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Abstract

In order to simplify the stability analysis of an AC/MTDC (multi-terminal direct current) power system, this paper presents
a Multi-Layer Component Connection Method (MLCCM)-based small signal model for AC/MTDC hybrid power systems.
Based on ML-CCM, the system is partitioned as small individual system or components, including generator units, voltage
source converter (VSC) units, time delay units, AC network and DC network. The modelling procedure can be 3 steps. First,
the individual components are independently modelled. Second, several small individual components are assembled together to
build the AC system model based on component interconnection relationship. Third, all AC power systems and DC network
model are assembled together to build the whole hybrid power based on the interconnection relationship. There are three
features for the MLCCM: (1) these component models can be built individually; (2) their interconnection relationship is a
linear algebra matrix; (3) subsystem model can be verified or debugged individually. Due to the three features, the whole
hybrid power can be built easily and it is convenient for finding modelling fault and debugging. An AC/DC hybrid system
model in MATLAB/Simulink is also built to validate the effectiveness of the MLCCM-based small signal model.
(© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Peer-review under responsibility of the scientific committee of the 7th International Conference on Power and Energy Systems Engineering, CPESE,
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1. Introduction

Over the last decades, Voltage source converter (VSC) based multi-terminal direct current (MTDC) systems
have become a hot topic [1]. It is one of the most promising methods to integrate non-synchronous AC grids into
one AC/DC hybrid system. The first commercial operational high voltage direct current (HVDC) system, HVDC
Italy-Corsica-Sardinia, was built in 1988 [2]. With the increasing of availability and cost-efficiency of VSCs, VSC-
MTDC has become an available solution for renewable energy integration and power transmission [2]. In China,
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the operating MTDC projects are built for wind power powering islands and transmission, such as Zhoushan VSC-
MTDC project and Nanao VSC-MTDC project, In Europe, for off-shore wind power transmission, a pan-European
supergrid project is proposed [2].

With the increasing installations of VSC-HVDC in power grids, the investigation of stability and control method
of MTDC systems becomes more and more important for the existing power systems. Therefore, it is necessary
to build the mathematical model to evaluate the stability problems. Reasonable selection of control parameters
may effectively improve system damping characteristics and reduce the risks of operational failure or oscillation.
Time-domain simulation may assist with parameters selection. However, Small signal stability analysis for power
system is usually carried out instead of time-domain simulation [3].

The conventional state—space small signal model of VSC-MTDC was used in [4—7]. The conventional state-space
approach tends to formulate a very high order state matrix and result in a complicated modelling proce-
dure. The impedance-based method is another effective way to analyse small signal stability. Nevertheless, the
impedance-based method is difficult to be extended to multi-inverter DC systems [8].

To overcome the above-mentioned limitations, this paper presents a Multi-Layer Component Connection Method-
based (MLCCM) state-space small signal model, which combines the advantages of general state-space-based model
and impedance-based method. The CCM is a simplified approach of state space modelling [9,10]. The CCM was
ever introduced to investigate the dynamic stability of inverter-fed AC power system [9]. In this work, the idea of
Multi-Layer is combined with CCM to build small signal model for AC/MTDC hybrid power system. Compared
with the conventional state-space method, the advantages of MLCCM are: (1) the modelling procedure is simple; (2)
It is easy for a system to extend subsystems by modular modelling procedure; (3) It is convenient to find modelling
fault and debug. This method provides plug-and-play flexibility for state-space small signal model.

The rest of this paper is organized as follows. In Section 2, the principle of MLCCM is described. The detailed
MLCCM-based modelling procedure is given in Section 3. The simulation results are presented to validate the
modelling method in Section 4. The conclusions are drawn in Section 5.

2. System description and Multi-Layer Component Connection Method

This section describes the structure of an AC/MTDC hybrid power system and the Multi-Layer Component
Connection Method (MLCCM).

2.1. System description

With a radial topology, a four-terminal DC system is shown in Fig. 1(a), which will be analysed as an example
in this work. In this hybrid system, four nonsynchronous AC grids are connected to the HVDC system by four VSC
stations, which is marked as Converter 1, 2, 3 and 4 respectively. In the DC system, the VSC stations are connected
to the centre node (Node 5) through four resistances: R, R, R3 and Ry4. In the AC side, four nonsynchronous AC
systems 1, 2, 3, 4 are connected to DC grid via Converter 1, 2, 3, 4 respectively. Fig. 1(b) depicts the simplified
AC power system topology.

AC area 1 Converter 1 Converter 2 AC area 2 Transformer

. . Vs ig Vs io DC
— |Nodel lac 1 lac> Node2 | — > > -
R oy ey B ey Tine AC

\/\ Rae 1 Rae 2 /\/
® Tioad Convertor station

Node 5
Generator ]
@_ — Node3 les Noded| — : L R« (huge)

41\/\/\,4

p— x - R_ Load
e e
\/\ Rae 3 Lac s Rac 4 /\/
ACarea 3 Converter 3 MTDC Converter 4 ACaread i
Ground — — Ground —= Ground
(a) (b)

Fig. 1. AC/MTDC hybrid power system. (a) MTDC power system; (b) AC grid.
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2.2. Component Connection Method (CCM)
In CCM, each component is modelled independently. Consider the dynamical system of ith component with
state model [10].
)'C,' = A,’.X,' + B,‘Cl,’ (l)
b,’ = Ci.X,' + D,-a,-
Then, all the models are assembled together to form a composite system model as given in (2)
)'C = AT)CT + BTaT (2)
bT = CT.XT + DTCZT

where At, Br, Cr, Dr are system matrixes. They are diagonal matrixes.

AT = diag(Al,...,A,-,...,An), BT = diag(Bl,...,B,-,...,Bn), CT = diag(Cl,...,C,',...,C”), DT =
diag(Dy, ..., D;, ..., Dy).
where xr = [x1, ..., xi,....x, 0 ar =1lai,...,ai,...,a,0", by = [b1, ..., bi, ..., b,]".

Generally, algebra equations can be used to describe the interconnection relationship of different components.
ar = Liibr + Lsu

y = Laibr + Lasu
where ar and by are component input and output vectors, u and y are inputs and output vectors of composite system.

Ly, Ly, Ly, Ly, are the algebra relationship matrixes. The desired state model of composite system can be
obtained by combining equation (1)—(3).

3)

xr = Fxr + Gu 4)
y=Hxr+Ju

where F = Ar + Br(I — LyDr)"'L\yCr, G = Br(I — L;yDy) 'Lys, H = Lyy(I — DrLy)"'Cr, J =
Ly Dr(I — Ly yDr) 'Lz + L.
Then, the stability of the composite system can be investigated via Eq. (4).

2.3. Multi-Layer Component Connection Method (MLCCM)

Fig. 2 shows the 4 layers of hybrid power system which is corresponding to Fig. 1. The whole system is
partitioned into generator, VSC controllers, delay units, AC networks and DC network components. The first layer
is the models of each independent components. The second layer is the model of voltage source converter (VSC)
which will be built from combining some individual component models. The third layer is the AC grid model and
the fourth is the whole hybrid power system model. All the components can be modelled independently. Low layer
is subsystem of high layer. Low layer or subsystem model can be verified or debugged individually.

Hybrid power system Fourth Iayer
r=my 3 v
AC system 1 AC system 2, AC system 3 AC system 4 Third |ayer
i > s s g Fmgey
Converter | : ; ; Second layer
] ¥ o o
Generator 1 | VSC controler Delay unit = AC network 1 e B B P IR I 5 B R DC network First |ayer

Fig. 2. Diagram of MLCCM-based method.

3. The proposed Multi-Layer Component Connection Method modelling procedure

The proposed MLCCM-based modelling procedure is demonstrated with reference to the exemplified hybrid
power system shown in Fig. 1. There are 4 layers for modelling the whole hybrid power system as described in
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Fig. 2. The procedure starts from first layer and ends in fourth layer. The models of every layer can be debugged
independently. It is convenient for the entire hybrid system to be debugged.

In fact, a 120-order model consisting of 120 state variables will be built for the AC/MTDC power system. There
are numerous elements in the state matrix, input matrix, output matrix and feedthrough matrix. However, considering
the limit length of this article, these elements will not be demonstrated. The main purpose of this paper is to propose
a modelling method. With the description of this paper, the reader can obtain the same state-space model with the
model used by this paper.

3.1. First layer: Modelling of each individual component

3.1.1. Component of VSC controller

In order to realize nonsynchronous weak AC power system sharing their frequency assistant function, generally,
the AC frequency droop (f-P) control and DC voltage droop (Vdc-P) control will be adopted [11]. This paper adopt
the Vyc-f droop control as shown in Fig. 3. The reactive power (Q) filter in Fig. 3 is a first order low pass filter
with the time constant K.

Erep
+ Voltage PWM
Ot + K AQ AE +éﬂ> Current '~
Ko Loop 15-
: -

Voltage controller

A +— Vo

[0

Frequency controller Voltage Current loop

Fig. 3. Diagram of VSC controller.

Based on the control loop and LC filter circuit topology, a twelve-order model consisting of twelve variables can
be obtained. The state-space model is built in the dq rotating reference frame.

Xuse—e = Avse—cXvse—c T Buse—cuse—c (3)
bysc—c = Cuse—cXvse—c + Duse—cuse—c
. . . . T
where  Xyse—c = [Alvdv Alvqs Avodv Aqu, Alodv Aloqv AQ? Aw, Ayvd’ Ayvq» Aycda Ayup ] s Qysc—c =
T . . . .
[Avvds Avuqs Avsdv Avsqs AVdc» Avref» AQrefv szd’ Av:q] bvscfc = [Alvds Alvqs Alods Aloqz AU:d, AU:‘I, Aw7

Avyg i, Avvq]T. AYyd, AVygs AVed, Ayea represent the integral variable in the voltage control loop and current
control loop respectively.

3.1.2. Component of generator

In consideration of the tandem-compound reheat turbine and power system stabilizer (PSS) [12], each syn-
chronous generator can be modelled with a nine-order model consisting of nine state variables as follows. The
block diagram is shown in Fig. 4.

Then the state—space model of generator can be obtained.

xg = Agxg + Byay (6)
by = Coxg + Dga,
where x, = [Awg, AP, AP,, AY, Ab,, Aigy, Aigy, Avy, Avg]", ag = [Awi, Avgg, Avg, AP,of17, by =
[Aigq, Aigq]T. In turbine equation, second order derivative of APy, exists. In order to solve this problem, AP,

is introduced as the first derivative of APm. Aw is the frequency deviation of the VSC, which is in the common
AC grid.
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Fig. 4. Diagram of generator model.

3.1.3. Component of time delay unit
According to the third-order Pade approximation, the transfer function of control system delay may be represented
by

1= 1/2ts + 1/102%2 — 1/1207°s°

—rs A (7
14+ 1/2ts 4+ 1/1072s2 + 1/1207353
which can be described as
Xdel = AdetXdel + Baei@ael (8)
baei = CaerXdgel + DaerQger
where xgor = [AXaenna, Axdernd Axaetzds Dxaetig> Axaenng, Axaersgl”s g = [0y, Vi1, baer = [Voa, vog]”

(assuming time delay occurs on vy, and vj, respectively)

3.1.4. Component of AC network
It is assumed that the load is active power load. Base on the ac grid topology shown in Fig. 1(b), a two-order
model is built.

XAC—net = AAC—nezxAC—net + BAC—netaAC—nel (9)
bAcfnet = CACfnetxAcfnet + DAc—net@AC—ner
. . T T .
Where’ XAC—net = [Allineda Allineq] s> AAC—net = [Avgsd’ Avgqu Avloadda Avloadqa Aw] P bAC—net = [Allineda
: T
Allineq] .

3.1.5. Component of DC network
Base on the DC grid topology shown in Fig. 1(a) and Fig. 5, a four-order model is built.

)-Cdc = Adcxdc + Bycaqc (10)
bic = CacXac + Dacaac

Where x4c = [AVye1, AViea, AVaes, AVaeal”, age = lir, iz, i3, i, 175 Xae = [AVae1, AVaea, AVaes, AVgeal”.

T =T
|—@—\AM,-|— e =, Vacs
v [T

[

Fig. 5. Diagram of DC circuit.

3.2. Second layer: modelling of VSC

VSC controller models and delay unit models are written together as follow

Xuse = AT —vseXvse + BT—pseluse (11)
byse = D1 _yscXvse + DT—ysc@use
1037



H. Wang, W. Hu, G. Zhang et al. Energy Reports 6 (2020) 1033-1040

where Ar_y5e = diag(Avse—c, Ager), Br—vse = diag(Byse—c, Baer)s Cr—vse = diag(Cuyse—c, Cger)y Dr_yse =
diag(Dyse—c, Dge)s Xvse = [Xvsces xdel]T’ Ayse = [Ausccs adel]T, byse = [Dusces bdel]T- Though the equations of
two individual components are written together, there is lack a connection between the two model variables.
o T . . . . T
COHSlderlng, Uyse = [Avsdv Avsqs AVdc,iv Avrefv AQref] s Yuse = [Alodv Aloq’ Aw, Alvda Alvqs Avuds Avvq]
based on the algebra relationship of variables in the aysc, byscs Yvsc, it 1S €asy to obtain

Ayse = Lllfvscbvsc + L127vscuvsc

12
Yvse = LZl—vscbvsc + L22—vscuvsc ( )
Eq. (12) is algebra equation.
Based on CCM, the VSC model can be obtained as
'x'UXC = FUSCx'U.YC + GUSCu'USC (13)

yUSC = HUSC'XUSC + JUSCMUSC

where Fvsc = Avaxc + BT*USC(I - LllfvscDvasc)71LllfuscCvasc’ Gvsc = Bvasc(I - LllfuscDTfusc)71L127vsc,
Husc = L217vsc(1 - DvascLllfusc)_lCvasc’ Jusc = L217vscDT7vsc(1 - LllfuscDTfusc)_lLvasc + L227vsc-

3.3. Third layer: modelling of AC grid

As shown in Fig. 1(b), AC grid model is constituted by generator model, AC network model and VSC model.
Based on the same idea and method in part 3.2, the new model can be obtained.

)'Cac = Fuexae + Gacltge (14)
Yac = Hac-xac + Jacuac

where, Xac = [)Cg, Xvscs xAC—net]T’ Uge = [Apref’ Avdw Avref’ AQref]Ta Yac = [Aivd’ Aivq,iv Avvdy Avvq’ Aw]r
3.4. Fourth layer: modelling of AC/MTDC hybrid power system

From Fig. 1(a), the entire hybrid power system model is made up of four AC grid models and DC network model.
With the same idea and method in part 3.2, the new model can be built. However, the power balance equation (15)
must be used to form the algebraic relationship matrix.

Vacoi Alaei 4 1ac0i AVaei + ivaoi Avai + Vaoi Aivai + fvgoi Avgi + Vg0 Aivgi =0 (15)

where subscript i denotes variable in ith AC grid or variable connected with ith AC grid. The subscript O denotes
the initial value of variable.
The state-space model of the entire hybrid power system is shown as follow

X entire = FentireXentire + GentireUentire (16)
Yentire = Henrire-xentire + Jentireuentire

where Xentire = [xac,h Xac2y Xac 3, xac,4]Ts Uentire = [Apref,l» Avref,l s AQref,l P APrefJa Avref,i» AQref,i» e
T
AProp sy AVrer 4, AQres s, |+ Yentive = [Awr, Aws, Aws, Awy, AVye 1, AVye o, AVyes, AViea, 17

4. The simulation results

In order to validate the MLCCM-based small signal model, a time-domain simulation model is built in
MATLAB/Simulink. The test system parameters are listed in Table 1.

Fig. 6 shows the simulation results. The results of small signal models are plotted in Fig. 6(a). While, Fig. 6(b)
describes the results of time-domain simulation model. At the beginning, the AC/DC hybrid system operates at the
steady state and the frequencies of AC grid is 50 Hz. Then, at r = 0 s, a small signal is disturbed in APy ;, which
is equivalent to a small disturbance on the active power load. The lines show the frequency fluctuations in AC grid
1. Obviously, the two line have the similar variation tendency. The response times and amplitudes are almost the
same. The results demonstrate that the small signal model can reflect the dynamic response of the hybrid power
system, which means the effectiveness of the proposed MLCCM modelling method.
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Fig. 6. Simulation results. (a) state-space model result; (b) Time-domain simulation model result.

Table 1. Parameters of test system.

Variable Value Variable Value Variable Value Variable Value
S_base(MVA) 600 Kg 0.05 Ts 0.03 K. 100
U_base(kV) 110 TG 0.2 Tw 10 my 0.1
Vdc_base(kV) 400 FHp 0.3 KSTABLE 60 Kd?uf 0.0796
Ca(pu) 0.5333 TrH 7 Rg/(pu) 0.0496 K; of 10.9013
L_line(pu) 51%107%  Tcp 0.3 Lg,(pu) 47351074 Ky 0
R_line (pu) 0.04 Frp 0.7 Ry (pu) 14381074 Ko 0
R_high(pu) 5%10~12 M 1 L (pu) 1.4876%107%  Kof 62.8
R_load_1(pu) 0.7692 D 10 Cr(pw) 2.0167%107> Rac_1(pu) 0.0075
R_load_2(pu) 1.667 Rg(pu) 0.0025 Kyp 0.1 Rac 2(pu) 0.006
R_load_3(pu) 1.667 Lg(pu) 0.0057 Kyi 10 Rac 3(pu) 0.003
R_load_4(pu) 1.4286 Ts1 0.01 Kep 1 Ryc_4(pu) 0.006

The eigenvalues of state matrix can be used to analyse the stability. In this paper, the eigenvalue trajectory is
calculated to investigate the influence of VSC DC side capacitor (Cyc) on the system stability. In order to obtain a
clear image, only dominant poles are shown, because 120 eigenvalue traces are too much to be shown in a clear
image. Fig. 7 shows the eigenvalue traces of the state-space model (16), when the capacitance of DC capacitor
decreases from 890 pF to 800 pF. It is well-known that two complex-conjugate pairs dominate the eigenvalues
of oscillation frequency(2.49 rad/s). These eigenvalues are highly sensitive to the capacitance of DC capacitor.
Eigenvalue analysis illustrates that the dominant poles move towards the right-half plane (unstable region) as
capacitance decreases.

5 ‘ ; |
—
0 \ |
. Cu=840 F
* ¥k ok ok %%* * * *
\_/‘L/V
201 -0.05 0 0.05 0.1

Fig. 7. Root locus with capacitance decreasing.

Fig. 8 illustrates the simulation results when the DC capacitors adopt 3 kinds of capacitance. Fig. 8 shows
the frequency fluctuations of AC grid 1 in the case of a small disturbance in AP ;. Low frequency oscillation
phenomenon occurs when the capacitance decreases to 840 uF. The simulation results demonstrate the stability
analysis based on eigenvalue trajectory in Fig. 7. In other words, it validates the effectiveness of the small signal
model.
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Fig. 8. Simulation results with three cases. (a) Cygc = 890 uF; (b) Cyqc = 840 uF; (c) Cyqc = 800 uF.

5. Conclusion

In this paper, a MLCCM is proposed for building the high order state-space model. With 120 orders, the
AC/MTDC hybrid power system modelling is an example. With the help of this method, a big system can be
separated into several layer subsystems or components, even though the total order is quite high. Subsystem models
can be built independent, and several subsystem models are combined together by algebraic equations to build a
big system model. Thus, it simplifies the modelling procedure. The compared results demonstrate the effectiveness
of the method.
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