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Abstract: With the interconnection of large power networks, transient voltage stability of AC/DC power systems has been paid
more attention in recent years. To investigate main influence of generating facility, high-voltage direct current (HVDC) and motor
load for transient voltage stability, from the perspective of the generalised branch potential energy, the new indexes, and
analysis method is proposed here. First, an energy function for AC/DC system is constructed with major dynamic components,
namely classical HVDC control systems and motors in third-order model. Accordingly, the influence effects of the above major
dynamic elements are investigated based on indexes from the corresponding generalised branch potential energy. With the rule
of change in transient potential energy distribution in the network and information in stability margins, an evaluating procedure is
established. Here, the judgment of transient voltage stability employs a heuristic energy function method. Finally, simulation
tests on three-machine system with a HVDC transmission line are conducted in PSAT package, and the obtained results
demonstrate the feasibility and effectiveness of the proposed method.

1 Introduction
Under the background of the power transmission from west to east
in China, the electric network has become more and more complex
with many HVDC transmission lines in use [1, 2]. The resulting
large-scale grid poses many challenges in system operation safety,
one of which is the transient voltage stability problem. The
research of transient voltage stability could be reviewed two
decades ago [3, 4]. The judgement of transient voltage instability
from other instability phenomena could be made based on some
methods [4, 5]. However, with more HVDC subsystems added into
current dynamic components, such as generators and motors, many
research topics of transient voltage stability of AC/DC system are
still worth exploring [6, 7]. Especially at the receiving end of
AC/DC system, several HVDC lines locate closely and by which
usually a lot motor loads are supplied. In these situations, if the
transient voltage instability problem exists, power engineers are
interested in the influence of different kinds of dynamic
components on such a problem.

The influence of dynamic components on system transient
stability may be analysed by time-domain simulation method [7]
with parameters setting change. However, it is not easy to find
some measures telling the difference among components. Since
energy function method can be used to analyse the power system
stability and provide stability margin information, it becomes an
important method [8–10] as well as time-domain simulation.
Although energy function method arises from simple system
model, many efforts have been put into introducing more dynamic
models, like high-order motors [11] and HVDC systems [9, 10]. In
fact, the energy function method has been tried to apply for the
transient voltage stability analysis [8, 12, 13]. Based on the energy
function method and some heuristic techniques, the voltage
problem caused by motor instability is addressed [5]. Nevertheless,
thyristor-controlled type HVDC, requiring more reactive power
than normal in recovery after faults [1, 11], makes the situation
confused compared to the reported case with motors only. It needs
more methods since related works on this topic report less.

Here, a new analysis method is studied. The transient voltage
stability is first judged with system bifurcation conditions and
heuristic technique as possible. After that, based on local energy
function method [14, 15] and its application on generalised branch

potential energies [16–18], the exciter, HVDC, and load are
modelled as the generalised branch, and the potential energies of
different branches, after formatted according to the power scale,
will be compared. The final evaluation on influence effect of
dynamic components could be obtained with the above indexes
relating the potential energy, as a uniform measure.

The system model with major dynamic components is presented
in Section 2, and the energy function for these models is
constructed in Section 3, after that a preliminary analysis method
on influence of dynamic components on transient voltage stability
is discussed. Simulation tests on a sample system are conducted to
show the effect of the proposed method before the conclusion is
drawn.

2 System modelling
Fourth-order generator model is used here and its mathematical
equations [10] as below,

dδi
dt = ωi

Mi
dωi
dt = Pmi − Pei − Diωi

Tdoi′ dEqi′
dt = Efdi − Xdi

Xdi′
Eqi′ + Xdi − Xdi′

Xdi′
Vicos δi − θi

Tvi
dEfdi

dt = − Efdi − μikiVicos δi − θi + li

(1)

where δi represents the rotor angle of the generator i, while ωi
represents the velocity of the generator. Pmi represents the
generator mechanical power and Pei is the generator
electromagnetic power. Tdoi′  represents the d-axis transient time
constant. Eqi′  represents the q-axis transient potential. Efdi
represents excitation potential.

The HVDC system, which includes the controllers of the
rectifier and inverter and the rule of voltage control, current control
and constant extinction angle control, as below,
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dX1

dt = 1
Tc3

Id − X1

dα2

dt = Kc2

Tc2
Idref − X1

αR =
αRmax, αR ≥ αRmax

Kc1 Idref − X1 + α2, αRmin ≤ αR ≤ αRmax

αRmin, αR ≤ αRmin

(2)

Idrefmax, VdR ≥ VdRmax

K0 VdR − VdR0 , VdRmin ≤ VdR ≤ VdRmax

Idrefmin, VdR ≤ VdRmin

(3)

dX2

dt = 1
TV3

VdI − X2

dβ2

dt = KV2

TV2
Vdref − X2

β =
βmax, β ≥ βmax

KV1 Vdref − X2 + β2, β1 ≤ β ≤ βmax

(4)

dβ
dt = − KV1

TV3
VdI + KV2

TV2
Vdref + KV1

TV3
− KV2

TV2
X2 (5)

dX3

dt = 1
Tμ3

γ − X3

dβ3

dt = Kμ2

Tμ2
γref − X3

β =
Kμ1 γref − X3 + β3, βmin ≤ β ≤ β1

βmin, β ≤ βmin

(6)

dβ
dt = − Kμ1

Tμ3
γ + Kμ2

Tμ2
γref + Kμ1

Tμ3
− Kμ2

Tμ2
X3 (7)

The detailed parameters can be seen in [7, 10, 12].
The third-order model of motor load is shown as below,

T′Ldoi
Xi − X′i

dE′Li
dt = − Xi

Xi − X′i
E′Li + Vicos δLi − θi

X′i

dδLi
dt = − si + Xi − X′i

T′LdoiE′Li
⋅ Visin(δLi − θi)

X′i

MLi
dsi
dt = Tmi − Tei = Tmi − E′LiVisin(δLi − θi)

X′i

(8)

i = n + 2, n + 3, …, n + N + 1;

where TLdoi′  represents the stator open time constant. MLi represents
the inertia time constant. ELi′  represents the internal potential
amplitude and δLi represents the internal potential angle.

3 Derivation of the energy function
The following energy functions are obtained by the first integral
method. The derivation of them is omitted here as space is limited.

3.1 Energy function of the generator

Uk = ∑
i = 1

n 1
2 Miωi

2 (9)

(9) is the kinetic energy, and the following expressions are all
potential energies backward.

Ug = − ∑
i = 1

n
Pmiδi − ∑

i = 1

n ViE′qicos δi − θi
Xi

+ ∑
i = 1

n X′di + Xqi − X′di − Xqi cos 2 δi − θi
4XqiX′di

Vi
2

+ ∑
i = 1

n Xdi
2X′di Xdi − X′di

E′qi
2 − 1

2 ETB−1AE − (B−1C)T

(10)

where E = E1, …, En
T, Ei = E′qiEfdi ,

T = blockdiag T1, …, Tn , Ti =
Tdoi′ 0

0 Tvi
,

A = blockdiag A1, …, An , Ai =
0 1

− μikiX′di
Xdi − X′di

−1

B = blockdiag B1, …, Bn , Bi =
Xdi − X′di

X′di
−ρi

−μiki ρi

C = C1, …, Cn
T, Ci = 0 l , where ρi is the parameter to make

Bi
−1Ti positive definite. For any non-zero matrix vector,

xTBi
−1Tix > 0 holds [10]. i = 1, 2,…,n.

3.2 Energy function of the HVDC system

UR = − VR ∑
j = 1

n + N + 1
V jBRjcos θR − θ j − 1

2VR
2 BRR (11)

UI = − VI ∑
j = 1

n + N + 1
V jBIjcos θI − θ j − 1

2VI
2BII (12)

Ud = ∫ PdRdθR + ∫ QdR
VR

dVR + ∫ PdIdθI + ∫ QdI
VI

dVI (13)

UDC = − VRVIBIRcos θI − θR (14)

where UR represents the rectifier side node potential energy
function. UI represents the inverted side node's potential energy
function. Ud represents the potential energy function that generated
by transmitting power through the HVDC transmission line. UDC
represents the HVDC network potential energy function.

3.3 Energy function of the load

UL1i = − ∑
i = n + 2

n + N + 1∫ PL1idθi − ∑
i = n + 2

n + N + 1∫ QL1i Vi
Vi

dVi (15)

UL2i = ∑
i = n + 2

n + N + 1 1
2 MLisi

2 − ∑
i = n + 2

n + N + 1∫ MLi
Xi − X′i

T′LdoiE′Li
× Iqidsi

+ ∑
i = n + 2

n + N + 1
TmiδLi − ∑

i = n + 2

n + N + 1 X′iIxi
2 + X′iIyi

2

2

+ ∑
i = n + 2

n + N + 1 1
2 Xi − X′i

ELi
′2

(16)

where UL1i and UL2i represent the static load potential energy
function and dynamic load (motor) potential energy function,
respectively.
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3.4 Energy function of the AC network

UAC = − ∑
i = 1

n + 1
∑

j = n + 2

n + N + 1
ViV jBRjcos θR − θ j

− ∑
n + 1 < i < j

n + N + 1
ViV jBijcos θi − θ j

− ∑
1 ≤ i < j

n + 1
ViV jBijcos θi − θ j − ∑

i = 1

n + N + 1 1
2Vii

2Bii

4 Evaluation method
The excessive concentration of transient energy of post-fault
system is the main cause of system angle instability, and the
generator kinetic energy changes will be reflected in the various
local potential changes according to the parameters and
characteristics of various components of the system [14]. Inspired
by the above idea and with the skill of transient voltage analysis,
this paper presents a new evaluation method on the influence of
different system dynamic components on transient voltage stability.
The key procedure of the method is as follows:

Step 1: The transient voltage stability is first judged with system
bifurcation conditions and heuristic technique as possible, as
shown in [4, 8, 12, 13].
Step 2: Based on local energy function method and its application
on generalised branch potential energies (13), (15) or (16) are used
for the generalised branches potential energies of HVDC and load,
respectively.
Step 3: When there are more than one branches of the same kind,
like 2 or 3 HVDC links in a system, the corresponding branch class
is formatted according to the power scale and then the influence
effects are compared with each other, like first HVDC potential
versus second HVDC potential.
Step 4: The maximum incremental of potential energy of the
generalised branches are calculated and marked by the ΔUMax, k for
the system swing when the peak of potential energy occurs, where
k is the kth generalised branch and incremental means the peak
subtracts the valley at the same swing. Here, ΔUMax, k is
preliminarily defined as the evaluating indexes, the function of
ΔUMax, k and reactive power consumed by dynamic components
will be studied in future. With the heuristic rule of change in
transient potential energy distribution in the whole network, the
larger the absolute value of the above index is, the more significant
the corresponding dynamic component for transient voltage
stability is. Thus, the final result on the influence of different
components could be achieved.

5 Simulations
The tests of the proposed method are on the PSAT package. The
three-machine nine-bus system interconnected with the HVDC is
used as the simulation system, which is shown in Fig. 1. The
parameters about the system can refer to the literature [12]. Three-

phase line-to-ground fault is set on the bus 5 at 1 s. The maximum
lasting time of fault for critical transient voltage stability is about
230 ms.

The cases for critical stability and instability are simulated and
the resulting generalised branches potential energies are checked
below.

As the likely singularity occurs in PSAT simulation when the
clear time is at 1.24 s, which results the calculation termination. 
Thus, the potential curves corresponding to HVDC and induction
motor load are simulated at the clear time 1.05 s, 1.11 s, 1.17, and
1.23 s, respectively, which are show in Fig. 2a–d. Where dotted
line and solid line represent the potential energy of induction motor
load and HVDC system, respectively.

Fig. 1  Three-machine nine-bus system with a HVDC
 

Fig. 2  Induction motor load, HVDC potential energy
(a) Clear time is 1.05 s, (b) Clear time is 1.11s, (c) Clear time is 1.17 s, (d) Clear time
is 1.23s
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From Table 1, the authors can see, HVDC will suffer more of
the potential energy converted by the generator's kinetic energy in
the first swing. Meanwhile, with the increase of fault duration, the
change of potential energy of induction motor in the first pendulum
gradually increases from less. Therefore, one may see that the main
weak potential of the local potential occurs at the receiving-end
HVDC, and the second local potential weak point is at induction
motor load.

The change of voltage value before and after fault
corresponding to receiving-end HVDC (bus8) and induction motor
load (bus6) are compared prior to the critical clear time, which are
shown in Table 2. From the table, the authors can see, in the case of
the system remains stable after fault, the voltage drop of the
induction motor load is larger than the receiving-end HVDC, which
is shown in Figs. 3 and 4.

From the time domain simulation results prior to the voltage
instability, when the power angle of the three generators has not yet
been split, the terminal voltage of the receiving-end HVDC and the
induction motor have already dropped to 0.8 and with a trend
downward, which considered as voltage instability. At the same
time, comparing the slip curve of induction motor between stability
and instability cases after fault (shown in Fig. 5), the authors can
see that there is a tendency that the slip of induction motor
monotonically increase and motor stalls.

In summary, from Table 1, Table 2 and the time-domain
simulation results of instability, it may be seen that the induced
load is the main weak local component of the system and the
HVDC system is probably a fragile part under transient voltage
instability. However, this example is relatively simple and the
electrical distance between the HVDC system and the induction
motor load is short, the interaction between them and the
independence effect of the HVDC system has yet to be further
analysed in more complicated cases.

6 Conclusion
Here, an evaluation method on the influence of different system
dynamic components on transient voltage stability of AC/DC
system is studied. Based on the judgment of transient voltage
stability with bifurcation condition and heuristic information, an
evaluation index is preliminarily provided, which is derived from
potential energy of generalised branches corresponding to HVDC
and load, respectively. This idea is tested in PSAT package, and the
obtained results demonstrate the feasibility and effectiveness of the
propose method. The future work includes the relation between the
bifurcation condition and the generalised branch potential
expression etc.
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