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Impedance-Decoupled Modelling Method of
Multi-Port Transmission Network in Inverter-Fed
Power Plant

Weihua Zhou, Student Member, IEEE, Yanbo Wang, Senior Member, IEEE, and Zhe Chen, Fellow, IEEE

Abstract—This paper presents an impedance-decoupled mod-
elling method of multi-port transmission network in an inverter-
fed power plant, which is able to simplify modelling and stability
analysis procedure for power plant with complicated transmission
network. Impedance-decoupled models of three-port and four-
port transmission networks are first established. On the basis
of them, impedance-decoupled model of multi-port transmission
network is derived, where transmission node with multiple
branches is modelled by means of Norton equivalent circuit.
Furthermore, based on the proposed impedance-decoupled net-
work modelling method, the whole power plant is divided into
multiple subsystems, and Nyquist stability criterion is performed
for all subsystems, where oscillation source can be identified in
an explicit way. Simulation and experimental results are given
to validate effectiveness of the proposed impedance-decoupled
modelling and stability analysis method. The proposed modelling
method is able to simplify modelling procedure of large-scale
power plant with complicated transmission network, which is
also applicable in power plant with various transmission network
topologies.

Index Terms—Impedance-based stability analysis, impedance-
decoupled modelling, inverter-fed power plant, Nyquist stability
criterion, oscillation source identification, transmission network.

I. INTRODUCTION

HE increasing penetration of renewable energies such as
wind energy and solar energy are promoting the appli-
cation of distributed power generation. Solid state interface-
based power converters are intensively adopted to integrate
renewable energies into power systems [1]. To enhance power
quality, passive components such as L and LCL filters are
commonly used to mitigate high-order switching ripples. How-
ever, 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 planning stage of inverter-fed power plant.
Impedance-based stability criterion (IBSC) has been origi-
nally proposed in [7] to assess stability issue of single grid-
connected inverter (GCI)-based power plant. Furthermore, it
was developed to assess stability issues of power system

This work was supported by the ForskEL and EUDP project “Voltage
Control and Protection for a Grid towards 100% Power Electronics and Cable
Network (COPE)” (Project No.: 880063).

The authors are with the Department of Energy Technology, Aalborg
University, Aalborg 9220, Denmark (e-mail: wez@et.aau.dk; ywa@et.aau.dk;
zch@et.aau.dk).

with multiple GCIs [8]-[21]. The method only needs terminal
impedance frequency responses instead of detailed structure
and parameters which are sometimes unknown due to in-
dustrial confidentiality [22]. However, it can only predict
local stability issue at a specific point [7]. To identify global
stability, IBSC should be performed at all buses, if right-half-
plane (RHP) poles of impedance ratios of load and source
parts are not calculated [9]-[11]. However, it is not easy to
implement stability assessment in a large-scale power system
with complicated transmission network. Existing works com-
monly simplify or ignore the characteristics of transmission
lines (TLs) and power cables to perform stability assessment.
For example, only TL impedance between point of common
connection (PCC) and utility grid is considered in [12]-[18].
TLs impedance among GCls are further considered in [10],
[11]. In addition, TLs impedance among GClIs and buses are
considered in [9], [20], [21]. However, these existing works
slightly consider characteristics of complicated transmission
network. A systematic impedance network modelling method
is proposed in [23], [24] to quantitatively assess stability
issue of large-scale wind power plants, where impedance
matrices of all components are first established in a global
dg frame. Then, system impedance matrix is calculated by
aggregating individual impedance matrices using basic cir-
cuit principles. However, computation of system high-order
impedance matrix tends to cause high computational burdens,
which complicates stability analysis in large-scale inverter-
fed power plants with complicated transmission network. A
decoupled two-port impedance model of a long transmission
cable is proposed in [20], [25] to simplify IBSC, where two
terminals of the long transmission cable are represented as
controlled voltage/current sources. However, the decoupled
impedance modelling method fails to be applied in a multiple
branch-based transmission network.

To perform stability analysis in the inverter-fed power plant
with complicated transmission network, this paper presents an
impedance-decoupled modelling method of multi-port trans-
mission network. The overall system is first partitioned into
multiple GCI units and TLs. Then, impedance models of
all GCIs are represented in the form of Norton equivalent
circuits, and TLs connected to the same node are modelled as
a multi-port impedance model which is composed of several
current/voltage controlled Norton equivalent circuits. Based on
interconnection relationship among these GCI units and TLs,
the impedance-decoupled network model of the power plant is
formulated by combining these different components, and the



whole power plant is divided into several subsystems. Stability
analysis is then performed for all subsystems simultaneously,
where the needed source and load impedance formulas are
explicitly presented in the established impedance-decoupled
network model. Therefore, the problematical GCIs can be
identified once the Nyquist stability criterion is not satisfied,
which cannot be achieved by either performing IBSC one
time at a specific point or establishing the impedance network
model, since dynamics of individual GClIs are lost during the
impedance aggregation procedure [11], [23]. In addition, since
the impedance models of GCIs and TLs are modelled inde-
pendently, it’s easy to re-calculate the impedance-decoupled
network model providing that transmission network topol-
ogy changes. Main advantages of the proposed impedance-
decoupled network modelling method are explained as follows.
(1) The modelling method is able to simplify stability analysis
in the inverter-fed power plant with complicated transmission
network. Also, the modelling method can be applied into
various network structures. (2) The modular impedance net-
work modelling method based on interconnection relationship
of individual components is advantageous when transmis-
sion network topology changes. (3) The impedance-decoupled
network model-based stability analysis procedure is able to
identify oscillation sources.

The rest of the paper is organized as follows. In Section II,
studied inverter-fed power plant is described, and drawbacks
of existing IBSCs are explained. The principle of the proposed
impedance-decoupled network modelling method is given in
Section III. In Section IV, the implementation details of the
proposed impedance-decoupled network modelling method
for different network structures are given. Simulation and
experimental results are provided in Section V to validate
effectiveness of the proposed modelling method. Conclusions
are drawn in Section VI.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

Fig. 1 shows single line diagram of a grid-connected power
plant, where inverter-fed power generators are integrated into
utility grid by a radial transmission network [26]. According
to the number of connected TLs, three kinds of nodes can be
seen in Fig. 1, including three TLs-connected nodes x, four
TLs-connected nodes * and five TLs-connected nodes .

Stability assessment can be performed by applying IBSC
in different ways. The first one is to perform IBSC one time
at a specific point with calculating RHP poles of impedance
ratio of load and source parts. For example, if PCC in Fig. 1
is selected, according to the argument principle, the number
of RHP zeros of (1 + %) can be calculated as follows [7],

Zy, Zy

2(1+ Z2) =P+ 75) = Newjo (5

where Z(e) and P(e) are the number of RHP zeros and RHP

poles, respectively. N(_1 jo)(e) is the encirclement number of
Nyquist plot around (—1, j0) in counterclockwise direction.

Based on (1), the encirclement number of the Nyquist plot

of % around (—1,50) and the number of RHP poles of

1+ Z—; should be calculated. However, impedance model with
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Fig. 1. Single line diagram of a grid-connected power plant.
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multiple GCIs and TLs in system level is complicated, which
tends to result in high computational burdens. In addition, the
method can only obtain local stability analysis result at the
PCC point, which cannot identify problematical components.

The second stability analysis procedure is to add system
components such as GCI and TL step by step, where stability
analysis is implemented at all buses without calculating RHP
poles of the impedance ratios of load and source parts [9], [10].
For example, stability analysis is first performed between GCI
1 and TL 1 at system terminal bus #1. If the stability analysis
result is that the subsystem is stable, GCI 1, TL 1 and GCI 2
are aggregated, also stability analysis is performed between the
aggregated subsystem and TL 2. IBSC is performed repeatedly
along the aggregation direction shown as the red dashed line
in Fig. 1 until the Nyquist stability criterion is not satisfied or
all components are aggregated. Similarly, stability analysis is
also performed sequentially for other branches #2, #3..., #8.

The drawbacks of existing modelling and stability analy-
sis procedure are summarized as following. (1) Oscillation
sources cannot be identified, if Nyquist stability criterion is
only performed one time at a specific point. (2) If Nyquist sta-
bility criterion is performed multiple times at different points,
multiple impedance expressions should be calculated, which
is tedious and time-consuming if a great number of GCls are
connected into the power plant. (3) Impedance expressions
should be calculated again, if transmission network topol-
ogy changes. Therefore, this paper proposes an impedance-
decoupled network modelling method of complicated network
to overcome these drawbacks.

III. PROPOSED IMPEDANCE-DECOUPLED MODELLING
METHOD OF TRANSMISSION NETWORK

In principle, GCIs can be modelled as Norton equivalent
circuits [7]. One assumption is that if the TLs in Fig. 1
can also be represented as Norton equivalent circuits, the
stability analysis procedure may be simplified. In this section,
an impedance-decoupled modelling method of transmission
network is proposed. On the basis of it, the impedance
modelling method of inverter-fed power plant is developed,
and corresponding modified IBSC is given.



A. Impedance-Decoupled Modelling of Transmission Network

The impedance-decoupled three-port and four-port models
of three TLs-based and four TLs-based transmission networks
are first established, followed by extension to multiple TLs-
based transmission network.

1) Impedance-Decoupled Three-Port Model of Three TLs-
Based Transmission Network: Fig. 2 shows a three TLs-based
transmission network, where Z1, Zs, Z3 are impedances of
the three TLs (TL 4 is not considered here). v;, vo and v3
are three terminal voltages, respectively. The relationship of
currents at node A is given by Kirchhoff’s current law (KCL)
as (2).

v — 11 vV — Vg vV — U3

= 2
z VT Tt 0@

11 +ip +1i3 =

And voltage v of node A is given as (3).

I Zavs + ZaZizvr + Z1Z3va

_ _ 3
v = f(vy,va,v3) Z1Jig + Lo s+ Z1 23 @

Then, three branch currents 71, i, and i3 can be obtained
by Ohm’s law as (4).

il _ vV — U1 _ ZQ’Ug + Z3U2 — (ZQ + Zg)’()l
7 I Lo+ ZoZs + Z1 73

i2 _ vV — V2 _ 211}3 + Zg’Ul — (Zl + Z3)’U2 (4)
Z ZhZo + ZaZs + Z1 Z3

i3 _ vV — Vs _ Zl’UQ + ZQ’Ul — (Zl + ZQ)’UQ,
Z3 ZhZy + ZaZs + Z1 Z

The branch currents equations in (4) can be rewritten as (5).

. v .
ir = fi(vi,ve,v3) = —Zil + i1 (v2, v3)
1sh
. v .
Z2=f2(111,v27113)2—272‘5‘1/2(1}1,113) ®)
2sh
. v .
i3 = f3(vi,v2,v3) = 7 S il(vy,v0)
3sh
where
Zion = I\ Do+ 975+ 2175
s Zo + Z3
7 _ Z1Z2 + Z2Z3 + Z]Zg (6)
2sh Zl —|—Z3
7 _ 21Z2 +ZQZ3+Z1Z3
3sh Zl _’_Z2
le (1}2, 1)3) _ ZQ’Ug —+ Zg”Ug
L1 Zoy + ZoZs + 21 Z3
A Z
i (01, v3) = 1V3 + 4301 7
2 Zy + ZoZ3 + Z1 Z3
. Z1U2 + ZQUl
ig(v1,v2) =

 I1Zo+ ZoZs + 71 Z3

The impedance-decoupled three-port model can be es-
tablished as shown in Fig. 3 according to (5). The three
impedances of the Norton equivalent circuits Z14p, Z2sp and
Z3sp, in Fig. 3 are actually the three terminal impedances with

outl out2

outd Vv
T 3
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Fig. 2. Three/Four TLs-based transmission network.
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Fig. 3. Impedance-decoupled three-port model of three TLs-based transmis-
sion network as shown in Fig. 2.

the other two terminals short-circuited Zsport1, Zshort2 and
Z short3, derived as (8).

—U1 —U1
leh = = : = = Zshortl
V1 + Z, Zl
Z1sh Lt =0 v2=v3=0
—V2 —V2
Zash = T ; = i = Zshort2 (®)
Zash + 19 it =0 2 loi=v3=0
—U3 —U3
ZSsh = = . = = Zshort3
V3 + Z/ 7
Z3sh 3lir=0 3 lvi=v;=0

It can be seen that the impedance-decoupled three-port
model of the three TLs-based transmission network makes
the terminal impedance with the other two terminals short-
circuited apparent and visible. In addition, three voltage-
controlled current sources ) (va,v3), i5(v1, v3) and i5(vy,v2)
shown as the red lines in Fig. 3 can be neglected in the further
IBSC.

Note that the established equivalent circuit model of the
three-port transmission network itself is actually not decou-
pled, since 7 (va, v3), i5(v1,v3) and i5(v1, v2) are determined
by two terminal voltages at the other two ends, as shown in
(7). i} (va,v3), th(v1,vs) and i5(v1,v2) are neglected in the
further IBSC, and Z1sp, Zosn, and Zsgp, are not influenced by
the other two sub-modules. Therefore, the term “impedance-
decoupled three-port model” is used here to show that the three
impedances are decoupled when compared with Fig. 2 where
three impedances Z;, Zs and Z3 are coupled via node A.

2) Impedance-Decoupled Four-Port Model of Four TLs-
Based Transmission Network: Based on the derivation pro-
cess of impedance-decoupled three-port model of three TLs-
based transmission network, an impedance-decoupled four-



port model of the transmission network in Fig. 2 can be
established (TL 4 is considered here), as shown in Fig. 4. The
detailed representations of impedances and voltage-controlled
current sources are shown as (9) and (10), respectively.

| ZaZ3Zy+ ZhZ3Zy + Zh ZaZy + Zh ZoZs

Z*
Lsh 7374 + ZoZy+ ZoZs
gr ZoliyZy + L1232y + L1220y + L1 2223
2sh ZgZ4 + Z1Z4 + leg (9)
- ZoZisZiy+ Z1Z3Zy + Zy ZoZiy + Z1 22 L3
Ssh ZyZa+ Z1Zy+ Z1 22
gr ZoZ3Zs+ Z1Z3Zy + Z1 Lo Zy + Z1 Za 23
4sh —

ZolZs + ZnZ3 + Z1Zo
. Z3Z4va + ZoZyvs + Lo 2304
Zl(v27 U3, '04) =

ZoZi3Ziy + Z1 L3 Ziy + Z1 Lo Zig + Z1 Lo Zi3
. 212403 + Z1 Z3va + Z3Zavy
22(’017 V3, /04) =

ZoZisZiy + Zh ZisZiy + Zh Zio Ziy + Z1 Zio s
- legll4 + ZQZ4U1 + le4’02
13(1}17 V2, U4) -

ZolisZy+ ZhZsZy+ Z1ZoZy+ Z1Zo 23
e Z129v3 + ZaZ3v1 + 232102
Z4(”1a V2, 03) =

ZoZi3Ziy + Z1 L3 Ziy + Z1 Lo Ziy + Z1 Lo Zi3
(10)
Similar with Zysp, Zosn and Zsg, in Fig. 3, Z31,,, Zogps
Zs., and Zj . are the four terminal impedances with the
other three terminals short-circuited. Four voltage-controlled
current sources 4} (va, U3, v4), 5(v1, U3, v4), 05 (v1,v2,v4) and
i;(v1, vg,v3) shown as the red lines in Fig. 4 can be omitted
in the further IBSC.

3) Impedance-Decoupled Multi-Port Model of Multiple
TLs-Based Transmission Network: In order not to lose gen-
erality, the impedance representations of the impedance-
decoupled m-port model of the m TLs-based transmission
network are derived and shown as (11).

Y

k=1,2..m
Zj)
i=1,i#k j=1,j%#i,j#k
Similar with three/four TLs-based transmission network,
Zysn 18 the kth terminal impedance with the other m — 1
terminals short-circuited.

B. Implementation Procedure of the Proposed Impedance-
Decoupled Network Modelling Method

The two steps-based implementation procedure of the pro-
posed impedance-decoupled network modelling method for
stability analysis of power plant is shown in Fig. 5.

o Step 1: Establish the impedance-decoupled network
model of power plant. The overall system is first
partitioned into individual GCI units and transmission
networks. Norton equivalent circuits of GCI units are
established, and corresponding terminal impedance for-
mulas are calculated [8], [18]. Norton equivalent circuits
of transmission networks can be established as Figs. 3 and
4. In addition, multiple TLs-based transmission network

Sub-module 2

Sub-module 1

oK “
i (v35v3,v,) i, (v, v,,v,)

Sub-module 3

Sub-module 4

Fig. 4. Impedance-decoupled four-port model of four TLs-based transmission
network as shown in Fig. 2.

Step 1
Partition power plant
into individual GCIs and
transmission networks

. 7
Aggregate the impedance
models which do not belong
to the aggregation path

v
Perform IBSC for all
subsystems on the aggregation
path simultaneously

Establish Norton equivalent
circuits of all GCIs

Establish Norton equivalent
circuits of all transmission
networks as Fig. 3 and Fig. 4

Connect these Norton
equivalent circuits

| Power plant is globally stable |

Step2
Identlfy the n Power plant is unstable, and
aggregation pat problematical component is identified

Fig. 5. Implementation procedure of stability analysis of power plant based
on the proposed impedance-decoupled network modelling method.

can be established as similar circuits. The circuit param-
eters are calculated by (8), (9) and (11). These Norton
equivalent circuits of GCIs and transmission networks are
then combined together based on their interconnection
relationship.

o Step 2: Perform IBSC to assess system stability issue.
An aggregation path is first identified. In principle, the
aggregation direction should be from the farest bus to
PCC, so that all components can be aggregated. Then,
all components which are not on the aggregation path
are aggregated. Finally, IBSC is performed for all the
subsystems on the aggregation path simultaneously. If
Nyquist stability criterion is satisfied for all the subsys-
tems, the whole power plant is globally stable. Otherwise,
if Nyquist stability criterion is not satisfied for any sub-
systems, the power plant is unstable, and problematical
components are identified.

To further validate the effectiveness of the proposed
impedance-decoupled network modelling method, the detailed
mathematical derivation is given here. Fig. 6(a) shows system
equivalent circuit model of an M -GCls-based radial power
plant. i, can be derived according to the superposition prin-



ciple of linear circuit. For example, effect of #1Inverter on i,
can be derived by ignoring the other M — 1 current sources,
shown as follows,

M

ig1 = Giillep H 1+ Z1Zpy 1)
k=1

- (12)

where Zj, is the TL impedance between bus k£ and bus k +
1, Zpy_r is the total impedance of left part of bus k (k =
1,2..., M). Zpj_r, can be derived by recursive method, shown
as follows,

ZB1 L = Zinvi
Zpop=(Zp1 o+ 21)7 !
Zps.r = ((Zpor + Z2)~!

+ (Zinvz + Zor) ™')™

1
+ (ZinvS + ZBT)il)il (13)

Zpm_r = ((Zpa-1)_1 + Zyv-1)"" 4 (Zinoss + Zyr) ™)~

Similarly, i _; (j = 2,3..., M) can be derived as follows,

M
-1
ig =G Lory [ [ O+ 26254 1) (14)
k=3
Based on (12) and (14), the current source
of the Norton equivalent circuit of left
part of PCC can be calculated as follows,

-1
reftot ZZQ_Y _Z G”]Iref] H 1+ ZkZBk L) )(15)

In addmon the 1mpedance of the Norton equivalent circuit
of left part of PCC can be calculated as follows,

Zinvtot = ZBM_L + 2 (16)

The equivalent circuit model of Fig. 6(a) is shown in Fig.
6(b). iy can then be expressed as follows,

Zz:wtotv )(1 + Z Zz:wtot)il

ig = (I:eftot (17)

It can be seen from (15) and (17) that if (1 + ZkZBk L)
(k = 1,2.,M) and (1 + Z,Z;},.,) do not have RHP
ZEros, g4 1S stable. Based on the Cauchy’s argument principle,
the condition can be satisfied, if the Nyquist diagrams of
TmBkl—ZkZBkL(k—12 M)andZZ do not

invtot
encircle (-1, jO) in the complex plane [7]. T},,_px_1 is rewritten
as follows,

T g1 = Zy, _ Zix 1+ Zi o _
- ZBk_I ZBk_L

Ny
Dy

In the proposed impedance-decoupled network modelling
method, Zj is divided into two parts Zj ; and Zj o, and
Zy 1 = Za 1 = ...Z ) 1. Whether the Nyquist plot of T}, pi 2
encircles (—1, j0) is checked, shown as follows,

(18)

N,

22 19
D, (19)

T Bk 2=

ZBk_sh _
Zpr p(1+ 724

where Zpy s, is the impedance of transmission net-
work which consists of Zy o, Z41)1 and Zgqiyr,

which can be calculated based on (6), shown as follows,

ZBk_sh = Zk_2 + Ziy1) 1/ | Zes1)T

Z
= Zho + Zpry 1 (1+ %)‘1 (20)
k+1)T

By comparing (18) and (19), the following constraints can
be obtained.

|Mag(
|Mag(

No)| < [Mag(N1)|
D3)| > [Mag(Dy)|

21

Therefore,

22
|To_B_1| > |Ton_BK_2| (22)

It can be seen from (22) that, if Nyquist diagram of T},,_pi_2

(encircles (—1,50), ie., |Tm_pk_2| > 1, we have |Tp,_pr_1| >

1, i.e., the Nyquist diagram of T;,,_py,_1 also encircles (—1, j0).
Thus, the system is identified as unstable, and the instability
phenomena result from the impedance interaction between bus
k and bus k + 1.

The aforementioned mathematical derivation procedure
shows that the stability issue of the power plant can be assessed
by the proposed impedance-decoupled network model. In
addition, the subsystems which contribute to the instability
phenomena can be identified, once Nyquist stability criterion
is not satisfied.

IV. STABILITY ANALYSIS BASED ON THE PROPOSED
IMPEDANCE-DECOUPLED NETWORK MODEL

In this section, stability analysis is performed on the ba-
sis of the proposed impedance-decoupled network modelling
method. Case 1 is an artificial three GCls-based radial power
plant, and case 2 is a modified CIGRE low voltage distribution
system.

A. Case 1: Three GCls-Based Radial Power Plant

Fig. 7(a) shows one-line diagram of the studied power plant
consisting of three GCIs. Parameters of the three GCls are
assumed as the same, and shown in the second column of Table
I. According to step 1 in Fig. 5. The impedance-decoupled
network model of the studied power plant in Fig. 7(a) can be
established, as shown in Fig. 7(b). The impedance formulas of
the two impedance-decoupled three-port network models are
shown as (23).

Zrinlrre + ZrinZrrs + Zrr2ZTLs

lesh -

Zrr2 + Zrrs

Dy = Zrrilrre + ZriiZrrs + Zr2ZTLs
Zrin+ Zrrs

Zisun = Zri1Zrre + ZrinZrrs + Zrre 4TLs
ZTLI + ZTL2 (23)

Toton = Zrr3Zrra + ZrrpaZrie + Z1L34TL6
Zrra+ Zris

T = Zrr3Zrrs + ZrpaZrre + Zrr34Tie
Zris + Zrre

D = Zrr3Zrra + ZrpaZrre + Z1L34TL6
213+ Zrra
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Fig. 6. Illustration of the principle of the proposed impedance-decoupled network modelling method. (a) System impedance model of a radial power plant;

(b) IBSC at PCC.
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Fig. 7. Case 1. (a) One-line diagram of a three GClIs-based radial power plant;
(b) Impedance-decoupled network model.

According to step 2 in Fig. 5, the aggregation path is
identified in Fig. 7(b). Then, Zis5, and Zssog, are modified
to include the terminal impedances of #1Inverter, #2Inverter
and #3Inverter, shown as (24).

/ ! ! !
ZTleTLZ + ZTL1ZTL5 + ZTL2ZTL5
/ !
1t Zrrs
! ! A 4
ZppsZria+ ZrraZyppe + ZrrsZrie

Zyggy, =
(24)

!
Z22sh - / 4 7!
TL3 TL6

where Zf; = Zrii+Zinwts Zpps = Zris+ Zinves Zpps =
Zri3 + Zigg, and Zppe = Zrie + Zinvs.

Then, Ziish/Zinvis Z21sn/ 215, and Zg/Z), ., can be
calculated to assess system stability issue. It can be seen that
stability analysis of the original power system in Fig. 7(a) is
achieved by assessing the stability of the three small decoupled
subsystems in black dotted boxes in Fig. 7(b), which is easy to
be extended if more GClIs are integrated into the power plant.

TABLE 1
PARAMETERS OF THE GCIS AND GRID

Parameters Case 1  Case 2
DC-link voltage V. 750V 750V
Grid fundamental frequency 50Hz 50Hz
Inverter side filter inductor L ¢y 2mH 3mH
Grid side filter inductor L ¢ 2mH 3mH

Filter capacitor C'y 6uF SpF

Grid capacitance Cy 14uF

Grid inductance Ly ImH

Grid resistance Rg 0.1

Switching frequency fs 10kHz  10kHz
Sampling frequency fsamp 10kHz 10kHz
Grid voltage (phase-to-phase) Vj 380V 380V

Proportional gain of current controller K, 7 9

Integral gain of current controller K; 2000 2000
Proportional gain of PLL K, 0.7 0.7
Integral gain of PLL K 32 32
Current reference value 77 4A 30A
Current reference value 77 0 0

q

To verify the effectiveness of the established impedance-
decoupled network model in Fig. 7(b), two scenarios are
investigated.

]) Scenario 1: If LTLl = LTL5 = LTL6 = 5mH, LTL2 =
LTLg = LTL4 = 05mH, Cg = 14,U,F, Lg = 1mH and Rg =
0.1€2, Nyquist plots of three impedance ratios Z11sn/Zinv1,
Zorsh] 29, and Zy/Zh, , are drawn in Fig. 8(a). It can be
seen that IBSC1 and IBSC3 encircle point (-1, jO) one time,
respectively, which indicates that the system is unstable. It
can be concluded that the impedance interactions between left
part and right part of bus 1 and PCC in Fig. 7(a) result in the
instability phenomenon.

2) Scenario 2: The parameters in scenario 2 are the same
as those in scenario 1, except that Ly, is ImH. The three
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Fig. 8. Nyquist plots of three impedance ratios of case 1. (a) Scenario 1; (b)
Scenario 2.

Nyquist plots are drawn in Fig. 8(b) again. It can be seen that
all of them do not encircle point (-1, jO), which indicates that
the system is globally stable.

B. Case 2: Modified CIGRE Low Voltage Distribution System

CIGRE low voltage distribution system as shown in Fig. 9
is used to validate the proposed impedance-decoupled network
modelling method [27], where three scenarios are investigated.

1) Scenario 1: Parameters of the eight GCIs are assumed as
the same and shown in the third column of Table I. Parameters
of TLs are referred from [27] and modified in Table II. R4,
R6 and R9 are modified as three, four and five TLs-based
nodes as defined in Fig. 1. The impedance-decoupled network
model can be established in Fig. 10, where voltage-controlled
current sources are omitted for simplicity. It can be seen that
nodes R4, R6 and R9-related TLs are modelled as three, four
and five-ports impedance models, respectively, as shown in the
red dotted boxes in Fig. 10. Then, Z15s5/ Zinvss Z2ash/ Z19eps
Z31sh ] Zhog, and Zg/Zk, , can be calculated sequentially to
assess system stability at different points. Instability point can
be located once any impedance ratio does not satisfy Nyquist
stability criterion.

Based on the parameters in Table I and Table II, impedance
formulas of the impedance-decoupled network model of trans-
mission network can be calculated using (6), (9) and (11).
Nyquist plots of the four impedance ratios are drawn in Fig.
11. It can be seen that the Nyquist plot IBSC3 encircles point
(-1, jO) one time, which indicates that the system is unstable.

2) Scenario 2: To verify that the proposed impedance-
decoupled network modelling method is applicable when
transmission network topologies or parameters change, sta-
bility issue of scenario 2 is investigated, where GCI 2 is con-
nected to node R6 via a TL in the same electrical parameters
as TL R6-R16. In addition, resistance of TL R10-R18 is 34.56

0.4kV 20kV

vvvvv

6% Utility Grid

Fig. 9. Modified CIGRE low voltage distribution system [27].
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Fig. 10. Impedance-decoupled network model of the power plant in Fig. 9.

mS2, and inductance of TL R10-R18 is 43.73584H. Due to the
modular impedance modelling characteristics, the established
impedance models of GCI units and transmission networks are
re-connected according to the new network topology. Nyquist
plots of the four impedance ratios are drawn in Fig. 12(a). It
can be seen that all Nyquist plots do not encircle point (-1,
j0), which indicates that the power plant is globally stable.

3) Scenario 3: Resistance of TL R6-R9 is 100.45m¢2, and
inductance of TL R6-R9 is 186.0520uH. Nyquist plots of the
four impedance ratios are drawn in Fig. 12(b) again. It can
be seen that Nyquist plot IBSC2 encircles point (-1, jO) one
time, which indicates that the system is unstable. It can be
concluded that the impedance interaction at node R9 results
in the instability phenomenon.



TABLE II
ELECTRICAL PARAMETERS OF TLS IN FIG. 9.

Node (From-To)  Resistance [m€2]  Inductance [pH]

R1-R2 10.045 18.6052
R2-R3 10.045 18.6052
R3-R4 10.045 18.6052
R4-R6 20.09 37.2104
R6-R9 20.09 37.2104
R9-R10 10.045 18.6052
R4-R15 155.52 196.811
R6-R16 34.56 43.7358
R9-R17 34.56 43.7358
R10-R18 172.80 218.68
R6-R19 20.09 37.2104
R9-R20 15.0675 27.9078
R9-R21 15.0675 27.9078
Transformer 3.2 40.7437
1
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Fig. 11. Nyquist plots of four impedance ratios of scenario 1 of case 2.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

In this section, time-domain simulations in Matlab/Simulink
and experiments are implemented to validate effectiveness of
the proposed impedance-decoupled network modelling and
stability analysis method. Fig. 13 shows configuration of the
experimental setup, which is composed of three Danfoss fre-
quency converters (5kW), DC power source (750V), isolated
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NS}
T
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Fig. 12. Nyquist plots of four impedance ratios of case 2 by connecting GCI
2 to node R6. (a) Scenario 2; (b) Scenario 3.
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Fig. 13. Configuration of experimental setup.

transformers and LCL filters. Inductors and capacitors are used
to emulate the TLs and grid impedance. The whole platform
is controlled by dSPACE 1006 with a sampling period of 100

US.

A. Case 1: Three GCls-based Radial Power Plant

The parameters of the three GCIs are shown in the second
column of Table I. If Lyyy = Lyrps = Lppe = 5mH,
LTL2 = LTLS = LTL4 = 0.5mH, Cg = 14,uF, Lg = ImH
and R, = 0.1, Fig. 14(a) shows time-domain simulation re-
sult about unstable grid current ¢, of scenario 1, and Fig. 14(b)
shows time-domain simulation result about stable grid current
ig of scenario 2, where Ly is decreased from SmH to 1mH.
It can be seen that time-domain simulation results in Fig. 14
agree with stability analysis result in Fig. 8 for both unstable
and stable cases. The impedance-decoupled network model-
based multi-step IBSC can predict the instability phenomenon
of radial power plant. Furthermore, experimental results shown
in Fig. 15 are given to validate effectiveness of the proposed
impedance-decoupled network modelling method. It can be
seen that experimental results in Fig. 15 agree with both
theoretical analysis results as shown in Fig. 8§ and time-domain
simulation results as shown in Fig. 14.

B. Case 2: Modified CIGRE Low Voltage Distribution Test
System

Simulation verification is implemented in a modified CI-
GRE low voltage test system as shown in Fig. 9, where the
system parameters are given in Table I and Table II. Fig.
16 shows simulation result about grid current 7, of scenario
1. It can be seen that time-domain simulation result in Fig.
16 agrees with the stability analysis result in Fig. 11. In
addition, GCI 2 is connected to node R4 via a TL in the
same electrical parameters as TL R6-R16. The parameters
of TL R10-R18 are changed from 172.80mf2, 218.68H to
34.56 m{), 43.7358uH. Fig. 17(a) shows simulation result
about grid current 7, of scenario 2. Furthermore, length of
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Fig. 15. Experimental results of grid current ¢4 of case 1. (a) Scenario 1; (b)
Scenario 2.

TL R6-R9 increases with resistance increasing from 20.09m¢2
to 100.45m¢? and inductance increasing from 37.2104pH to
186.0520:H, time-domain simulation result of grid current i,
of scenario 3 is shown in Fig. 17(b). It can be seen that time-
domain simulation results as shown in Fig. 17 agree with
stability analysis result as shown in Fig. 12 for both stable
and unstable cases, which shows that the impedance-decoupled
network model-based multi-step IBSC can predict instability
phenomena in the low voltage test system. In addition, the
proposed impedance-decoupled network modelling method is
applicable in GCI-based power plant with various transmission
network.

VI. CONCLUSION

This paper presents a decoupled multi-port impedance mod-
elling method of inverter-fed power plant with complicated
transmission network. Multi-port impedance model of trans-
mission network is established by means of Norton equivalent
circuit. Furthermore, stability analysis based on proposed
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Fig. 16. Time-domain simulation result of grid current 74 of scenario 1 of
case 2.
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Fig. 17. Time-domain simulation results of grid current iy of case 2 by
connecting GCI 2 to node R6. (a) Scenario 2; (b) Scenario 3.

impedance network modelling method is performed. Simula-
tion and experimental results are given to valid effectiveness of
the proposed decoupled impedance network modelling method
and stability analysis procedure. The stability analysis shows
that the proposed decoupled multi-port impedance modelling
method is able to simplify modelling procedure of transmis-
sion network, which can easily perform stability assessment
in inverter-fed power plant with complicated transmission
network. Also, the modelling method can identify oscillation
source, and can be flexibly applied in various multiple branch-
based transmission network.
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