
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1 Yi(s)= (8)

voltage signal and extract the voltage resonant component as the
input signal for active impedance.

3.2 Resonance Suppression Strategy Based

on Active Impedance

The active impedance is usually installed at PCC, and its topology
is similar to APF, as shown in Figure 8. The active impedance
designed in this article adopts a T-type three-level DC/AC
converter, Ly,, C,, and L,, constitute LCL filter, R, is damping
resistance, and subscript a represents the active impedance. I* is
the command current, and the resonance detection module
adopts the resonance detection method based on STF. The
extracted voltage resonance signal u,. passes through the
virtual impedance R, + sL, to generate the reference value of
the current resonance signal i,,*, and the sampled output current
iga is added to the QPR controller to simulate the parallel passive
impedance element at PCC, which increases the damping of the
system at the resonance frequency.

Figure 9 is the current loop feedback control block diagram of
the active impedance, and G,(s) represents the STF resonance
extraction link. According to the method of deriving the inverter
equivalent circuit model in the previous section and combined

1+ prmaGca (S)Hl (S) ’

1
| Y, (s) = G (5)G: (s) - m

where H(s) and H,(s) represent the admittance characteristics
at both ends of the LCL filter, and G,(s) represent the transfer
function of the QPR current controller.

sC,R, +1

H = ; 9
: (S) 53L13L23Ca + 52 (Lla + LZa)CaRa +s (Lla + LZa)’ ( )
s?L;,C, + sC,R, + 1
Hy(s) = — ; (10)
s LlaLZaCa +s (Lla + LZa)CaRa + S(Lla + LZa)
2Kr i
Ga(5) = K, + o (11)

s+ 2w;s + Wi’

Since the active impedance only works at the resonant
frequency, the transfer function of the current controller can
be approximated to include only the proportional link K.
When the system resonates, the transfer function G,(s) of
the controlled source of the active impedance approaches 1,
and the equivalent output admittance Y,(s) approaches 0. If
the influence of the resonance detection link is
ignored, the virtual admittance Y,(s) can be
approximately written as:
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FIGURE 9 | Control block diagram of active impedance.

1

N — 12
R, + sL, (12)

v
Hence, adding an active impedance can be approximately
equivalent to parallel passive impedance at PCC, and the virtual
impedance of resonance control is consistent with the size of
passive impedance. The stability analysis of passive impedance
can be approximately used to judge the influence of the active
device on system stability and select the appropriate impedance.
The circuit model of the multi-inverter parallel system with active
impedance is drawn, as shown in Figure 11.

3.3 Stability Analysis

From the PCC point to the utility grid side, it is not difficult to
find that the virtual impedance branch and the grid impedance
nLg are in parallel. The total parallel impedance is defined as the
equivalent power grid impedance Z,". By reasonably designing
the parameters of R, and L,, so that Zg* and Z,,,, meet the Nyquist
stability criterion, the stable operation of the system can be
ensured.

(Ry +sLy)-n-sL,
(R, +sL,) +n-sL;

Z:(9) = (13)
Taking Laplace transform for Eq. 13, the phase frequency
characteristic expression of Z," is calculated as follows:

. L, L, +nL,
¥ (w) =90° + arctan R—a) — arctan Ta) R (14)

Vv

Through calculation and analysis of Eq. 14, it is found that
the phase of Z," reaches the lowest value in the frequency band
near the angular frequency w,. When it is higher or lower than
this frequency band, the phase approaches 90°. It is consistent
with the actual grid impedance. According to this
characteristic, the parameters of virtual impedance are
designed to make w, in or close to the resonance instability
region of Figure 5 which can reduce the phase difference
between the grid impedance and the inverter output
impedance, so as to reduce the system resonance risk. The
expression of w, is as follows:

R,

— (15)
Ly(L, +nLy)

Wy =

The grid impedance Ly is 1 mH, R, is 10 Q, and L, is 0.5 mH.
Bode diagrams of inverter output impedance Z,, and grid
equivalent impedance Z,* are drawn, as shown in Figure 12.

nt
o Ign I— T 'i’YYY‘
# L
gl | 1 ey N
| |
| |
| I
A | L) e
| |
Giig'| 1, ' l
s Gal[tef Y, a Y, vl
| I
| |
L =
Parallel Inverters Active Impedance
FIGURE 10 | Norton equivalent model of active impedance.

TABLE 2 | Parameters of active impedance.

Parameter Value
Angular frequency of STF We 100 rad/s
Constant of STF K 80
Virtual resistance R, 10Q
Virtual inductance L, 0.5 mH
Filter inductance Lia 1mH
Filter inductance Log 0.6 mH
Filter capacitor Ca 20 uF
Damping resistance Ry 10

It can be seen from Figure 12 that the parallel active
impedance at PCC only changes the grid impedance
characteristics in the resonance unstable region, while the
grid impedance curves in the low-frequency band and high-
frequency band are almost unchanged. The phase angle
difference between the inverter output impedance Z,,, and
the grid impedance Z,” at the intersection frequency is
obviously less than 180°, meeting the Nyquist stability
criterion. Therefore, the input of active impedance
improves the system stability and effectively suppresses the
resonance caused by the impedance coupling between the
multi-inverter parallel system and weak grid.

In the actual system, the grid impedance is not fixed but will
fluctuate under the influence of various factors. The impedance
ratio of the system containing active impedance is shown in Eq.
16. The Nyquist plot of T, at different grid impedances is drawn,
as shown in Figure 13.

, Z,(s)
B WE)

It can be seen from Figure 13 that after the resonance
suppression strategy based on active impedance is applied to
the grid-connected system, the Nyquist curve of Ty’ does not
surround (-1, j0) with the grid impedance increases from 1 mH
to 4 mH. Hence, it can be determined that the system is stable.
Therefore, the resonance suppression method proposed in this

(16)
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article can effectively improve the adaptability of inverters to
weak grid and enhance the stability of the multi-inverter parallel
system.

4 SIMULATION RESULTS

In order to verify the effectiveness of the resonance
suppression strategy proposed in this article, the parallel
system simulation model of active impedance based on the
STF resonance extraction method and T-type three-level
inverter are carried out in Simulink. The parameters of
grid-connected inverter and active impedance are shown in
Table 1 and Table 2, respectively. The overall block diagram of
the system is shown in Figure 14.

Considering the environment of weak grid, the simulated
grid impedance L, is ImH, and the voltage at PCC of the multi-
inverter parallel system is shown in Figure 15. Due to the
coupling with weak grid, the system has harmonic resonance,
and PCC voltage distortion is serious. In the figure, u,..r and
Upcer are the fundamental voltage and resonance voltage

Nyquist Diagram
1 : : T T T
L~1mH A
ogf — LM
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z 02
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FIGURE 13 | Nyquist plot of impedance ratio under different Lg.
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FIGURE 14 | Overall system block diagram.

waveforms separated by the resonance detection method
based on STF, respectively. It can be seen from the figure
that the separated fundamental voltage waveform is good and
changes sinusoidally with an equal amplitude over time; the
envelope of the resonant voltage component is clear and
presents the divergent sinusoidal law. The simulation results
show that by applying the resonance detection method
proposed in this article to the sampled voltage, the
fundamental frequency component of the voltage can be
tracked without the static error, and the resonance
component can be completely extracted.

Figure 16 shows the waveform of the total grid-connected
current and PCC voltage. It can be seen from the figure that
before 0.1's the resonance of the grid-connected system was
unstable, the voltage and current were harmonic resonance
amplified, and the grid-connected power quality decreased.
Put into the active impedance at 0.1s. After about one-cycle
transition, the resonance in the system is eliminated, the
sinusoidal degree of the voltage and current waveform
becomes better, the grid-connected power quality is improved,
and the system is gradually stable. When the active impedance is
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TABLE 3 | THD value of voltage and current.

Ly/mH 1 2 3 4 5
THD of ig (%) 1.66 1.20 0.73 0.55 1.03
THD of Upee (%) 2.03 2.61 2.77 2.55 2.70
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FIGURE 16 | Waveform of grid-connected current and PCC voltage.

cut off again at 0.2's, the system has harmonic resonance, the
voltage and current waveform gradually oscillates and diverges,
and the power quality gradually deteriorates.
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FFT harmonic analysis of the grid-connected current shall be
carried out before 0.1 s, as shown in Figure 17A. At this time, the
total harmonic distortion (THD) of the current reaches 53.50%,
of which the 26th harmonic reaches 43.64%, indicating that the
system has resonance at this frequency, which is the resonance
peak generated by coupling with the weak grid. Figure 17B shows
the harmonic analysis after the active impedance is put into
operation. It can be seen from the figure that the harmonic of each
order has been reduced below 1.2%, and the resonance has been
suppressed. At this time, the distortion rate of the grid-connected
current is 1.61%, which meets the grid-connected requirements.
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As shown in Figure 18, before 0.15s, the grid-connected
system resonated due to the coupling effect of grid impedance,
and the voltage and current waveform was seriously distorted.
When the active impedance is put at 0.15 s, the system gradually
recovers to a stable state. When one inverter is cut off at 0.28 s,
only the amplitude of the total grid-connected current in the
system decreases, the PCC voltage waveform remains normal, the
inverter can still maintain stable operation, and the system has
good robustness.

Conduct harmonic analysis on the voltage and current of
the multi-inverter parallel system under different grid
impedance, and calculate the THD of the grid-connected
current and PCC voltage after putting into the active
impedance, as shown in Table 3. After adopting the
resonance suppression method proposed in this article, the
voltage and current distortion rate is not more than 5%,
which meets the requirements of grid connection. The
adaptability of inverters to weak grid is enhanced, and the
simulation results are consistent with the theoretical
analysis.

The voltage and current waveform of the grid-connected
system with active impedance in the dynamic process is
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