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Abstract: As the penetration of renewable energy increases year by year, the risk of high-frequency
oscillation instability increases when a three-phase, four-wire split capacitor inverter (TFSCI) is
connected to the grid with complementary capacitors in weak grids. Compared to the three-phase,
three-wire inverter, the TFSCI has an additional zero-sequence current loop. To improve the accuracy
of the modeling and stability analysis, the effect of the zero-sequence loop needs to be considered in
the impedance-based stability analysis. Therefore, a correlation model considering multi-perturbation
variables is first established, based on which the inverter positive, negative, and zero sequence ad-
mittance models are derived, solving the difficult problem of impedance modeling under small
perturbations. Secondly, an admittance remodeling strategy based on a negative third-order differen-
tial element and a second-order generalized integrator (SOGI) damping controller is proposed, which
can improve the stability of positive, negative, and zero-sequence systems simultaneously. Finally,
the effectiveness of the oscillation suppression strategy is verified by simulation and experiment.

Keywords: three-phase four-wire system; parallel compensation capacitor; oscillation suppression;
admittance remodeling; weak grid

1. Introduction

In order to achieve the goals of energy conservation and carbon reduction, the pen-
etration rate of renewable energy generation systems represented by solar energy and
wind energy has increased every year, and grid-connected inverters have been widely used
in power systems as energy conversion bridges between new energy power generation
systems and power grids [1-5]. In the distribution network and microgrid, the three-phase,
four-wire inverter has a zero-sequence current loop, which is suitable for both symmetrical
and asymmetrical operating conditions and has a high DC utilization rate. Therefore,
the system has been widely used in engineering [6]. On the one hand, renewable energy
power generation systems are usually connected to the grid through transformers or long-
distance transmission lines, making the grid gradually exhibit weak grid characteristics.
The influence of grid equivalent impedance on system stability cannot be ignored [7,8]. On
the other hand, new energy power generation systems often use parallel compensation
capacitors to improve grid-connected power quality and reduce line losses [9]. The stability
margin of the three-phase, four-wire inverter, when connected to a weak electric grid with
parallel compensating capacitors, is relatively low for positive, negative, and zero-sequence
conditions. The interaction between the grid-tied inverter and the public power grid results
in high-frequency oscillations in the system, posing a serious threat to the stable operation
of the power system [10,11].

In order to suppress the oscillation phenomenon of grid-connected inverter systems,
domestic and foreign scholars have carried out a lot of research on its instability mechanism
and high-frequency oscillation suppression strategy. References [12-14] compared the
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power electronic system to the traditional power system, and tried to use the second-order
differential equation similar to the power angle motion to explain the dynamic instability
mechanism of the inverter. Reference [15] analyzed the mechanism of interaction insta-
bility between the grid impedance and grid-tied inverters from a damping perspective
using a small-signal model for the grid-tied inverter system. The above reference stud-
ies the oscillation mechanism of a grid-connected inverter system from different angles.
Based on the related research of system oscillation mechanism, reference [16] improves
the amplitude and phase of the inverter by parallel virtual impedance and series virtual
inductance, thereby improving the output impedance characteristics of the inverter at the
oscillation frequency. Reference [17] realized active damping by shaping the current loop
and voltage loop of the inverter to improve the stability of the grid-connected inverter
system. Reference [18] proposed adding source PWM inverter impedance reconstruction
control to the double-loop control strategy to improve the inverter output impedance
phase and increase the system’s high-frequency damping. In [19], the resonant damping
control of the inverter is realized by feeding back the quadratic differential term of the
grid-connected current. This method is easy to implement without additional sensors.
References [20,21] constructed a small-signal impedance model for inverter direct power
control without a phase-locked loop and proposed a phase-locked loop-free control scheme.
This scheme improves the phase margin in the phase-locked loop frequency band of the
system by reducing the negative resistance frequency band of the system, thereby reducing
the risk of system oscillation instability caused by traditional phase-locked loops. In [22], a
band-pass filter is introduced into the phase-locked loop, and an adaptive control method
of grid voltage feedforward with proportional and differential feedforward is proposed.
The scheme reduces the risk of system instability by adjusting the control parameters in
real-time. However, most of the existing research on oscillation suppression in grid-tied
inverters focuses on three-phase, three-wire systems and does not consider the influence
of zero-sequence circuits during modeling. In contrast, three-phase four-wire inverters
introduce an additional path for zero-sequence current compared to three-phase three-wire
inverters. In order to enhance the accuracy of the stability analysis for three-phase, four-
wire inverters and improve their stability, it is necessary to consider the influence of both
positive, negative, and zero-sequence circuits when applying impedance stability theory
for stability analysis. This comprehensive approach ensures a more accurate assessment
of the inverter’s stability. At present, there are few studies on small signal impedance
modeling of a three-phase, four-wire inverter, and high-frequency oscillation suppression
methods considering the zero-sequence component. Therefore, the instability mechanism
and oscillation suppression strategy of a three-phase, four-wire inverter system need to be
further studied.

Therefore, this paper takes the three-phase, four-wire split capacitor inverter (TFSCI)
system as the research object, establishes the small signal correlation model of the inverter
considering the disturbance of grid voltage, inverter current, and duty cycle variables,
and deduces its positive, negative, and zero sequence admittance model, which solves the
small disturbance impedance modeling problem considering the dynamic characteristics
of the phase-locked loop. Subsequently, the risk of positive, negative, and zero-sequence
instability of the inverter connected to the grid with a shunt capacitor is analyzed. An
admittance-reshaping oscillation suppression strategy based on a second-order generalized
integrator (SOGI) and a negative third-order differential element is proposed to improve
the stability of positive, negative, and zero-sequence systems of TFSCIL. The influence
of the main control parameters on the stability of the system is analyzed. Simulation
and experiment verify the effectiveness of the three-phase, four-wire inverter oscillation
suppression strategy under a weak grid. The flowchart of the research methodology is
shown in Figure 1.
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Figure 1. The flowchart of research methodology.

2. Research on the Admittance Model of Three-Phase Four-Wire
Grid-Connected Inverter

In order to analyze the admittance characteristics and stability of the typical three-
phase four-wire inverter system, this section will focus on the derivation of the admittance
model of the TFSCI. Due to the main focus of this article being the admittance characteristics
of inverters in the high-frequency range within a weak power grid, the influence of the
phase-locked loop (PLL) on the output characteristics in this frequency range is considered
to be minimal. Therefore, when modeling the system, the impact of the PLL is neglected.
Figure 2 shows the equivalent control block diagram of the TFSCI connected to the grid. In
Figure 2, C; and C; is the DC side capacitor of the inverter, and n is the midpoint of the DC
side capacitor.

In order to derive the equivalent admittance of the TFSCI, the small signal model of the
inverter is established below. Firstly, assuming the DC-side capacitor voltage C; = C; = Cy,
due to the DC-side voltage fluctuation Aug. = Augq + Auge = 0, the zero-sequence current
of the inverter can be derived as:

in — &d(udﬁ — udcl) _ &dudcz (1)
0773 dt 3 dt

In the formula, u;,q and ug is the DC side capacitor C; and C, the voltage on
both sides.

In theoretical analysis, it is common to transform the three-phase circuit model of the
inverter into the d-g-0 coordinate system in order to achieve decoupled control of active
and reactive currents. For this reason, assuming that the filter inductance Lg, = L, =
L. = Ly and the filter inductance parasitic resistance R, = Ry, = Rpe = Ry, = Ry in
Figure 2, the Kirchhoff voltage equation is written for the inverter control loop and the Park
transformation is performed. The small signal model of the inverter in the d-g-0 coordinate
system can be obtained:
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Figure 2. Equivalent control block diagram of TFSCI connected to power grid.

In the formula, ug. is the DC side voltage of the inverter. dy, dy, dg are the control
signals used to control the switching state of the inverter. iy, iy, ig are the three-phase
current output by the inverter in the d-g-0 coordinate system. 14, u; and u, are the three-
phase voltage output by the inverter in the d-¢-0 coordinate system with the ¢ point as the
reference, p represents the differential operator d/dt.

The expressions for the positive, negative, and zero sequence admittance of the TFSCI,
as derived in Appendix A based on Equation (2) combined with the small-signal control
block diagram of the inverter, are as follows:

Y, = 4 L .

P K ( % (kdip+kdii/ (S*]&I])‘qu,‘p +1k,ii,' / (S*]wl ) ) —jwr Lfkdq ) +5Lf+Rf
Y, = . - -

" K (3 (kaip+kaii/ (s—jwr)+kgip+hgii/ (s—jwr) ) +jwr Lg ) +sLy+Rg 3)
Yo = 1

K (kinJrkon/SJr ﬁ (kowp+kovi /S)> +s(8Lfy+Ls)+3Rpu+Ry

3. Stability Analysis of Three-Phase Four-Wire Grid-Connected Inverter with Shunt
Capacitor in Weak Grid

In order to analyze the stability of TFSCI in a weak grid, it is necessary to solve the
positive, negative, and zero-sequence equivalent admittance models of a weak grid with
a shunt capacitor. Due to transformer leakage inductance, long-distance transmission
lines, and other reasons, a weak grid usually presents the significant characteristics of high
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inductive impedance and a low short-circuit ratio. At this time, the inductive impedance
of the grid-side grid cannot be ignored. Figure 3 shows the circuit model of the TFSCI
connected to the weak grid with a shunt capacitor. In Figure 3, Ly and Lg, respectively
represent the grid equivalent inductance and the inverter midline equivalent inductance,
Rpg and Rpg, respectively represent the parasitic resistance corresponding to the grid
equivalent inductance and the parasitic resistance corresponding to the inverter midline
equivalent inductance, Cg and R, respectively represent the grid parallel compensation
capacitance and its parasitic resistance. According to the circuit theorem, the positive,
negative and zero sequence admittance of the power grid with shunt capacitor are:

sCq(sLg + Rpg + Reg) +1
(SLg + RLg) (SCgRCg + 1)

Ypg =Yg = 4)

 sCq (s(Lg +3Lgn) + Rrg + Reg +3Rpgn) +1
% 7 (14 sCeReg) (s(Lg +3Lgn) + Rig + 3Rign)

®)

i Lg RLg eb@
b
e
Inverter| ¢ C,]C gL
J Cg% c} c} o Lg"

Figure 3. Circuit model of TFSCI connected to weak grid with parallel compensation capacitors.

According to the admittance stability theory, the phase margin of the inverter-grid
interconnected system is:

PM = 180° + LY puo(j27tfc) — £ Y pnog (j27Tfc) (6)

In the formula, Y},0,¢ represents the equivalent impedance of the grid in the d-g-0
coordinate system, Y},,,o represents the equivalent impedance of the inverter under the d-g-0
axis, and f, represents the intersection frequency of the inverter and the grid admittance.

In order to verify the correctness of the established admittance model and clarify
the stability of the TFSCI when it is connected to the grid with a shunt capacitor under a
weak grid, Figures 4 and 5 show the frequency sweep diagram of the admittance model
of the TFSCI and the admittance Bode diagram of the TFSCI and the grid with a shunt
capacitor. In order to simulate the weak grid environment, the equivalent inductance Lg
of the grid under the weak grid is set to 2 mH. Comparing Figures 4 and 5, it can be seen
that the frequency sweep results of the TFSCI are consistent with the admittance curve
of its admittance model, which verifies the correctness of the model built in this paper.
Further observation of Figure 5 shows that the intersection of the positive, negative, and
zero sequence admittance of the inverter and the grid admittance amplitude is at 2000 Hz,
2000 Hz, and 239 Hz, respectively. Based on admittance stability theory and practical
engineering experience, the positive, negative and zero sequence stability margins of the
inverter system are 8°, 8° and 2°. In summary, there is a risk of oscillation instability when
the TFSCI is connected to the grid with shunt capacitors.
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Figure 4. Frequency scanning plot bode diagram of TFSCI admittance model. (a) positive sequence.
(b) negative sequence. (c) zero sequence.
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(a) positive sequence. (b) negative sequence. (c) zero sequence.
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4. Research on High Frequency Oscillation Suppression Strategy of Three-Phase
Four-Wire Grid-Connected Inverter

4.1. Research on Impedance Remodeling Strategy Based on Improved Damping Controller

In the three-phase three-wire inverter system, references [23,24] used the grid voltage
feedforward strategy to improve the harmonic suppression ability of the inverter. This
method is equivalent to an additional parallel admittance Y; on the output admittance
Y7 of the original inverter. At this time, the equivalent admittance of the inverter output
becomes Y, ¢. The blue vector in Figure 6 shows the grid voltage feedforward admittance
remodeling process. It can be seen that after the introduction of voltage feedforward, the
output admittance amplitude and phase of the three-phase three-wire inverter are reduced,
the harmonic suppression ability of the inverter is enhanced, and the resonant damping
effect of the control loop is improved.

Figure 6. Remolded admittance vector diagram of three-phase three-wire and three-phase four-wire
inverters after introducing voltage feedforward control.

When the voltage feedforward strategy is adopted in the three-phase four-phase
inverter, the remodeling process is shown as the green vector in Figure 6, which is the
output admittance Y] of the inverter before remodeling and the output admittance Yy
of the inverter after remodeling. It can be seen that the output admittance amplitude
and phase of the three-phase four-wire inverter increase after the introduction of voltage
feedforward, and the harmonic suppression ability of the inverter is greatly reduced.
According to the above analysis, the grid voltage feedforward strategy commonly used
in the three-phase three-wire inverter system is not suitable for the three-phase four-wire
grid-connected inverter.

According to the correlation analysis in Section 2, there are two main reasons for the
high-frequency instability of the TFSCI system:

(1) The amplitude of the inverter system at high frequency is high, so that the intersection
frequency of the amplitude-frequency characteristics of the inverter and the grid
admittance with shunt capacitor is located on the right side of the grid admittance
phase 180° jump, thus introducing high-frequency instability frequency points into
the system.

(2) The admittance phase of the inverter at the frequency band near the intersection of
the admittance amplitude-frequency characteristics of the inverter at high frequency
and the grid with a shunt capacitor is low. Based on the admittance stability theory,
the stability region of the system at high frequency is small.

In order to reduce the risk of high-frequency instability in the TFSCI system, it is
necessary to reduce the output admittance amplitude of the inverter system or increase
the system phase through the admittance remodeling strategy so as to improve the phase
margin of the system in the high-frequency band. Therefore, this paper proposes an oscilla-
tion suppression method based on SOGI and a negative third-order differential element
for a three-phase, four-wire grid-connected inverter. This method uses the high-frequency
phase attenuation characteristics of the SOGI to adjust the output phase of the inverter
system in the high-frequency band and uses the negative differential element to increase
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the order of the inverter system and improve its high-frequency band amplitude frequency
characteristics. At the same time, the selection of the SOGI can increase the impedance
amplitude difference between the fundamental frequency and the high frequency, thereby
reducing the influence of the damping controller on the fundamental frequency control
effect of the system. In the damping controller, the order of the negative differentiator
component can be flexibly designed. A higher order provides better separation between the
system’s fundamental frequency control and high-frequency damping control. However,
a higher order also increases the difficulty of system control. Therefore, in this article, a
compromise is made by selecting a negative third-order differentiator component. Figure 7
is the small signal model analysis block diagram of the TFSCI after admission remodeling.
The improved frequency oscillation damping controller is added to the system’s current
controller. The expression is:

Z» = GsogrHy = kws/ (sz + kws + wz) (—k/s3> 7)

where k represents the controller gain, Gspgr represents the SOGI, the cutoff frequency
f = 100Hz, H, = —k 3w = 2ntf. Among them, H, can be regarded as variable
frequency resistance.

Figure 7. Block diagram of analysis of admittance model of TFSCI after impedance remodeling.

When the proposed oscillation suppression method based on SOGI and negative
third-order differential element is adopted, the closed-loop control block diagram of TFSCI
is shown in Figure 8, where G,(s) represents the transfer function of the PI current controller
and kpwy represents the gain of inverter bridge.

UPCC

S+ + + 1 :
Let Gc (S) kPWM ZL (S) 7 Ts

Figure 8. Closed loop control block diagram of TFSCI.

It can be seen from Figure 7 that the output d-4-0 axis reference voltage of the system
control link can be expressed as:

by = Gix (i = ia) + Zo# (i3 05 — ia) — jeorLg + g
Uy = Gi (i;; —iq) T Zy (i;/HP —iq) +jerLs + g ®)

P N
U, = Gji* (i 10)+Zv*(1o,HF io) + ug
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The proposed impedance remodeling strategy is equivalent to introducing additional
positive, negative and zero sequence additional impedances Z; into the inverter output
impedance model. The equivalent model of the three-phase four-wire inverter and the grid
interaction system after impedance remodeling is shown in Figure 9.

Figure 9. Circuit diagram of TFSCI and power grid interaction system after impedance remodeling.

Magnitude(dB)

Phase(deg)

After adopting the proposed control strategy, the positive, negative and zero sequence
admittance of the inverter can be expressed as follows:

Yy = : L .

L™ K (7 (Kaiptkaii / (s—=jeor) +kgip+kgii / (s—jewr) ) —jer Lkag+GsocrHy ) +sLs+Ry
Y = : L .

T K (3 (kdip+kdii/(5*]“-’1)+kqip+kqii/l(97]w1))+]w1Lf+GSOGIHv)+SLf+Rf )
Yo1 =

K (kgip+k01i/s+% (kovp+k001/s)+GSOGIHv> +S*(3Lsn+Lf)+3Rsn+Rf

Figure 10a is the Bode diagram of Z,. It is observed that in the frequency range
of 100 Hz~10,000 Hz, the amplitude of Z, increases linearly with the frequency and the
phase tends to 0, that is, Z, gradually shows resistance characteristics with the increase of
frequency. Figure 10b shows the impedance vector diagram of the inverter after remodeling.
It can be seen that when the frequency increases, the impedance phase of the inverter system
gradually decreases and the amplitude increases from Z; ,, to Z ,,. It can be seen that
the introduction of a high-frequency oscillation controller improves the system’s harmonic
suppression ability and phase margin, and the proposed control strategy can effectively
reduce the high-frequency instability risk of TFSCI.

45

Bode Diagram

1

100

1000 10000
Frequency (Hz)

(@)

Figure 10. Cont.
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Figure 10. Admittance remodeling process of TFSCI. (a) The Bode diagram of Z,. (b) Impedance

vector diagram after remodeling.

Figure 11 is the Bode diagram of the reshaped TFSCI and the positive, negative, and
zero-sequence admittances of the power grid. It can be seen from the figure that the grid
admittance and the positive, negative, and zero sequence admittance amplitudes of the
inverter are at 1800 Hz, 1800 Hz, and 177 Hz, respectively. Based on the admittance stability
theory, the positive, negative, and zero-sequence stability margins of the inverter system
are 105°, 105°, and 52°, respectively. Through the above analysis, it can be seen that the
admittance amplitude of the reshaped TFSCI decreases and the phase increases, which
verifies the effectiveness of the proposed three-phase, four-wire inverter high-frequency

oscillation suppression strategy.
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Figure 11. The admittance bode diagram of TFSCI and power grid with parallel compensation
capacitors after remodeling. (a) positive sequence. (b) negative sequence. (c) zero sequence.

4.2. Parameter Analysis of High Frequency Oscillation Controller

In order to verify the adaptability of the proposed control strategy when the parameters
change and determine the range of relevant control parameters, this section will take the
zero-sequence inverter system as an example to discuss the inverter admittance remodeling
effect under different control parameters.

Firstly, the influence of high-frequency controller gain k on the effect of inverter
impedance remodeling is discussed. Figure 12 shows the zero-sequence admittance and
grid admittance Bode diagram of the TFSCI when k changes from 1 to 100. It can be seen
that the amplitude of the zero-sequence admittance Yy of the inverter output will decrease
with the increase of the gain k after using the proposed control strategy. The phase is
basically unchanged, and the system has a large stability margin when k changes. In order
to ensure the fundamental frequency control performance and sufficient phase margin of
the system, the high-frequency controller gain k = 5 is selected in this paper.

Secondly, the influence of filter inductance deviation on the effect of inverter impedance
remodeling is discussed. Figure 13 shows the inverter output admittance Bode diagram
when the filter inductance deviation AL and the midline inductance deviation AL, change
in the £30% interval. It can be seen from the observation that the filter inductance devi-
ation AL; and the midline inductance deviation AL, only affect the output admittance
characteristics of the inverter at low frequencies and have no effect on the inverter admit-
tance remodeling effect at high frequencies, which proves that the proposed oscillation
suppression strategy still has strong adaptability when the inductance parameters change.
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Figure 12. Bode diagram of zero sequence admittance and grid admittance of TFSCI when k changes
from 1 to 100.

Finally, the influence of capacitor offset on the impedance remodeling effect of the
inverter is discussed. Figure 14 shows the inverter output admittance Bode diagram when
the shunt capacitor Cg changes. It can be seen that the proposed admittance reshaping
strategy can still ensure that the three-phase four-wire inverter system has a high phase
margin when the shunt capacitor C; changes, and the risk of high-frequency instability
of the system is greatly reduced, which proves that the improved frequency oscillation
suppression strategy still has strong adaptability when the shunt capacitor Cy changes.
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Figure 13. Bode diagram of inverter zero-sequence remodeling admittance when filter inductance
deviation ALy and midline inductance deviation ALy, change in +30% range. (a) filter inductance.
(b) neutral inductor.
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Figure 14. Bode diagram of inverter zero-sequence remodeling admittance when parallel compensa-
tion capacitors Cq change.

5. Simulation and Experimental
5.1. Simulation Verification

In this paper, MATLAB/SIMULINK simulation software is used to build the interac-
tion model between the TFSCI and the grid with shunt capacitor. Table 1 gives the relevant
parameters of the TFSCL
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Table 1. Relevant parameters of TFSCL

Parameter Value Parameter Value
DC voltage Uy, 800V Integral coefficient of PLL controller kp; 0.25
Grid phase voltage Ug 220V Proportion coefficient of d-axis current controller kg, 1
nominal power P, 11 kW Integral coefficient of g-axis current controller kg;; 18
switching frequency f 5 kHz Proportion coefficient of d-axis current controller kg, 1
fundamental frequency f; 50 Hz Integral coefficient of q-axis current controller kg 18
Inverter side inductance L¢ 3mH 0 axis current controller proportional coefficient ko, 3
Carrier wave amplitude V; 1V 0 axis current controller integral coefficient ko;; 54
grid inductance Lg > mH Proportional coefficient of DC side voltage balance 21
PI controller kqp
Proportion coefficient of PLL 0.16 Integral coefficient of DC voltage balance PI controller kq; 42

controller kpp

Figure 15a shows the output current waveform of the inverter without a shunt capaci-
tor under a weak grid. It can be seen that the inverter can operate stably. Figure 15b shows
the output current waveform of the inverter after adding the shunt capacitor to the grid.
At this time, the inverter system is unstable, which verifies that the addition of the shunt
capacitor to the three-phase, four-wire inverter under the weak grid will cause the system
to oscillate.

30r ] ]

20

=)

Ipce-abe(A)
[=1

|
<

=20 -/

-30

60

40

2
=3

Ipcc-abe(A)
=

=20 “‘

-0y |

(b)

Figure 15. Simulation waveform of inverter grid-connected current with or without parallel compen-
sation capacitors. (a) No shunt capacitor. (b) Adding the shunt capacitor.
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Figure 16 is the output current waveform of the system when the shunt capacitor of
the TFSCI changes. Before 0.5 s, the parallel capacitor of the grid is 5 uF, and the THD of the
current at the PCC point is 17.14 %, and the power quality of the system output current is
poor. The proposed admittance remodeling strategy is added at 0.5 s. It is observed that the
high-frequency oscillation phenomenon in the inverter system is suppressed within 0.004 s,
and the system can operate stably. At this time, the current THD at the PCC point is 1.71 %.
In order to verify the adaptability of the proposed oscillation suppression strategy when the
shunt capacitor changes, the shunt capacitor is increased to 10 puF at 1 s. The observation
shows that the inverter system can still operate stably, which verifies that the proposed
control strategy has strong adaptability to the change of capacitor compensation degree.

40 «— C, =10uF —»

30

20

[pec-abe(A)
f=

~10
=20 |
-30H

-40f 1

0 0.5 1 1.5

Figure 16. Simulation waveform of inverter grid-connected current when the parallel compensation
capacitors change.

Figure 17 shows the output grid-connected current waveform of the TFSCI after the
parallel capacitor Cy = 5uF is added and the 5th and 7th harmonic voltages of 0.1 pu are
injected into the grid voltage. At 0.5 s, after adopting the proposed admittance remodeling
strategy, it is observed that the output current power quality of the system is better at this
time, and the system can operate stably. The simulation results show that the proposed
oscillation suppression strategy still has strong adaptability under harmonic grid.

60 T
Before admittance remodeling After admittance remodeling
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Figure 17. Simulation waveform of inverter grid-connected current before and after admittance
remodeling when harmonics are injected into the grid.
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5.2. Experimental Verification

In order to verify the effectiveness of the oscillation suppression strategy proposed
in this paper, a TFSCI experimental platform based on in-loop control (CHIL) is built as
shown in Figure 18, and the time step is set to 1 ps.

i

’ AW

Scope+Computer

»
.

Z Typhoon 602+

Figure 18. Experimental platform of TFSCI based on in-loop control (CHIL).

Figure 19 is the experimental waveform of the grid-connected current of the inverter
before and after adding a parallel compensation capacitor. From the diagram, it can be seen
that the inverter can operate stably when the grid-side equivalent inductance Ly =1 mH
in the weak grid. When a 5 pF parallel compensation capacitor is added to the grid
side, the system gradually loses stability, and the power quality of the inverter output
current continues to deteriorate. The results show that the addition of the grid-side parallel
compensation capacitor destroys the original stable state of the inverter.

GYINSTEK 18k pts 58kSa/s === Stop
No parallel ™ . : == .
P Adding-parallel compensation capacitor

compensation capacitor

. @ 5p.8597Hz

Figure 19. Experimental waveform of inverter grid-connected current before and after adding parallel
compensation capacitors.

Figure 20 is the experimental waveform of grid-connected current before and after
impedance remodeling. It can be seen from the figure that the system is unstable when the
inverter is connected to the grid with a shunt capacitor. When the impedance reshaping
strategy designed in this paper is adopted, the system can quickly restore stability, showing
good dynamic response and steady-state operation performance. The experimental results
verify that the impedance reshaping strategy designed in this paper can effectively suppress
the oscillation phenomenon of the TFSCIL
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Figure 20. Experimental waveform of inverter grid-connected current before and after admittance

remodeling.

Figure 21 is the experimental waveform of the grid-connected current of the inverter
when the capacitance changes after the impedance remodeling strategy is adopted. From
the diagram, it can be seen that the system can still maintain stable operation when
the grid-side shunt capacitor changes from 10 uF to 15 uF, and the inverter system can
complete the transition within 0.005 s after capacitor switching, which verifies that the
impedance remodeling strategy designed in this paper has strong adaptability to the change
of shunt capacitor.
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Figure 21. Experimental waveform of inverter grid-connected current when parallel compensation

capacitors are changed after admittance remodeling.

Figure 22 is the grid-connected current experimental waveform of the inverter before
and after the impedance remodeling after the grid is injected with harmonics, in which
the grid side is set to inject 5 and 7 harmonics of 0.1 pu respectively. It can be seen from
the figure that when the harmonic content of the grid is high, the proposed impedance
reshaping strategy can still make the inverter operate stably, and the power quality of
the inverter output current is high, which verifies that the impedance reshaping strategy
designed in this paper can still effectively suppress the inverter oscillation phenomenon
under the harmonic grid.



Electronics 2023, 12, 3105

19 of 23

GYINSTEK 10k pts 1808kSa/s
Before admittance

< remodeling > , >

Stop

Injecting
Harmonics into

< the grid
i ‘ : ; :

( © ~ Zn I 1oms 4.%aans)[ : ]

Figure 22. Experimental waveform of inverter grid-connected current before and after admittance

remodeling when harmonics are injected into the grid.

6. Conclusions

In this paper, the admittance model of TESCI was derived based on the small signal
correlation model of grid voltage, inverter current, and duty cycle variable disturbance.
The positive, negative, and zero-sequence stability of the inverter system under a weak
grid and its high-frequency oscillation suppression strategy are studied. When the grid
contains shunt capacitors, the stability margin of the three-phase, four-wire grid-connected
inverter is low in the high-frequency band, and the system has the risk of high-frequency
oscillation instability. The admittance remodeling strategy based on a negative third-order
differential element and SOGI can correct the output admittance amplitude and phase of
a high-frequency three-phase four-wire inverter so as to ensure that the inverter system
still has sufficient stability margin at high frequency. The proposed control strategy can
effectively suppress the high-frequency oscillation of the system when the main parameters
of the system change, which greatly improves the stability control parameter domain of the
three-phase, four-wire inverter. The experimental results verify that the proposed inverter
oscillation suppression strategy is correct and feasible. Finally, it is worth noting that the
adaptive quantitative design method of controller parameters considering the stability of
the inverter and the adaptability of grid-side parameters under weak grids will be the
future research direction.
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Appendix A

In this appendix, the positive, negative and zero sequence admittance models of TFSCI
are derived from model (2). From Equation (2), the small signal model of the inverter system
in the d-g-0 coordinate system is shown in Figure A1, which is based on the static operating
point of the inverter. where X represents the steady-state value of x, and represents the
small signal perturbation corresponding to x.

—= T < ™
Oz oL AL oL, Al 3L, +L
< A“;@ Au;@ Auj@
O3
o
(a) (b) (c)

Figure A1. Small signal model of inverter system in d-g-0 coordinate system. (a) d-axis small signal
equivalent model. (b) g-axis small signal equivalent model. (c) 0 axis small signal equivalent model.

It can be seen from Figure Al that, assuming Ad; = Ady = Ady, AUy, = 0, the transfer
function matrix Z,,; from the disturbance current to the voltage response in the system
model can be expressed as:

—SLf—Rf (,de 0
—wa —SLf—Rf 0
—S(Lf + 3Lsn) — Rf
—3Rsn + e,

Zout = (A1)

0 0

Similarly, assuming Auy = Auy = Auy = 0 in Figure Al, the transfer function matrix
Hj; from the duty cycle to the corresponding current response in the system model can be
expressed as:

(SLf+Rf)udc WLjudc 0
(SLp+Rp)*+(wLs)®  (sLy+Rp) +(wLy)?
I wL Uy (sLp+Rp)Ugc
Hia = (sL+Rp)*+(wLs)?  (sLp+Rp)*+(wLy)? 0 (A2)
0 0 Ugc

s(3L5,1+Lf)+3Rsn+Rff%

Based on the above analysis, the small signal model block diagram of the TFSCI is
shown in Figure A2. Among them, the transfer matrix H,; represents the inverter control
delay link, and its expression is:

e~ Laels 0 0
Hdel = 0 EdeeIS 0 (A3)
0 0 gdeeIS

In the formula, the delay time Tj,; is represented.
The transfer matrix H;,, represents the d-g axis decoupling link transfer matrix in the
current controller, and its expression is:

0 —wa 0
Hpee = |wLf 0 0 (A4)
0 0 0
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Figure A2. Block diagram of small signal model of TFSCI.

The transfer matrix H,; represents the PI regulator in the current controller, and its
expressions are:

kaip + St 0 0
Hi=| 0  ky+2 0 (A5)
0 0 koyp+

In the formula, k4;, and k4;; denotes the proportional coefficient and integral coefficient
of d-q axis current controller respectively, and denotes the proportional coefficient k¢;, and
koi; integral coefficient of 0 axis current controller respectively.

The expression of the DC voltage transfer matrix Hy, is:

1/Uy, 0 0
Hy. = 0 1/Uy, 0 (A6)
0 0 1/Uy,

According to Equation (5), the transfer matrix Hy, of current disturbance to DC voltage
disturbance in d-g-0 coordinate system can be expressed as:

00 0
Hy,i= |0 0 0 (A7)
0 0 —3/25C

It can be seen from Figure 1 that in the DC voltage balance PI controller, the transfer
matrix H;. expression from the DC side disturbance voltage to the reference disturbance
current can be expressed as:

00 0
Hye= 10 0 0 (A8)
0 0 kdcp + kgei/s

In the formula, k4, and kg; represent the proportional coefficient and integral coeffi-
cient of the PI controller that balances the DC voltage, respectively.

s
According to the analysis of Figure A2, the admittance Yscg40 of TFSCI from A to
Al canbe expressed as:
7-1

Y. i — out (A9)
SC0 ™ 1 HiyH o Hye (HipHoge Hei — Hei + Hyer + Zo)
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In the case of three-phase symmetry, the admittance matrix in the d-g-0 coordinate
system can be equivalently converted into positive, negative and zero sequence admittance
matrices Yscpno. The conversion relationship is:

Yscpno = TzYaqoT; " (A10)
In the formula, the expression of the transformation matrix is:

(o
Ty=—1[1 —j 0 (A11)
V2 0 0 V2

Because the instability excitation frequency is high when the inverter oscillates at high
frequency, Is| much larger than 1, that is, 1/s can be approximated as 0. The expressions
of positive, negative and zero sequence admittance of TFSCI can be obtained by sorting out

Equation (A10):
Yy = —r : L
Kon (3 (Kaip+kaii / (s—jeor)+hgip +1kqii/ (s—jwr)) —jwr Lk ) +sLe+Rg
Yn = Km(%(kdip+kdii/(sfjwl)Jrkq,'lerkqi,- /(s—jw1))+jwrLs)+sLe+Rs (A12)
Yy =
‘ Kin (koip'i‘koii/s‘i’% (k0vp+k0vi/s)> +s(3Lfn+Lf)+3an +R¢
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