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ABSTRACT With the increasing applications of grid-connected voltage source converters, it is important to
analyze the impedance characteristic of the grid-connected system to implement the stability analysis of the
grid connection operation. Compared with the three-phase three-wire system, an additional zero-sequence
path exists in the three-phase four-wire system. Therefore, it is necessary to consider the influence of the zero
sequence when analyzing the stability of the system. In this paper, an impedance model including positive-
sequence, negative-sequence and zero-sequence impedance of the three-phase four-leg grid-connected
inverter is established. Through impedance characteristic analysis, the relationships between zero-sequence
impedance and positive-sequence, negative-sequence impedance can be found which are decupled. Based
on the developed zero-sequence impedance model, the main factors affecting the zero-sequence impedance
model are revealed. Then, the system stability consisting of the grid and three-phase four-wire inverter is
investigated, and the experimental results validate the theoretical analysis.

INDEX TERMS Impedance modeling, three-phase four-leg grid-connected inverter, zero-sequence, stability

analysis.

I. INTRODUCTION

Grid-connected voltage source converters (VSCs) have been
widely employed in power system for renewable energy
generation, flexible power transmission, and energy-efficient
power consumption. Since the integration of power electronic
converters brings nonlinearity to the traditional grids, various
stability problems were reported, which are caused by the
interaction between the VSC and the grid [1]-[4].

Many methods are proposed to study the system stability
characteristic, such as loop-gain [5]-[7], eigenvalues analy-
sis based on system state-space [8], and passivity [9], [10],
impedance-based method [11], [12]. Among these methods,
the impedance-based analysis provides an attractive approach
to analyze and resolve the stability problems caused by the
interaction between the VSC and the grid [12]-[16]. Undrill
and Kostyniak analyzed the sub-synchronous oscillations of
power systems based on the impedances of generators and
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the transmission network in [13]. Reference [14] presents
a stability criterion for grid-connected converters based on
impedance models and Gershgorin’s theorem, which consider
the effect of the non-diagonal elements. In [15], the small
signal stability of a three-phase ac system using measured
d-q frame impedances and the generalized Nyquist stability
criterion is investigated by the scholars. However, the above
researches are based on the three-phase three-wire system.

In addition to three-phase three-wire system, three-phase
four-wire system is also widely used in distribution net-
work. The difference between a three-phase three-wire sys-
tem and a three-phase four-wire system is whether there is
a zero-sequence current path. Although many scholars have
studied the stability problem in the three-phases three-wire
system [12]-[16], [32], [33], the conclusions about stabil-
ity based on the impedance analysis method cannot fully
reflect the situation of the system due to the neglect of
zero sequence component. Therefore, it is necessary to study
zero-sequence stability and its relationship with positive,
negative-sequence stability.
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In order to analyze the stability of the three-phase four-
wire system including zero sequence stability, it is necessary
to analyze the transmission path of the positive-sequence,
negative-sequence and zero-sequence perturbation signals in
each sequence loop. Then the frequency-domain relationship
between the perturbation signal and the response can be
obtained as the impedance model. Based on the impedance
model, the stability issue can be analyzed. However, the rel-
evant research on the zero-sequence is lacked.

In the three-phase four-wire system, the four-leg voltage
source inverters are widely used in different standalone and
grid-connected applications [17]-[24], which includes dis-
tributed generation [17], islanded microgrids [19], uninter-
ruptible power supply [20], active power filter [21], [22]
and voltage compensators [23], [24]. Compared to three-
phase three-leg inverters with split dc links, the addition of
the fourth leg provides extra advantage in terms of voltage
rating. Indeed, reduced dc bus voltage is involved, and larger
ac voltage may be supported (over 15%) [25]. Moreover,
the additional leg provides zero-sequences current with an
effective path, which sustains the converter ability to han-
dle the critical conditions, such as the presence of single-
phase or unbalanced phase loading [25].

Therefore, this paper established the impedance model
of the three-phase four-leg grid-connected inverter, and the
impedance models of positive-sequence, negative-sequence
and zero-sequence are obtained. The derivation process of
the admittance model including positive, negative and zero
sequence is more complicated than that of the pure posi-
tive and negative sequence admittance model. The matrix
dimension has increased from 2D to 3D, and the analysis of
disturbance loop needs to consider the influence of the zero-
sequence components. When performing stability analysis,
it is not only necessary to consider the stability of the positive
and negative sequences, but also need to consider whether the
zero sequence will bring stability problems, which increases
the complexity of the analysis process.

The rest of this paper is organized as follows: System
description and impedance modeling of three-phase four-leg
grid-connected inverter is given in Section II as a foundation
of the following analysis. Then, the admittance model veri-
fication and the effect of AC side filter parameters as well
as the zero-axis current loop parameters on zero-sequence
admittance are studied in Section III. The grid-connected
operation stability of the three-phase four-leg grid-connected
inverter and the cases for validation is analyzed in Section IV.
Finally, Section V gives the conclusion of the paper.

Il. IMPEDANCE MODELLING OF THREE-PHASE
FOUR-LEG GRID-CONNECTED INVERTER

For the sake of establishing the model of three-phase four-leg
grid-connected inverter, firstly, it is necessary to analyze
the transmission path of the positive-sequence, negative-
sequence and zero-sequence perturbation signals in each
sequence loop so as to obtain corresponding small-signal
models. And then the impedance model can be derived.
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FIGURE 1. Block diagram of three-phase four-leg grid-connected inverter.

A. SYSTEM DESCRIPTION

The block diagram of the three-phase four-leg grid-connected
inverter considered in this paper is shown in Figure 1. The
control block diagram of the system includes the PLL, and
the control delay, the inner current controller and 3D-SVM
modulation module [26], [27].

The four control signals named as Sa, Sb, Sc, and Sn can
be applied to denote a total of 16 (2%) switching states of the
converter. The voltages in each leg of the inverter, measured
from the negative point of the dc-link N, can be expressed as,

UagN Sa
upn || Sp
= e M
UnpN Sy

From (1), the voltage model can be expressed as,

Uan UgN — UnN Sa — Sn
Upp | = | upN —unn | = | Sp — S
Ucn L UcN — UnN Se — Sn
da - dn
Uge = | dp — dn | Udc @)
_dc - dn

where, d,, dp d. d, are the duty ratio of the four legs
respectively.
Then, the inverter voltages can be written as,

Uan Lfa 0 0 Pia
upn | = 0 Ly 0 Dibp
Ucn 0 0 Lf ¢ pic
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Under assumption Ly, = Ly = L = Ly, Ry = Rp =
Rie = Ry, Ly = Ly, R = Ry, the mathematical model in
dq0-domain can be obtained as,

Uig Ly 0 0 Did
ug | =10 Ly 0 Dig
7 0 0 3L,+Lf pio
_Rf 0 0 iq
o r o ]G
| 0 0 3R, +Ry io
0 wLf 0 iq Uqg
+ | —oly 0 0 g |+ | uq 4)
0 0 0 io ug

where p represents the differential operator d /dt.
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FIGURE 2. Small-signal circuit model of inverter in system dg0-domain.
(a) d-axis small-signal circuit; (b) g-axis small-signal circuit; (c) 0-axis
small-signal circuit.

Figure 2 shows its equivalent circuit used for developing
the small-signal model, in which Ax denotes the small-signal
perturbation of x and X represents corresponding steady state
value. For instance, Adj denotes the small-signal perturba-
tion of duty ratio and D7, is the steady-state value of duty ratio
in d axis. In this paper, the dc voltage of inverter is assumed
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to be constant to simplify the modeling process. Based on
the above small-signal model, the impedance model can be
derived.

B. IMPEDANCE MODELING OF THE THREE-PHASE
FOUR-LEG GRID-CONNECTED INVERTER

Since the synchronous reference frame phase-locked loop
(SRF-PLL) is widely applied to obtain the grid phase infor-
mation, and its dynamic characteristics influence the stability
of the system. Therefore, it is necessary to consider the PLL
when establishing the impedance model. the block diagram
of SRF-PLL is shown in Figure 3.

c
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dq ——k,, +—= il I N
y Mq S s

FIGURE 4. System and controller d — q — 0 frames.

Figure 4 shows the system and controller d — g — 0 frames.
The system d — g — 0 frame coincides with the controller
d—g—0 frame in steady state. When there are perturbations in
the grid voltage, due to the dynamic performance of the PLL,
there will be an angular difference A6 between the controller
d — g — 0 frames and the system d — g — 0 frames in d-axis
and g-axis, while the 0-axis is still coincident. The transfer
function matrix from system d — g — O frames to controller
d — g — 0 frames can be expressed by

cos(Af) —sin(Af) O
F = | sin(A9) cos(AB) 0 (@)
0 0 1
Then,
l—ic — F_’S
i =F (6)
d’ =¥d

where subscript s indicates the variable in the system
d — g — 0 frame as well as subscript ¢ indicates the variable
in the controller d — g — O frame.
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When the system operates in the steady state, the variables
of system d — g — O frame are equal to the variables of
controller d — g — 0 frame.

U'=0"
‘=1 )
D' =D

The aforementioned equation indicates that the angle
between vectors in the controller frame and the vector in
system frame is O; using the rotation matrix F, (7) can be
rewritten as

[cos(0) —sin(0) 0
© = |sin() cos0) o0 |U
Lo 0 1
i cos(0) —sin(0) O ]
= |sin0)  cos0) 0| (8)
Lo 0 1
[ cos(0)  sin(0) O]
F= —sin(0) cos(0) O ‘
0 0 1]
Add small-signal perturbation to (8)
US+ Au§ [ cos(0+ A9) —sin(0+ A6) 0
Ug + Auf] = | sin(0 + AH) cos(0 + A6) 0
US+auy | 0 0 1
Ui+ Au,
Uy +auy | ©)
Uy + A,

By doing a small angle approximation of trigonometric
functions, and canceling the steady-state values, the relation-
ship between voltage vectors in the controller frame, system
frame, and PLL output angle can be derived as

Us+aus 1 [ 1 —a007][US+ A
US+Au |~ | A0 1 0| Uj+ A, | (10)
Uj + Aug | | 0 0 1 Uj + Auy

AuGl [ Auy+USAG

Al |~ | Auf — UjAg (11)

Aug | i Aup,

Then, based on the block diagram of PLL in Figure3,
A6 can be obtained as,

ki 1

Substituting (12) into (10), the relationship between small-
signal perturbation from voltage in the system frame and in
the controller frame can be achieved as,

: ki 1
Aul = Aul,* (1 + U3 * <k,,,,+ ”’) * ;> (13)

N
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Combining (12) and (13), the relationship between angular
difference A6 and small-signal perturbation from voltage in
the system frame can be expressed as,
kpp + kip/s s

AO = Au (14)
s+ Uj* (kpp + kip/S) 4

Defining
AO = HPLL * AM; (15)

For duty ratio, the small-signal analysis can be done,
which yields

Adg 0 D;HPLL 0 Au;
Ad; ~ |0 —D;HPLL 0 Auf]
Ady 0 0 1| A
AdS
+ | ads | e
AdS

The matrix HdPLL of the small-signal perturbation from
voltage in the system frame to duty ratio in the controller
frame can be expressed as,

0 —D;HPLL 0
HY =|0 DYHpy O (17)
0 0 0

Similarly, for current, the matrix HiPLL of the small-signal
perturbation from voltage in the system frame to the current
in the controller frame can be can be defined as,

) 0 I‘IPLLI(}Y 0
Hi’LL =10 —HPLng 0 (18)
0 0 0

From Figure 2, Assuming Ad}, = Adf] = 0, the relation-
ship between the small-signal perturbation voltage and the
corresponding current in the system frame can be expressed,

Au)
Aué
Aup,
sLf + Ry wlLy¢ 0
= —oLy sLy + Ry 0
0 0 s(Ly +3Ly) + Ry + 3R,
AR,
x | A 19)
Aiy

Therefore, the transfer function matrix from perturbation
voltage to current response can be expressed as,

sLy+ Ry oLy 0
Low=| —oly  sLr+Ry 0
0 0 S(Ly+ 3Ly)+ Ry + 3R,

(20)
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FIGURE 5. The block diagram of impedance model of the three-phase
four-leg grid-connected inverter.

Similarly, in Figure 2, assuming Auj;, = Au} = 0,
the transfer function matrix Hjq, from the small-signal pertur-
bation from duty ratio to the corresponding current response
in the system frame, can be obtained as,

a b 0

Hg=|-b a 0 2D
0 0 ¢

where,

a = —(sLf + Ry)Uye
(sLy + Rf)2 + (a)Lf)2
wLfUge
b= 2 2
(sLy + Rf)= + (wLy)
_ —Uygec
s(BL, + Lg) + 3R, + Ry

The block diagram of the impedance model of three-phase
four-leg grid-connected inverter can be shown in Figure 5,
in which Hge denotes a delay transfer matrix caused by
the control delay, Hgee denotes the decoupling term matrix
caused by the d — g decoupling control, and H; denotes the
current controller matrix.

0 —owLf 0
Hiee = |0y 0 0 (22)
| 0 0 0
[1/Use 0 0
Hge=| O 1/Uac 0 (23)
0 0 1/Us
[~ 1-0.75T,,
1+0.75Tje§§~ 0 0
1—0.75T 4o
Hyel = 0 Tt 0 (24)
1—0.75T 4
L 0 0 1+0.75T29j§
kaip + i 0 0
Hi=| o0 gip + i 0 (25)
0 0 koip + ]%
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According to Figure 5, the admittance from AT to Aii’ can
be expressed as,

HigHaeHae (Hby ; (Hgee—Hei))
I — HigHgel * Hac(Hgec—Hei)
HigHgel (HdpLL‘i‘(Hideel)_lZ;ult)
I — HigHaetHac(Hgee —Hei)

Yidqo =

+ (26)

According to the method that equivalently transforms the
admittance in the dg-domain into the admittance in the
sequence-domain in [28], the admittance model in sequence
domain can be achieved as

_ Y; 0
Yipno = Tz YaqoT;' = [ o }

Yi Yo O
=|Yy Yn O 27
0 0 Y33
o
T,=—|1 —j 0 (28)
V2l 0 3

It should be noted that the elements in third column or third
row in matrix Ygqo and Ypno except the third element in the
third column elements are zero, which means the relationship
between positive-sequence admittance and zero-sequence
admittance is decoupled, and the relationship between neg-
ative -sequence admittance and zero-sequence admittance is
also decoupled.

Ill. IMPEDANCE ADMITTANCE MODEL VERIFICATION
AND ZERO-SEQUENCE ADMITTANCE

CHARACTERISTICS ANALYSIS

A. ADMITTANCE MODEL VERIFICATION

In order to verify the correctness of the analytical admittance
model, the simulation based on MATLAB/Simulink is car-
ried out. The simulation result of frequency scanning and
the analytical model are presented in Figure 6, in which Yj;
denotes the i element in the /™ column. It can be seen that
the measurement result matches the theoretical result well,
which prove that the established model is accurate.

The magnitude of Y13, Y23, Y31 and Y3, is relatively small
compared to other elements and can almost be neglected,
which indicates the relationship between positive-sequence
admittance and zero-sequence admittance is decoupled, and
the relationship between negative-sequence admittance and
zero-sequence admittance is also decoupled. It justifies the
conclusion about the relationship between positive, negative
and zero sequence admittance obtained in the above section,
which means the zero-sequence admittance can be studied
alone.

B. ZERO-SEQUENCE ADMITTANCE

CHARACTERISTICS ANALYSIS

According to (27), the zero-sequence admittance is the third
element in the third column elements of matrix Yjpng, which

VOLUME 9, 2021
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FIGURE 6. Bode diagrams of the output admittance of the inverter. (red curve denotes the model result and blue asterisk denotes the frequency

scanning measurement result).

can be obtained as,

k ..
Yoo = 1/ <s(3L,, + L)+ 3R, + Ry + <ko,~p + %))
(29)

In (29), Ly and Ry respectively denote the inductance
and parasitic resistance of the phase-a phase-b and phase-c,
L, and R, denotes the instance and parasitic resistance
respectively of the phase-n, ko, ko;; represent the propor-
tional parameter and integral parameter of the zero-sequence
current PI controller.

From (29), it can be seen that the zero-sequence admit-
tance is relevant to the zero-sequence current PI controller
parameters and AC side filter parameters. So it is necessary
to analyze the influence of these two factors on the zero-
sequence admittance.

VOLUME 9, 2021

Figure 7 shows bode diagrams of the zero-sequence admit-
tance when the zero-axis current loop uses parameters with
different current loop bandwidth. It can be seen that the zero-
sequence admittance gradually transitions from resistive to
inductive characteristic as the frequency increases. Compared
with the red curve, the green curve has lager region with
resistive characteristic. And the reason is that the bigger
current loop bandwidth has stronger control ability to the
zero-sequence current.

Figure 8 shows bode diagrams of the zero-sequence admit-
tance when different ac side filter is applied. It can be seen
that the zero-sequence admittance gradually transitions from
resistive to inductive characteristic as the frequency increases.
Compared with the red curve, the black curve has smaller
region with resistive characteristic. And the reason is that the
black curve corresponds to a larger AC side filter.
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FIGURE 7. Bode diagrams of the zero-sequence admittance of the inverter
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FIGURE 9. Equivalent circuit of grid impedance.

IV. STABILITY ANALYSIS AND EXPERIMENTAL
VERIFICATION

A. STABILITY ANALYSIS

Based on the above analysis, the grid-connected operation
stability of the three-phase four-leg grid-connected inverter
will be discussed in the following. In order to investigate
different impedances condition of the grid, the grid side
impedance can be equivalent to the circuit in Figure 9. The
impedance matrix of the grid can be achieved as,

4 0 0
8P _ Zgpn 0 (30)
0 Y

83682

where,
(sLg + Rrg) (sCgRcg + 1)
Zop = Zgn =
Rcg (sLg + Rrg) + sCyRcg + 1
2o — (1 4+ sCgRcg) (s (Lg + 3Lgn) + Rig + 3Rign)
0 =

sCq (S (La + 3Lgn) + R + 3RLgn) + 1+ sCeR¢g

To analyze the system stability, the generalized Nyquist
criterion is applied to the Nyquist plot of the eigenvalues
of Yipno * Zg, where the impedance ratio matrix can be
written as,

* YipnZgpn 0
L = Yipno " Z¢ = [ ' 0 * YiOZg0:| S

From (31), due to the decoupled relationship between the
positive-sequence admittance, negative-sequence admittance
and zero-sequence admittance. The stability of the system is
decided by the positive negative sequence sub system and the
zero-sequence sub system, and the stability of these two sub
systems can be analyzed respectively.

To analyze the zero-sequence sub system stability,
the product of the zero-sequence admittance of inverter and
the zero-sequence impedance of grid according to (30) and
(29) can be achieved as,

Lo = Yio ™ Zeo
(14+5CgRcg) (5 (Lg+ 3Lgn) +Rig+3R1gn)
52 (Lg+3Lgn) Co+ (RrgCg+ 3R1gnCy+CyReg) s+ 1
N
(32)

X
s2(3Ln+ Ly) + (3R + Ry + koip) s + koii
The eigenvalue of L can be expressed as,
— (3R + Ry + koip)
2 (3Ln + Ly)
3Ry + R +koip)? — 4GLy + L ko
2(3L, + Ly)
— (3Ru + Ry + koip)
2 (3L, + Ly)
— 3Ry + Ry + kop)? — 4GLy + Lo
2 (3Ln + Ly)
(RLgCg+ 3RLgan + CgR(;g)
2 (Lga + 3Lgn) Cg
\/ (RigCo+ 3R1gnCy + CeReg)” — 4 (Lg + 3Lgn) Co
2 (Lga + 3Lgn) C

1 =

(33)

(34)

I =—

(35)

By analyzing these formulas, it can be found that the real
of I1, b, I3, I4 are all less than zero, which indicate that
the zero-sequence components will not result in stability
problems in low frequency region. However, as the frequency
increases, the impedance characteristics of the inverter are

VOLUME 9, 2021
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mainly inductive, which may cause high frequency resonance
when the grid impedance is capacitive.

(RgCo+ 3R1gnCq + CoRey)
2 (Lg +3Lgn) C,
\/ (RegCo+ 3R1gnCy + CgRCg)z — 4 (Lg+ 3Lgn) Cy
2 (Lg + 3Lgn) C,

Iy = —

(36)

To analyze the positive negative-sequence sub system, the
eigenvalues of Yjpn * Zgpn should be studied. Many stability
analyses of three-phase three-wire grid connected inverter
based on positive and negative sequence admittance have
been obtained and the conclusions about positive and negative
sequence admittance are the same as the conclusions of this
paper. To avoid repetitive discussion of the same content,
detailed analysis will not be presented in this article.

1

Scope+Computer

FIGURE 10. Hardware platform of CHIL experiment.

To further verify the proposed conclusion, the hardware
platform is established based on Control-hardware-in-loop
(CHIL) as shown in Figure 10. The model of four-leg Grid-
connected system is developed in Typhoon 602+ with the
time step of 1 us. And the controllers of DFIG are imple-
mented in a TMS320F28335/Spartan6 XC6SLX16 DSP+
FPGA control board. Applying the CHIL to analyze the
stability of megawatt DFIG-grid interconnected system has
been proposed in [29]-[31]. The parameters of the system are
listed in Table 1 and Table 2 in section APPENDIX. In order
to ensure one sub-system stable when analyzing another sub-
system different grid parameter are used.

B. OCCURRENCE OF INSTABILITY IN THE POSITIVE
NEGATIVE-SEQUENCE SUB SYSTEM

Figure 11 shows the characteristic root locus of Yinvpn - Zgpn,
when the PLL using different parameters and the other param-
eters are listed in Appendix Table 2. Figure 11(a) shows the
characteristic root locus of Yinvpn - Zgpn Without bypassing
the point (—1,0) when the proportional gain of PLL (kpp)
is 0.158, which means the positive-negative-sequence sub
system is stable. Figure 11(b) shows the characteristic root
locus of Yinypn - Zgpn When the proportional gain of PLL (kpp)
is 3.15. It can be seen from Figure 11(b) that the characteristic
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FIGURE 12. Bode diagrams of the zero-sequence admittances of the
inverter and the grid (red curve denotes the zero-sequence admittances

of the inverter and blue curve denotes zero-sequence admittances of
the grid).

root locus Bypass the point (—1,0), and the corresponding fre-
quency through the unit circle is 165Hz. Therefore, according
to the stability criterion, the positive negative sequence-sub
system is unstable and will produce harmonic band at 165Hz
and 265Hz due to the frequency coupling effect.

Figurel2 shows the bode diagrams of the zero-sequence
admittances of the inverter and the zero-sequence impedance
of the grid. From Figure 12, the zero-sequence sub system has
a large stability margin and has no stability problems caused
by the zero-sequence impedance.

Figure 13 shows the voltage wave and current waveform at
PCC where the proportional gain of PLL (k) stepping from
0.158 to 3.15, the grid-connected phase currents gradually
diverge, which indicates that the system is unstable. The
FFT analysis of i,, when kj, = 3.15, is shown in Figurel4,
which reveals that there are considerable harmonic band at
165 Hz and 265 Hz in the phase currents. From Figure 14 it
also can been seen that the zero-sequence current (ip) is
table, which means the instability of the positive and nega-
tive sequence loop will not affect the stability of the zero-
sequence loop. The corresponding experiment parameters are
listed in Appendix Table 2.
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C. OCCURRENCE OF INSTABILITY IN THE
ZERO-SEQUENCE SUB SYSTEM
Figure 15 shows the characteristic root locus of Yinypn * Zgpn,
without bypassing the point (—1,0), which means the positive
negative-sequence sub system is stable. The corresponding
experiment parameters are listed in Appendix Table 3.
Figure 16 shows the bode diagrams of the zero-
sequence admittances of the inverter and the zero-sequence
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FIGURE 16. Bode diagrams of the zero-sequence admittances of the
inverter and the grid (red curve denotes the zero-sequence admittances
of the inverter and blue curve denotes zero-sequence admittances of
the grid).
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FIGURE 17. Time domain waveform of voltages and currents.

admittances of the grid when the proportional gain of zero-
axis current controller using different parameters and the
other parameters are listed in Appendix Table 3. Figure 16(a)
shows that the zero-sequence sub system has a large stability
margin and has no stability problems caused by the zero-
sequence impedance components when the proportional gain
of zero-axis current controller (ko) is 30. From Figure 16(b),
the magnitude of zero-sequence admittances of the inverter
and grid intersect at 1060Hz and the phase difference is
closed to 180°, which cause the system to oscillate at this
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TABLE 1. lamplitude and phase of 1060Hz harmonic component in ig, ip,
ic and iy.

Phase

current Magnitude(A) Phase(°)
iq 24.6 12.7
iy 24.6 12.9
i 24.6 12.6
ip 24.6 12.8
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T T T T

Mag(% of Fundamental)

i il ile,ls " L
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FIGURE 19. FFT analysis of the zero-sequence current(ip).

frequency when the proportional gain of zero-axis current
controller (ko) is 6.

Figure 17 shows the voltage wave and current waveform
at PCC, where the proportional gain of zero-axis (kop) cur-
rent controller stepping from 30 to 6 and the corresponding
experiment parameters are listed in Appendix Table 3.

From Figure 17, high frequency oscillation occurs on the
phase currents when kg, is 6. The FFT analysis of i, is
shown in Figure 18, which reveals that there are considerable
harmonic components at 1060Hz. Figure 19 shows the FFT
analysis of zero-sequence current (ip), and the frequency
spectrum of ip is almost same with that of i, in Figure 18.
Table 1 shows the amplitude and phase of 1060Hz harmonic
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TABLE 2. Experiment parameters when occurrence of instability in the
positive negative sequence sub system.

Symbol Parameter Value
U Rated voltage 380V
P Rated power 30kW
fi Fundamental frequency 50 Hz
s Switching frequency 10 kHz
Ve Dec-link voltage 700 V
Ly Filter inductance 1 mH
Ry parasitic resistance of filter inductance 0.2Q
L, Grid inductance 7 mH

Riga parasitic resistance of Grid inductance 0.20
ki Integral gain of PLL controller 4.96
Proportional gain of d-axis current
Kaip 10
controller
fan Integral gain of d-axis current 180
controller
Proportional gain of g-axis current
Kgip 10
controller
» Integral gain of g-axis current 180
controller
Proportional gain of zero-axis current
koip 6
controller
Integral gain of zero-axis current
koii 2
controller
SCR Short circuit ratio 2.1

component in i, ip, i, and ip, which means the 1060Hz oscil-
lation is generated by the zero-sequence subsystem. From
Figure 17, it also can be seen that the positive negative-
sequence sub system is still stable, which means the insta-
bility of zero-sequence loop will not affect the stability of
positive and negative sequence loop.

V. CONCLUSION

This paper analyzes the impedance characteristics of
Three-phase Four-leg Grid-connected Inverter Considering
Zero-sequence. The specific contribution of this paper can be
concluded as follows:

1) An impedance model including positive-sequence,
negative-sequence and zero-sequence impedance of the
three-phase four-leg grid-connected inverter is established.

2) The paper reveals the relationship between zero-
sequence impedance and positive-sequence, negative-
sequence impedance is decupled.

3) The grid-connected operation stability of the three-phase
four-leg grid-connected inverter have been discussed in the
paper, which indicates that instability caused by the positive-
sequence impedance or negative-sequence impedance and the
instability caused by the zero-sequence impedance can be
analyzed independently.

For the zero-sequence high-frequency oscillation prob-
lem mentioned in the paper, the solutions to this problem
are not studied. Therefore, our next step will focus on the
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TABLE 3. Experiment parameters when occurrence of instability in the
zero-sequence sub system.

Symbol Parameter Value
U, Rated voltage 380V
Py Rated power 30kW
fi Fundamental frequency 50 Hz
1 Switching frequency 10 kHz
Ve Dc-link voltage 700 V
L Filter inductance 1 mH
Ry parasitic resistance of filter inductance 0.2Q
L, Grid inductance 2.5mH
Riga parasitic resistance of Grid inductance 0.20
Ce Grid capacitance 7.5uF
Ree parasitic resistance of Grid 020

capacitance
kop Proportional gain of PLL controller 3.15
ki Integral gain of PLL controller 4.96
Proportional gain of d-axis current
kaip 10
controller
ko Integral gain of d-axis current 180
controller
b Proportional gain of q-axis current 10
a“w controller
» Integral gain of g-axis current 180
controller
Proportional gain of zero-axis current
koip 6
controller
Integral gain of zero-axis current
koii 2
controller
SCR Short circuit ratio 6

zero-sequence oscillation problem in the three-phase four-
wire system.

APPENDIX
A. PARAMETERS OF SYSTEM
The parameters of the three-phase four-leg Grid-connected

system sending terminal system are shown in Table 2
and Table 3.
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