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A voltage stability bifurcation analysis approach for modeling AC/DC systems with VSC-HVDC is presented. The steady power
model and control modes of VSC-HVDC are briefly presented firstly. Based on the steady model of VSC-HVDC, a new improved
sequential iterative power flow algorithm is proposed. Then, by use of continuation power flow algorithm with the new sequential
method, the voltage stability bifurcation of the system is discussed. The trace of the P-V curves and the computation of the
saddle node bifurcation point of the system can be obtained. At last, the modified IEEE test systems are adopted to illustrate the

effectiveness of the proposed method.

1. Introduction

As one of the key technologies of large scale access of
distributed energy resources, the HVDC transmission system
has great potential for further development [1, 2]. Therefore,
in the past decades, the problem associated with HVDC
converters connected to weak AC networks has become an
important research field. The one of particular interest, and
highest in consequences, is the AC voltage stability at the
HVDC terminals of the AC/DC systems [3, 4].

Voltage source converter-based HVDC (VSC-HVDC) is
a new generation technology of HVDC, which overcomes
some of the disadvantages of the traditional thyristor-based
HVDC system, with a very broad application prospect. Com-
pared to the conventional HVDC systems, the prominent
features of the VSC-HVDC system are its potential to be
connected to weak AC systems, independent control of active
and reactive power exchange, and so on [4-6]. Due to
those characteristics, many researches have been done for
the exploitation of VSC-HVDC to enhance system stability
of AC/DC systems, that is, the improvement of transient
stability [7, 8], the power oscillations damping [9, 10], the
improvement of stability and power quality for wind farm

based on VSC-HVDC grid-connected [11, 12], the stability
analysis of multi-infeed DC systems with VSC-HVDC [13],
and the keeping voltage stable [3, 14-17].

In [14,15], the voltage stability analyses of AC/DC systems
with VSC-HVDC were mainly based on simulation software,
and the analysis based on power flow calculation was slightly
inadequate. The power flow calculation of AC/DC systems is
the premise and foundation of static security analysis, tran-
sient stability, voltage stability, small signal stability analysis,
and so on [18-21]. At present, there are two main types of
power flow algorithms for AC/DC systems, sequential itera-
tive method [21, 22] and integrated iterative method [23, 24].
The computational practice indicates that the convergence of
integrated method is good, but the inheritance of the program
is relatively poor, and the writing of program code needs huge
work. The sequential iterative method has better program
inheritance for pure AC program, but its convergence is not
good. In view of these shortcomings, a modified sequential
iterative power flow algorithm is proposed in this paper.

In [16], the continuation power flow (CPF) algorithm
was presented to solve available transfer capability problem,
but the saddle node bifurcation point was not discussed. In
[17], the PV and QV curves were used to investigate voltage
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F1Gure 1: Simplified circuit diagram of single-phase VSC-HVDC.

stability of a weak two area AC network. Though many meth-
ods for voltage stability analysis of AC/DC systems with VSC-
HVDC have been proposed in different ways, few papers
carefully consider the influence induced by different control
modes of VSC-HVDC, which actually plays an important role
on the voltage stability of the AC/DC systems. Motivated by
the previous discussions, our main aim in this paper is to
investigate the problem of power flow and voltage stability
bifurcation for AC/DC systems with VSC-HVDC.

The rest of the paper is organized as follows. In Section 2,
the steady model and control modes of AC/DC systems
with VSC-HVDC are presented. In Section 3, the improved
sequential iterative algorithm, the parameterization power
flow and converter equations of VSC-HVDC, and the CPF
strategy are presented. In Section 4, the model and method
are applied to the modified IEEE 14- and IEEE 118-bus test
systems with VSC-HVDC. Finally, in Section 5, the paper is
completed with a conclusion.

2. Steady Model of VSC-HVDC

2.1. Power Flow Equations of VSC-HVDC. Figurel shows
the single-line representation of two-terminal VSC-HVDC
system. In Figure 1, i is the number of VSC converters. I, is
the current flowing through transformer. U; = U;/0,; is the
AC side voltage vector of VSC converter. U, = U; /0, is the
output voltage vector of VSC converter. R; is the equivalent
resistance of internal loss and converter transformer loss of
VSC. jXj; is the impedance of converter transformer. P,;
and Q; are the power of AC system injected into converter
transformer. jX ; is the impedance of AC filter. I; and U are
the DC current vector and DC voltage vector, respectively. P,;
and Q; are the power flowing through converter bridge. Py; is
the DC power. From Figure 1, I; can be expressed as follows:

I = Usi - Uci

= . 1
bR+ X W

The complex power S; of AC system is given by
g; = Psi + sti = UsiI:' (2)

To facilitate discussion, assume that §; = 0, — 0, |Y;| =
1/+/R? + X7, a; = arccot(X;/R;), and substituting (1) into (2)

yields

P, = - |Y;|UyU,; cos (8; + &) + |Y;| UZ cos a;,
2 (3)

U
Qi = - Y| UyU, sin (8; + o) + |Y;| UG, sin o + X_Sl
fi

Similarly, one has

P, = |Y;|U U, cos (8; — o;) — |V} Ufi cos &, W
Qg = - |Y;|U,Ugsin (6; — o) — Y] Ufi sin a.

Since the loss of converter bridge-arm is equivalent by R;, Py;
is qual to P;, and thus

ci?
2
Pyi = Ugily; = |V;| UgU cos (8; — o) = [V;| U cos . (5)
And U, can be described as

6M,Uy;
U, = VoMU ©)
4
where M (0 < M < 1) is defined as the PWM’s amplitude
modulation index.

The steady model of VSC-HVDC is given by (1)-(6) in the
per-unit system (p.u.).

2.2. Steady-State Control Modes of VSC-HVDC. Several reg-
ular control modes for each VSC converter are chiefly as
follows:

(1) constant DC voltage control, constant AC reactive
power control;

(2) constant DC voltage control, constant AC voltage
control;

(3) constant AC active power control, constant AC reac-
tive power control;

(4) constant AC active power control, constant AC volt-
age control.



Abstract and Applied Analysis

3. Voltage Stability Model for AC/DC Systems
with VSC-HVDC

3.1. The Modified Power Flow Algorithm Based on Sequential
Iteration Method. For the previous model of AC/DC system
with VSC-HVDC, the simplified power flow equations are
given by

fac = 0’
fac-dc =0, (7)

de = 0
where f,. = [AP,,AQ,;,..., AP, ,AQ,, 1" £, 4 = [AP,,
AQy---, A t"vsc Qt"vsc] > fdc = [Adyy, Adyy, Adys, Ady,

SAd, L Ad, ,Ad, ,Ad, 1"
vsct’ vsc2’ VSC3 VSC4

To expand the Taylor series of (7), the second-order
item and higher-order terms are omitted, and the modified

equation based on Newton-Raphson is given by

fy = —InAxy, (8)

where fy = [f5,f5 L f1]T, Axy = [Axl,, Axl,
T 4T T

Axac dc’Axdc] > AXa.cl = [AUal’Ae UanAC AeanAC] >
AXacZ - [AUﬂ’Aetl""’ Utnvsc’Aetnvsc] ’Axac-dc - [APtl’
AQy,..., APy, AQy, 1", Axy. = [AUy, Alyy, A8, AM,,

o AUy s Mgy A8, AM, 1.

fysc nysc

And Jy is given by

IN (xacl’ Xac2> Xac-de> Xdc)

roof, of, of,. of,. 7
0X,.;  OX,p  OX,c gc ydc
of,qc Of,cgqc Ofqc Of,c4c
T M Mo s X ©)
ofy,  ofy.  ofy of,.
L 0x,.; OX,, OX,. 4. OX4 J

- ]ad—al ]ad—a2 ]ad—ad 0
_]d—al Id-az

[ ]a—al ]a-aZ 0 0 }

Jaad Jaa

The power flow equation of VSC-HVDC is given as follows:

f1:| [111 ]12] [Axl]

= - R 10
[fz i J2] 1A%, (10)
where f, = f,, £, = [f. . fi]", Ax; = Ax,, Ax, =

T ad-a.
[Axacz’AXac dc’Axdcl I = Jaan Ju = []I;—nll ]> Ji2
Ua 32,0 0] ]22 = [ ad-a2 Jad-ad O ]

Jaaz Jdad J
The number of ’Ejh?:‘t pdoéve; dflow equations for (10) is 2(n —
1) + 4nygc, and the variables number is 2(n — 1) + 6nygc.
The 2nyg variables can be eliminated by control modes of
VSC-HVDC. So, (10) has solutions. The dimensions of f; are
2(nyc — 1). The dimensions of Ax; are 2(n1,c — 1). And the
inverse matrix of J,, is exists. The dimensions of f, are 6ry.

The dimensions of Ax, are 8ryg, and the 2ny4- dimensions

of Ax, can be eliminated by control modes of VSC-HVDC,
and so the inverse matrix of J,, exists.
To expand (10),

= (A%, +]1,4%,) = f,

n
= (DA%, +J4%,) = f,.
Then the new modified sequential iterative form is given
by

A%, = [T~ 1000) ] [ -T000) 6],

(12)

1, 1! -
8% = [T =T 01) Tia] [ =T 00) 1]

It can be seen from the previous derivation process that
the modified algorithm does not make any hypothesis. The
mutual influence between the AC system and DC system is
fully considered in the iteration solution procedure. By means
of the previous method, the problem of AC variables coupling
DC variables is solved strictly in the mathematics expression.
The matrix J; and J;, can be obtained by the program of pure
AC system.

3.2. Parameter-Dependent Power Flow and Converter Equa-
tions of VSC-HVDC. According to connected or not con-
nected with a converter transformer, the buses of AC/DC
systems with VSC-HVDC are divided into two kinds, DC bus
and pure AC bus [23]. The bus connected to primary side of
a converter transformer is considered as a DC bus. The bus
not connected to a converter transformer is considered as a
pure AC bus. # is the total bus number of the system. ny is
the number of VSC converters and also is the number of DC
buses. So, the number of pure AC buses is 11, = 1 — fygc.
Considering the load changes in several areas or a
particular area (at a bus and/or at a group of buses) of the
AC/DC systems with VSC-HVDC, the power flow equations
for a pure AC bus are given by
AP, = P, - U, > U; (G cos; + By sin ;)

Jj€i

+(Pgi = P) A =0,

(13)
AQ, = Q, - U, Y U; (G, sin6; - By cos ;)
jei
+(Qai —Qu)A =0,

«_»

where the subscrlpt a” identifies that the bus is a pure AC
bus, a = 1,2,...,my¢. The subscript “i” is the number of
the buses, i = 1,2,...,n. The subscript “;” identifies that all
the buses connected to the bus “i” (expressed in the terms
of j € i). U and 0 are the bus voltage amplitude and phase
angle, respectively. G and B are the real part and imaginary
part of nodal admittance matrix, respectively. P;; and Qg; are
the power of generator. P;; and Q;; are the loads at the bus i.
A € Rare the parameters such real/reactive power demand at

the buses and transmission line parameters.



For a DC bus, the power flow equations are given by

AP, = P~ Uy, Y U;(Gycos,; + By sin ;) + Py

jEi

+(Pgi = P) A =0,

(14)
AQ,; = Q; — Uy Z U; (G,-j sinf;; — B;; cos Bij) +Qy
jei
+(Qg — Q) A =0,

where the subscript “t” identifies the bus as a DC bus. “+”
signs correspond to the rectifiers and inverters of VSC-
HVDC, respectively.

The basic power flow equations for VSC-HVDC convert-
ers are given as follows:

NG
Adyy = Py + TMkUtkUdk [Y| cos (8 + o)

- Utzk |Y|cosay =0,
V6 . .
Ade = th + TMkUtkUdk |Y| Sin (8k + (Xk) — Utzk |Y| Sin ak

2
~ Y

=0,
Xk

V6
Adyy = Uyl g - TMkUtkUdk [Y[ cos (8 — o)

3
+ g(MkUdk)z |Y| COS (Xk = 0,
(15)

where the subscript “d” identifies that the variable as the DC
side of VSC. “k” is the kth of VSC connected to DC network,
k=1,2,...,ny-

For the ith VSC converter, there are four unknown
variables in (15); that is, x; = [Uy;, Iy;» 8;, M;]", and one more
equation is needed to solve (15); that is,

Id = GdUd’ (16)

where Gy is the nodal admittance matrix of DC network.
Moreover, the DC network equation is given by

Nac

Adyy = £1g - Z 9arsUas = 0, (17)

s=1

where gy is the matrix element of nodal admittance matrix
of DC network, s = 1,2,...,1,¢.

In this paper, the concerned parameters are the real and
reactive loads changes at the buses that can vary according to
the following equations:

P=Py(1+A),
Qi =Qu(1+41),

where P, and Q,, are the initial active and reactive loads,
respectively. P, and Q; are the active and reactive loads at bus
i, respectively.

(18)
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For the previously AC/DC systems with VSC-HVDC, the
simplified power flow equation with parameter A-dependent
is given by

f(x,1) =0, (19)

where f € R Dtinvsctl y ¢ RAD+nvsc+l £ 6 the balance
equation of power flow. x is the system state variable such bus
voltage magnitude and phase angles, DC system variables. 1,
and n, are the number of PQ and PV AC buses. The number
of power flow equations for (19) is 2(n — 1) + 4nygc + 1 =
21y +ny + 4nyge + 1.

3.3. Continuation Power Flow Algorithm Based on Sequential
Iteration Method. CPF is a powerful tool to numerically
generate P-V curve to trace power system stationary behavior
due to a set of power injection variations [25, 26]. It uses
predictor-corrector scheme to find a solution path of a set of
power flow equations that have been reformulated to include
a load parameter. (x;,A;)" is the initial state of the power
flow solution curve, where the subscript “I” is the iteration
number of predictor-corrector scheme based on Newton-
Raphson algorithm in CPE

3.3.1 The Predictor Step. The predictor step is a stage in first-
order differential form. Once a base solution has been found
(A = 0), a prediction of the next solution can be made by
taking an appropriately sized step in a direction tangent to
the solution path. Taking the derivatives of (19) will result in
the following total differential form equation:

5] = (0)

where f. = 0f/0x is the Jacobian matrix of power flow
equation with x. f /{ = 0f /0A is the partial derivative of power
flow equation with A. [d, d,]" is the tangent vector, which is
the computation target of the predictor step.

Since the insertion of A in the power flow equation added
an unknown variable, one more equation is needed to solve
the previously equation. This is satisfied by setting one of the
components of the tangent vector to +1 or —1. This component
is referred to as the continuation parameter. Equation (20)

now becomes [23]
[efK fi] [Zi] - [101] : ()

where ey is a row vector with all elements equal to zero
except for the Kth element being equal 1. The dimensions
of ex are 1 x [2(n — 1) + 6nygc + 1]. The introduction
of the additional equation makes the Jacobian matrix non-
singular at the critical operation point. The modified equation
of Newton-Raphson algorithm for (21) is

Af = -JAx, (22)

whire Af = [f5fF L] £y = +1, Ax = [Ax] |, Ax],,
Ax

acedes AxdTC, Ax}]T, ] is referred to as the Jocobian matrix
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TABLE 1: System parameters of operation and control modes of VSC-HVDC.

Operation modes

Control parameters of VSC converters (p.u.)

VSC, VSC,
] Constant DC voltage U = 2.0000 Constant AC active power P5" = ~0.8993
Constant AC reactive power Q' = 0.1220 Constant AC reactive power Q' = 0.1734
2 Constant DC voltage U5 = 2.0000 Constant AC active power P’s" = —0.8993
Constant AC reactive power Q%' = 0.1220 Constant AC voltage U'S' = 1.0186
3 Constant DC voltage U%' = 1.9863 Constant AC active power P<' = 0.9194
Constant AC voltage U™’ = 1.0186 Constant AC reactive power Q"' = 0.1220
4 Constant DC voltage U = 1.9863 Constant AC active power Pf" = 0.9194
Constant AC voltage U™’ = 1.0186 Constant AC voltage U™' = 1.0203
TABLE 2: Initial DC variable parameters (p.u.) of VSC-HVDC system.
Nipus R X P, Q. Ry U, 0, P, Q, Uy
13 0.0060 0.1500 0.1350 0.0580 0.0300 1.0000 0.0000 0.9190 0.1220 2.0000
14 0.0060 0.1500 0.1490 0.0500 0.0300 1.0000 0.0000 -0.8990 0.1730 2.0000

of (22), and the dimensions of J are [2(n — 1) + 4nygc + 1] X
[2(n— 1) + 6nygc + 1].

The initial values of the variables of VSC-HVDC system
for power flow program iteration are given by

U =Us, (kecv),

v =Ul, (k¢cv),

o _ Pu
&k = 0’
U
dk (23)
P
8O = arctan( th ) ,
¢ (U3 X1x) + U/ Xg) = Que

MO _ 2V6  PyXy
kK~ 3 U U(O) : 8(0))
kY dk Sin K

where k € CV identifies that the kth VSC is constant
DC voltage control mode. k ¢ CV identifies that the kth
is not constant DC voltage control mode. Superscript “0”
identifies the initial value of the Oth iteration. Superscript
“ref” identifies that the variable value is reference value.
Superscript “N” identifies rated value.

The P, is given in estimation by

Nysc

f
Pp=- ) P (24)
s=1,s¢CV

Based on the previous analysis, the tangent vector

[d, d,]" is obtained. The prediction value of the next solution
is given by

!
X141 x ] d
=7 +h[ x], (25)
o1 [A, dy

where [x],, A},,]" is prediction value, which is an approxi-
mate solution. /4 is the step size of the prediction.

3.3.2. The Corrector Step. In the corrector step, the prediction

value of [x],, A],,]" is substituted into (19), and its iteration
form is reformulated as

A

The iteration form is now reformulated as

FHE-) e

ex 0] [AA 0

4. Case Studies and Validations

Two cases are considered and compared: (1) the system with
existing AC transmission line and (2) the system with a new
dc transmission line based on VSC-HVDC.

The system parameters of the four different control modes
and the VSC converters adopted in the case studies are
prespecified as listed in Table1. The initial DC variable
parameters of VSC-HVDC system are shown in Table 2. In
Table 2, the Ny, identifies bus number of VSC-HVDC link
connected to AC systems. The P; and Q; are the load power
of the bus VSC connected to. The R is the resistance of DC
network. R, X;, P, and Q are given parameters. P, and Q,
are calculated by power flow calculation of the original AC
system, which is equal to the branch power of the original
AC system.

4.1. Modified IEEE 14-Bus Text System. First, the proposed
method has been applied to the modified IEEE 14-bus system
shown in Figure 2. The AC line parameters of the system are
the same as the IEEE 14-bus system. The difference is that a
two-terminal VSC-HVDC transmission line is placed at bus
13 and bus 14 to replace the AC transmission line 13-14; that
is, the VSC, and VSC, are connected to AC line of bus 13 and
bus 14, respectively.

This paper chooses the commutation bus of the buses 9,
12,13, and 14 as the research objects. According to the different
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FIGURE 3: PV curves for IEEE-14 bus system.

control modes of VSC-HVDC showed in Table 1, the detailed
analysis of the voltage stability bifurcation for the system can
be divided into three cases.

4.1.1. The Operation Mode of “I”. Figure 3 shows the P-V
curves and load margins of partial buses (buses 9, 12, 13,
and 14) of the original pure IEEE-14 system (“AC” for short).
Figure 4 shows the P-V curves and load margins of partial
buses (buses 9, 12, 13, and 14) of the modified IEEE-14 system
("AC/DC” for short), in which the AC/DC system operates
under the control mode “1” in Table 1 as the load increases.
And Table 3 shows the power flow data of the VSC-HVDC
operating in mode “1” at initial state and the maximum load
state of the AC/DC system. Here, the maximum load state
is corresponding to the saddle node bifurcation point of the
system.

In Figure 3, when A - = 5.2120 p.u., the saddle node
bifurcation point is acquired, and the system is in maximum
loading state. In Table 3, the “AC bus” of the lower half part
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TABLE 3: Power flow data at initial and maximum load states for
mode “1”

Variable Uy Iy 9 M Py Qq

VSC, 2.0000 0.4551 0.1370 0.8108 0.9153 0.1220
parameters 20000 0.4584  0.1947 0.6840 0.9240 0.1220

—-0.4551 -0.1292 0.9387 -0.8993 0.1734
—-0.4584 -0.3065 0.5505 -0.8993 0.1734

VSC, 1.9863
parameters 19862

Variable Q (0 Qg Q6 Qs —

AC bus -0.6999 0.1404 0.2347 0.0010 0.1045 —
parameters —0.0438 7.6425 15550 0.0014 0.5365 —

Voltage magnitude (p.u.)
o
%

1 1.5 2 25 3 3.5 4 45 5 55 6
Load margin (p.u.)

U, (AC/DC)
— U, (AC/DC) .

U,; (AC/DC)
U,, (AC/DC)

FIGURE 4: PV curves for modified IEEE-14 bus system in operating
mode “1”

includes the four PV buses (bus 2, bus 3, bus 6, and bus 8)
and a slack bus (bus 1) of the modified IEEE-14 test system.
The upper row of the twin-row is the initial state data, and
the lower row of the twin-row is the maximum load state
(corresponding with the A ¢ pc = 5.6358 p.u. in Figure 4)
data of power flow.

It can be seen in Figure 4 and Table 3, in operation mode
“1” that the voltage magnitude decreases as the load increases,
and the bus 14 (AC/DC) has the weakest voltage profile; so,
it is the critical voltage bus needing reactive power support.
When the load margin at A ,¢ ;pc = 5.6358 p.u., the modified
AC/DC systems present a collapse or saddle node bifurcation
point, where the system Jacobian matrix becomes singular.
And now the voltage drop of bus 14 (AC/DC) is the most
obvious: U;, = 0.6451 < U, = 0.8381 < U, = 0.8816 <
U, = 0.9083 (the parameters are all the AC/DC systems).

4.1.2. The Operation Modes of “2” and “3”. Figures 5 and 6
show the P-V curves and load margins of partial buses (buses
9,12,13, and 14) of the AC/DC system under the control mode
of “2” and “3”.

As shown in Figures 5 and 6, in operating mode “2” and
mode “3,” the voltage magnitudes of bus 14 (AC/DC) and bus
13 (AC/DC) remain almost constant as the load increases,
respectively. This is because the VSC, in mode “2” and VSC,
in mode “3” both are in constant AC voltage control mode.
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FIGURE 5: PV curves for modified IEEE-14 bus system in operating
mode “27

Besides, the load margins obtained in mode “2” (A ¢ /pc =
6.9192 p.u.) and mode “3” (A,¢ /pc = 5.8980 p.u.) are bigger
than those in mode “1,” which demonstrated that the VSC-
HVDC system supplies voltage support to the AC bus voltage,
thanks to the benefits of the fast and independent reactive
power output of VSC-HVDC.

4.1.3. The Operation Mode of “4”. Figure7 shows the P-V
curves and load margins of partial buses (buses 9, 12, 13, and
14) of the AC/DC system under the control mode of “4” in
Table 1 with the load varies.

As shown in Figure 7, the voltage magnitude of bus 13
(AC/DC) and bus 14 (AC/DC) remains almost constant as
the load increases. This because to the control modes of VSC,
and VSC, are constant AC voltage. The load margin for this
operation mode is Ayc/pc = 7.7192 p.u., which is bigger
than those in other modes. Therefore, in the case of the VSC-
HVDC operation in mode “4,” the AC/DC system has better
voltage stabilization. But as has been pointed out in [27],
when the AC/DC system is disturbed (such as kinds of faults),
in order to maintain AC bus voltage, the VSC converter in
mode “4” has to provide large amount of reactive power to the
AC/DC system. Consequently, the overload degree of VSC
converter is more severe under this operation mode than
overload degree of VSC converter under other control modes.

By contrasting the four control modes of VSC converters,
the results show that the requirements of essential reactive
power for AC system can be supplied by VSC-HVDC system,
and the certain voltage support capability to AC bus by VSC-
HVDC link is validated. But it should be pointed out that the
appropriate control pattern is the basis to exploit the reactive
power compensation property of the VSC-HVDC system.

4.2. Modified IEEE 118-Bus Text System. The modified IEEE
118-bus system is analyzed in this section [28]. The relevant
part of the network is shown in Figure 8, which shows the
locations of the VSC-HVDC link. The VSC-HVDC replaced
an existing AC transmission line (75-118), as shown in

=
o

—
—
T

—_
T
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1
1

e
» o
T T

Voltage magnitude (p.u.)
S
g

[l g
[N
.

1 1.5 2 2.5 3 35 4 45 5 55 6
Load margin (p.u.)

Uy (AC)
— Up, (AC)

U3 (AC)
- Uy (AQ)

FIGURE 6: PV curves for modified IEEE-14 bus system in operating
mode “37
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TABLE 4: Performance comparison of the modified IEEE-118 test
system for four different operating modes.

Operation Load margin Iteration CPU time

The two cases

modes A (p.u) numbers in seconds
AC/DC system 1 4.6188 15 29.7642
AC/DC system 2 4.8750 15 32.0300
AC/DC system 3 4.8625 15 31.2754
AC/DC system 4 6.2750 15 76.4324

Figure 8, and the VSC, and VSC, are connected to AC line
of bus 75 and bus 118, respectively.

The performance comparison of the modified IEEE-118
test system for four different operating modes is shown in
Table 4. In Table 4, the CPU time for operation mode of “4”
is longer than other operation modes. The reason is that
the operation mode of “4” is in constant AC voltage control
mode. As the load increases, the VSC-HVDC system supplies
voltage support to the AC bus voltage, and as a result, the
load margin of the AC/DC system in mode “4” is bigger
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than other operation modes, and the calculation program
for the load margin of the mode “4” needs more iteration;
so, the CPU time is longer. Table 4 shows that the model
and algorithm presented in this paper have certain flexibility
with the increase of the network scale. However, it is to be
remarked that the CPU time is long. The reason is that with
the embedded VSC-HVDC transmission line, the types and
the number of the system variables have greatly increased,
that is, P.;, Qg Uy Ig;» 05 M;, Uy, 0, and so forth, and the
dimensions of the system equations and the Jacobian matrix
of the AC/DC system have a higher order than pure AC
systems.

5. Conclusions

In this paper, a new method has been developed to analyze
voltage stability for AC/DC systems with VSC-HVDC. The
impacts of load variations and different VSC-HVDC control
patterns on P-V curves and saddle node bifurcation point
of the system were numerically analyzed. The simulation
results indicate that the constant AC voltage control of VSC
converter is superior to other control modes in voltage sta-
bility and also show that VSC-HVDC significantly improved
the stability of the system compared to a pure AC line.
At last, the importance of suitable control mode for the
operating of VSC-HVDC was discussed, and some numerical

examples have been included to demonstrate the validity of

the obtained results.
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