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Abstract—This paper presents a decoupled multi-port local stability can be predicted at a specific point [10]. To

impedance modelling method of transmission network for stabil-
ity analysis of inverter-fed power plant. The decoupled three-port
and four-port impedance model are first derived. On the basis of
them, multi-port impedance model of transmission network are
deduced, where multiple branches-based transmission network is
modelled by means of Norton equivalent circuit. In addition, sta-
bility analysis based on proposed impedance network modelling
method is performed. Simulation results are given to validate
effectiveness of the proposed decoupled multi-port impedance
modelling and stability analysis method. The proposed modelling
method is able to simplify impedance modelling procedure,
which performs impedance based stability analysis for inverter-
fed power plant with complicated transmission network in a
computation-less way.

Index Terms—Decoupled impedance modelling, inverter-fed
power plant, impedance-based stability analysis, transmission
network.

I. INTRODUCTION

The increasing penetration of renewable energies, such as
wind energy and solar energy, are promoting the application of
distributed power generation. Solid state interface-based power
converters are intensively adopted to integrate renewable ener-
gies into power systems [1]. To enhance power quality, passive
components such as LCL and L filters are commonly used
to mitigate high-order harmonics. However, the interaction
between inner control loops and passive components can cause
system resonance as variation of grid impedance in a wide
frequency range [2]-[6]. Therefore, it is significant to develop
modelling and analysis method for revealing mechanism and
identifying possibility of oscillation phenomena at early plan-
ning stage of power plant.

Stability issues of multiple grid-connected inverter (GCI)
system have been widely addressed in [4], [7]-[17].
Impedance-based stability criterion (IBSC) has been originally
adopted to predict the stability issue of single GCI-based
power plant [18]. The main disadvantage of IBSC is that only
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identify global stability, IBSC should be performed multiple
times at all buses, if right-half-plane (RHP) poles of impedance
ratios of load and source parts is not calculated [13], [16],
[17]. However, it is not easy to implement stability assessment
in a large-scale power system with complicated transmission
network. Most of existing works always simplify or ignore
transmission lines (TLs)/power cables impedance. For ex-
ample, only the TL impedance between point of common
connection (PCC) and grid is considered in [7]-[10], [12],
[15]. The TLs impedance between the GCls are considered
in [13], [14], [17]. In addition, the TLs impedance between
the GClIs and buses are considered in [11], [16]. Few papers
simultaneously take the three kinds of TLs impedance into
account. In [19], [20], the impedance matrix models of all
components are first established in unified dg frame. Then,
the unified dg-frame impedance network model is established
by merging all individual impedance matrix models. However,
the computation of system impedance matrix tends to cause
high computational burdens, which weakens stability analysis
efficiency. In [11], [21], a long transmission cable is modelled
as a decoupled two-port network, where terminal impedance
of long transmission cable is represented as the impedance
of controlled voltage/current sources. The network modelling
method is able to simplify IBSC. However, the modelling
method fails to be implemented in a large-scale power system
with complicated transmission network.

To perform stability assessment in inverter-fed power plant
with complicated transmission network, this paper presents a
decoupled multi-port impedance model of transmission net-
work to assess stability issue of GCIs system. Main contribu-
tions in this paper are explained as follows. (1) Effect of TLs
impedance on system stability is considered. (2) A decoupled
multi-port impedance modelling method is established, which
is able to simplify IBSC in inverter-fed power plant with com-
plicated transmission network. Also, the modelling method can
be flexibly applied in various network structures.
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Fig. 1. Studied power plant diagram consisting of three GCIs and TLs.

A

II. SYSTEM DESCRIPTION

Fig. 1 shows circuit configuration of studied inverter-fed
power plant, which consists of three GCIs and TLs. There
are two main existing IBSCs performing stability analysis of
the power plant. The first one is to perform stability analysis
by adding system components (GCI and TL) from left to
right step by step in a sequential way, where IBSC should
be implemented at bus 1, 2, 3 and PCC without calculating
the right half plane (RHP) poles of the impedance ratios of
load and source parts. The second one is to perform IBSC one
time at a specific point with calculating the RHP poles of the
impedance ratio [17]. The first approach is more competitive
for multiple GCIs-based power plant, since the order of the
impedance ratio can be very high, which leads to RHP poles
calculation of the impedance ratio time-consuming.

However, the first approach needs to calculate four
impedance formulas, which are the left parts of bus 1, bus
2, bus 3 and PCC, respectively. The repetitive process makes
the IBSC tedious. In principle, the GCIs can be modelled as
Norton equivalent circuits [18]. One assumption is that if the
transmission networks shown as #1T connection and #2T con-
nection in Fig. 1 can also be represented as Norton/Thevenin
equivalent circuits, the analysis process may be simplified,
which will be explained in next section.

III. PROPOSED IMPEDANCE MODELLING METHOD

In this section, impedance models of GCI and transmission
network are first established. Then, system impedance model
of the exemplified power plant as shown in Fig. 1 is estab-
lished. The stability analysis method based on the established
system impedance model is finally explained.

A. Impedance modelling of GCI

Fig. 2 shows the control diagram of LC L-filtered GCI with
grid current feedback. Current controller is used to enable the
GCI. Time delay of digital control system (G) is considered,
which consists of computation delay (7;) and PWM delay
(0.5T5%).

Fig. 3(a) shows equivalent model of GCI, where PLL and
coordinate transformation are not considered, since the PLL

Fig. 2. Grid current control loop of GCI.

(b)

Fig. 3. Equivalent model of GCI. (a) Block diagram of grid current control
loop; (b) Norton equivalent circuit model of GCIL.

only influences the inverter output impedance in low-frequency
range.
The inverter output impedance can be derived as (1) [6].

Viny _ 1+ GeaqGaYrcori

Zinv = — (1)
Linv YLCLT
where
YLCLI _ iinv _ Zcf
moy, =0 (ZCf//SLf2 + SLfl)(Zcf =+ SL(Q)?
Y, _ iinv . 1
retr Vinv |,, —o (ZCf//SLfl + SLfQ)

where Zoy = ﬁ

Norton equivalent circuit can be established, shown as in
Fig. 3(b), which will be integrated into system impedance
model.

B. Impedance modelling of transmission network

The decoupled three-port impedance model of three
branches-based transmission network is first established, fol-
lowed by extension to multiple branches-based transmission
network.

1) Three-port impedance model of T-connected transmis-
sion network: Fig. 4 shows a T-connected transmission net-
work, where the impedances of the three branches are Z;, Zs,
Z3 (TL 4 is not considered here). Assuming three terminal
voltages are v, vo and v, respectively. Kirchhoff’s current
law (KCL) can be applied at node v, shown as in (3).

v — "1 vV — V2 v —

. . . U3
= =0 3
11 +i2 +13 7 + Z + 7 3)




The node voltage v can be obtained as (4).

v = [(v1, 09, v3) = ZZavz + ZoZzvy + 412302 @)
b 21\ Ly + ZoZ3 + Z1 Z3
Then, three currents ¢, i2 and ¢3 can be obtained by Ohm’s
law as (5).

7;1 _ v — U1 _ Zg”Ug + ZgUQ — (Zg + Zg)’Ul
Al ZnZy+ ZaZs + ZhZ3

i = Vv Zhvs + Zsv, — (21 + Z3)1)2 (5)
Z2 VAVA R VAVAR WAVA

i3 _ vV — Vs _ Zl’UQ —+ Zg’l)l — (Zl -+ 22)1)3
Z3 VAVA R AVAS WAVA

(5) can be represented as (6).
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2sh
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3sh
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Y 202y + ZoZs + Z1 25
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According to (6), the three-port impedance model of Fig. 4
can be established, as shown in Fig. 5. In addition, the three
impedances of the Norton equivalent circuits Z1sp, Zasp and
Zssp, in Fig. 5 are the three terminal impedances with the other
two terminals short-circuited Z,y,11, Zouto and Zyqy3, derived
as (9).

—U1 —U1
Zish = —yy ) = = Zoutl
7 L +11 11 —a=0
1sh i1=0 V2=U3=
—U2 —V2
Zosh = —vy g = i = Zout2 ©)
Zash b2 ih=0 2 luy=v3=0
—Us3 —U3
Z3sh = s - = = Zout3
7 +23 13 —0o=0
3sh i4=0 V1=v2=

It can be seen that the established three-port impedance
model of the T-connected transmission network makes the ter-
minal impedance with the other two terminals short-circuited
apparent and visible.
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Fig. 4. Multi-port transmission network.
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Fig. 5. Three-port impedance model of T-connected transmission network as
shown in Fig. 4.

2) Multi-port impedance model modelling: Based on the
derivation process of decoupled three-port impedance model
of T-connected transmission network, a decoupled four-port
impedance model of the transmission network in Fig. 4 (TL 4
is considered here) can be established. Equivalent decoupled
four-port impedance model is shown in Fig. 6. The impedance
representations are shown as (10).

 ZoZ3 74+ 227374 + Ty ZoZa + 71 Za Zs

Zion ZsZy+ ZoZy + ZaZs
- ZopZisZiy+ Z1ZsZiy + Zy ZoZiy + Z1 22 L3

2ok Z3Zy + Z1Z4 + Z1Z3 (10)
g5 ZoZ3Zs+ 21\ Z3Zy + Z1 ZoZy + Z1 Za 23

dsh ZoZy+ ZhZy + 217
ﬁh_@%a+a%@+a@a+a@%

ZoZi3s + Z1Z3 + Z1 23

Comparing (8) with (10), the impedance representations of
the decoupled m-port impedance model of the m branches-
based transmission network can be derived as (11).

m m
;(._H' Zj)
Zsh = —— J_l’],:l k=1,2..m D
Zj)

i=1i#k j=1,j#i,j#k

It indicates that the proposed impedance modelling method
for transmission network is not limited to the T-connected case
in Fig. 1. However, for simplicity, only the T-connected case
is studied in this paper.



Fig. 6. Four-port impedance model of four branches-based transmission
network as shown in Fig. 4.

C. Stability analysis based on proposed impedance network
modelling method

The proposed impedance model of the studied power plant
in Fig. 1 can be established by combining Fig. 3 and Fig. 5,
as shown in Fig. 7. The impedance formulas in this model are
in interest for stability analysis. Therefore, the formulas are
listed as (12) and (13), which are in a similar form of (8).

Zrinlrre + ZrinZris + Zrn2ZTrs

Zuish = Zrra+ Zris
Ziu = ZriiZrre + ZrinZrrs + Zriedris  (12)
) Zrin+ Zrrs
Zisn = Zri1Zrre + ZrinZrrs + Zrre 4TLs
Zrry + Zrre
Toton = Zrr34rra + Zrpadrie + Z1134T16
Zrra+ Zrre
D = ZrrsZria + Zrralrie + Zrisdrie  (13)
Zrr3 + Zrie
T = Zrr3Zrra + ZrraZrie + Zri34TLe
Zrrs + Zrra

When performing IBSC2 and IBSC3, the impedance ratio
of the right part and left part should be calculated to check
whether the Nyquist stability criterion is met or not. Therefore,
Z19sn, and Zaogp should be modified to include the terminal
impedances of #1Inverter, #2Inverter and #3Inverter, shown as
in (14) and (15).

After obtaining the necessary impedance formulas in Fig. 7,
the stability issue of the radial power plant can be assessed by
applying the IBSC three times. In detail, IBSC1, IBSC2 and
IBSC3 check the impedance ratios Z11s1/ Zinvi, Z21sh/ Z19sh
and Z,/Z},., . respectively.

In principle, the proposed impedance modelling method is
applicable for power plant with more GCls. The formulas of
the decoupled three-port impedance network can be derived
in a recursive way. For example, assuming there are n T-
connected TL networks in the power plant, and the impedances
of three branches #(2n — 1), #(2n) and #(3n) of the nth TL

network are Zrr2n—1), 47L(2n) a0d Z7r(3yn), respectively.
The impedance formulas of the established nth decoupled
three-port impedance network can be derived as in (16), and
the modified formula of Z,54 is shown in (17).

The proposed impedance network modelling and stability
analysis method is now used to analyze the stability issue
of the studied radial power plant. Assuming the parameters
of the three GCIs are the same, and Table I shows the
parameters of single GCI and the parameters of the capacitive
grid impedance.

TABLE 1
PARAMETERS OF THE GCI AND GRID

Parameter Value
dc-link voltage V. 800V
Grid fundamental frequency 50Hz
Inverter side filter inductor L ¢y SmH
Grid side filter inductor L po SmH
Filter capacitor C'y 1uF
Grid capacitance Cy 8uF
Grid inductance L ImH
Grid resistance Ry 0.1Q2
Switching frequency fs 10kHz
Sampling frequency fsamp 10kHz
Grid voltage (phase-to-phase) Vy 380V
Proportional gain of current controller K 40
Integral gain of current controller K; 2000
Proportional gain of PLL K 0.7
Integral gain of PLL K 3.2
Current reference value 47 30A
Current reference value ¢, 0

q

If Lrrer = Lires = Lirce = 5mH, Lire2 = Lires =
Lircs = 0.5mH and Cy = 8uF, Ly = 1mH, R, = 0.150Q,
three Nyquist plots of the impedance ratios Zi1sh/Zinovis
Zorsh| 2oy, and Zy/Zh, , are drawn in Fig. 8. It can be
seen that the last Nyquist plot encircles point (-1, jO) one
time, indicating that the system is unstable. In addition, if
grid resistance is increased from 0.15 € to 0.3€2. The three
Nyquist plots are drawn in Fig. 9 again. It can be seen that
all of them do not encircle point (-1, jO), indicating that the
system 1is stable.
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Fig. 8. Nyquist plots of three impedance ratios of three GCls case with Cy =
SMF, Lg = 1mH, Rg = 0.1582 and LLTCl = LLTC5 = LLTC6 = 5mH,
Lirc2 = Lprcs = Lirca = 0.5mH.
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Fig. 9. Nyquist plots of three impedance ratios of three GCIs case with Cy =
SMF, Lg = lmH, Rg = 0.3Q2 and LLTCl = LLTC’5 = LLTCG = 51’1’1H,
Lirc2 = Lrres = Lirca = 0.5mH.

IV. SIMULATION VERIFICATION

In this section, the fact that more GClIs and the three kinds of
TLs can make system unstable is first revealed by time-domain

Decoupled impedance network model of the power plant as shown in Fig. 1.

simulation waveforms, indicating the necessity to take all of
the three kinds of TLs impedance into account. Then, time-
domain simulation results are given to validate effectiveness
of the proposed impedance network modelling method.

A. The effect of GCIs number and the three kinds of TLs on
system stability

#3 inverter and #2T connection as shown in Fig. 1 are not
considered, and the studied power plant now consists of two
GClIs. Fig. 10 shows the simulation result about grid current 7,
and it can be seen that the system is stable. As a comparison,
Fig. 11 gives the simulation result about grid current i, of
three GCIs case under the same grid condition, and it can be
seen that the system is unstable. The power plant may become
unstable as increase of inverter number.

In addition, if inductance of #4TL between bus 3 and PCC
increases from 4 mH to 7 mH, grid current i, becomes stable
again, as shown in Fig. 12. From Figs. 10, 11 and 12, it can

(Zrir + Zino1)Zrre + (Zret + Zino1)(Zres + Zines) + Zrro(Zrrs + Zine2)

Z! sh = (14)
12sh = (ZTLl + Z/nl l) (ZTL5 + Zi,n’u?)
(Zrrs + Zo.,) Zrra + (Zris + Z5.,)(Zrre + Zines) + Zrra(Zrie + Zinws)
Zoosh = (15)
(Zrrs + Z15,,) + (Zrre + Zinws)
7 Zrr@en-1)2TL2n) T ZTL2n-1)2TLG3n) T 2TL(2n) 4TL(3n)
nlsh —
Zrr(2n) T ZTL(3n)
Zrren—10)21Len) T ZrLen—1)ZTLGn) T ZTLen) 2T L(30)
Zn2sh = (16)
Zrrn—1) T Z7L3n)
7 _ Zrren-1)2TL(2n) T 4TL(2n—1)ZTL(3n) T 4TL(2n) 4TL(3n)
n3sh —
° Zrrn-1) T Z7L(2n)
, . (ZTL(2n—1) + Z(/n,l)gsh)ZTL(Qn) + (ZTL(Qn—l) + Z(/,Lfl)gsh)(ZTL(Bn) + Zinnvn) + ZTL(2n)(ZTL(3n) + Zinrvn)
n2sh —

(ZTL(2n—1) + Zén,fl)ls'h)

+ (ZTL(Sn) + Z’i,’rl,’tru,)
(17)



be concluded that both the TL impedance and the number of
GClIs can affect system stability.

B. Verification of the stability analysis method based on the
proposed impedance network model

Fig. 13 shows the time-domain simulation result 7, under
the same grid condition as Fig. 8. The simulation result agrees
with the IBSC result in Fig. 8. It can be seen that the multi-
step IBSC based on the established impedance network model
predicts the instability phenomenon.

Similarly, Fig. 14 shows the time-domain simulation result
ig under the same grid condition as Fig. 9. The simulation
result agrees with the IBSC result in Fig. 9. It can be seen
that the multi-step IBSC based on the established impedance
network model predicts the stability phenomenon.

Current [A]
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Fig. 10. Grid current 34 of two GCIs case with Cy = 8uF, Ly = 1mH,

Rg = 0.1 and LLTC’I = LLTCS = 5I1’1H, LLTCQ = 4mH.
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Fig. 11. Grid current 44 of three GCls case with Cy = 8uF, Ly, = 1mH,
Ry = 01Q and Lyrc1 = Lrres = Lrres = Lprce = 5mH,
LLTC4 = 4mH.

T
—Phase A|

100 —Phase B}{

—Phase C

50

Current [A]
[}

-50

-100 N

0.3 0.31 032 033 034 035 036 037 038 039 0.4
Time [Seconds]

Fig. 12. Grid current 44 of three GCIs case with Cy
Rg = 0.1Q and LLTCl =
LLTC4 = TmH.
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Fig. 13. Grid current ¢4 of three GCIs with Cy = 8uF, Ly = 1mH, Ry =
0.15Q and Lyrc1 = Lrrcs = Lrrce = 5mH, Lyrce = Liprcos =
LLTC4 = 0.5mH.
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Fig. 14. Grid current of three GCIs with Cy = 8uF, Ly, = 1mH, Ry
0.3Q and Lyrc1 = Lrres = Lrrce = 5mH, Lrro2 = Lires
LLTC4 = 0.5mH.

V. CONCLUSIONS

This paper presents a decoupled multi-port impedance mod-
elling method of transmission network for stability analysis of
inverter-fed power plant. Multi-port impedance model of trans-
mission network are modelled by means of Norton equivalent
circuit. Also, stability analysis based on proposed impedance
network modelling method is performed. Simulation results
show that the proposed decoupled multi-port impedance mod-
elling method is able to simplify modelling procedure of



transmission network, which can perform stability analysis
for inverter-fed power plant with complicated transmission
network. Also, the modelling method can be flexibly applied
in various network structures.
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