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Compared with synchronous generators, the steady-state and dynamic characteristics of non-synchronous ma-
chine sources represented by line commutated converters (LCC) and voltage source converters (VSC) are quite
different. The voltage stability of power systems will be changed when a large number of non-synchronous
machine sources (NSMS) are connected. The voltage stability of power systems with NSMSs connected is
analyzed in this paper. Firstly, based on the relationship between the Jacobian matrix singularity and the small
disturbance voltage stability (SDVS), the impact of NSMSs on the SDVS of active systems is analyzed. Secondly,
whether there is a reasonable voltage solution in the transient process is taken as a large-disturbance voltage
stability (LDVS) criterion, the impact of NSMSs on the LDVS of active systems is studied. Thirdly, for a special
scenario where the VSC supplies power to a passive system, the requirements of the voltage stability on load
types and VSC parameters are discussed. Finally, based on the Power System Simulator/Engineering (PSS/E),
simulations are carried out in the Shanghai power system and a passive power system, and the theoretical
analysis results are verified.

1. Introduction

Non-synchronous machine sources (NSMS) can be divided into two
types: grid forming converters and grid following converters. The grid
forming converter is a voltage source converter (VSC) whose DC voltage
must be kept constant. Typical representatives of the grid forming
converter are VSCs with voltage amplitude and phase control or virtual
synchronous machine control [1,2]. Typical representatives of the grid
following converter are line-commutated converters (LCC) and VSCs
with direct current control [3]. The target of the grid following con-
verter is to control the amplitude and phase of the current injected into
the power system. In China, the high voltage direct current (HVDC)
transmission system based on LCCs is the main technical means of long-
distance transmission [4]. The LCC has become a kind of high-
proportion power sources in the load center of China. In some prov-
inces of China, the import power through the LCC even exceeds 30% of
the total load. The VSC is the main technical means for the delivery of
renewable energy. As wind power and solar energy gradually replace
fossil energy, the VSC will become the mainstream type of power sources
for future power grids [5,6]. The grid forming VSC is mainly connected
to weak AC systems or passive systems, while the grid following VSC is
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mainly connected to strong AC systems [7]. The large-scale feeding of
NSMSs into power grids is the development trend. Due to the great
difference of the steady-state and dynamic characteristics between
NSMSs and synchronous generators (SG), it is necessary to study the
voltage stability of power systems with a large number of NSMSs con-
nected. In the traditional cognition of scholars, VSCs can provide voltage
support for AC systems and be connected to passive networks [2]. Based
on this cognition, the proportion of VSC-type power sources in a power
system should be able to reach a high value or even 100%. However, in
many power grids, it is found that the power grid cannot meet the
requirement of the voltage stability when the proportion of VSC-type
power sources is high to a certain extent. This phenomenon is at odds
with the traditional cognition. In this paper, we analyze the voltage
stability of power systems with NSMSs connected, and the research re-
sults can provide a theoretical basis for the stable operation of power
systems with NSMSs connected.

For many power systems, the voltage instability has become the
biggest threat to the safe operation. It is generally believed that the load
with fast recovery characteristics is the main cause of the voltage
instability [8]. The impact of load characteristics on the voltage stability
has been the focus of academia and engineering in the past decades

Received 16 December 2020; Received in revised form 18 February 2021; Accepted 2 April 2021

Available online 20 April 2021
0142-0615/© 2021 Elsevier Ltd. All rights reserved.


mailto:xuzheng007@zju.edu.cn
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2021.107087
https://doi.org/10.1016/j.ijepes.2021.107087
https://doi.org/10.1016/j.ijepes.2021.107087
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2021.107087&domain=pdf

G. Wang et al.

[9,10]. With the increase of HVDC capacity and renewable energy, the
impact of LCCs and VSCs on the voltage stability has gradually attracted
the attention of scholars [11,12]. The influence of LCCs on the voltage
stability is usually evaluated by the short-circuit ratio (SCR). The SCR is
used by the CIGRE Working Group [13], and some new SCR calculation
methods are proposed in recent years [14,15]. As for a power system fed
by VSCs, a single-infeed VSC HVDC system model is established in [16],
based on which the influence of NSMSs on the voltage stability is
analyzed. Ref. [16] draws the conclusion that VSCs can provide better
voltage-support to a weak receiving AC system than LCCs. In [17], the
influence of VSCs on the voltage stability of a multi-infeed system is
analyzed, it is shown that the AC voltage regulation in VSCs may
adversely affect the dynamic performance of a weak AC system. The
singular value theory can be applied to the voltage stability analysis of a
power system fed by VSCs [18]. The singular value capability space
proposed by [18] can indicate how much a VSC migrates the system
away from the voltage instability. In [19], the interaction between LCCs
and VSCs is analyzed based on a hybrid multi-infeed HVDC system
model. According to the result in [19], LCCs will weaken the system
strength for VSCs, and VSCs also weaken the system strength for LCCs. In
most researches, the AC system is equivalent to a SG with impedance,
while a detailed converter model is adopted [20]. Under this assump-
tion, the voltage stability of a power system is equivalent to the voltage
stability of the point of common coupling (PCC), the emphasis is on the
interaction between the NSMS and the SG, while the interaction be-
tween the NSMS and the load is ignored. Voltage stability assessment
methods for power systems with NSMSs connected are proposed in
[21,22]. In [21], a global sensitivity analysis method is proposed to
consider power system variabilities in the voltage stability evaluation.
Compared with local sensitivity analysis, the global sensitivity analysis
method is more accurate and the computation efficiency is improved. In
[22], the impacts of the voltage-maintaining capacity and low-voltage
tripping of distributed generation units on the static voltage stability
of power systems are analyzed, and a distributed method is proposed to
assess the voltage stability. In [23], the possibility of improving the
voltage stability of power systems with large-scale NSMSs connected is
discussed, and both active and reactive power injection of NSMSs are
used to improve the voltage stability. Although many scholars have
conducted in-depth research on the characteristics and control strategies
of power systems with NSMSs connected, the interaction mechanism
between various loads and NSMSs is still unclear, and further study is
necessary.

A prominent advantage of the VSC is that it can be used for supplying
power to passive systems [24], such as supplying power to passive
islands. The basic passive control strategy of VSCs can refer to [2], and
some improved passive control strategies have been proposed in recent
years [25,26]. A control method that can improve the voltage quality of
passive systems is put forward in [27]. The voltage quality of passive
systems can also be improved by changing the reactive power control
strategy [28,29]. Although the characteristic of VSCs can be as close to
SGs as possible by applying reasonable control strategies, the VSC
cannot be completely equivalent to a SG in the voltage stability analysis.
Whether a passive system can maintain stable under disturbances, and
whether the passive system with various loads can maintain stable, these
issues remain to be studied.

The main contributions of this paper are summarized as follows:

(1) Based on the singularity of the Jacobian matrix, the impact of
NSMSs on the small-disturbance voltage stability (SDVS) is
analyzed. It is proved that there is a maximum allowable output
for the NSMS. When the output of the NSMS exceeds the
maximum allowable output, the power system will suffer from
the small-disturbance voltage instability (SDVI).

(2) By judging whether there is a reasonable voltage solution for the
power system in the transient process, the large-disturbance
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Fig. 1. The model of the power system with NSMSs connected.

voltage instability (LDVI) mechanism of the power system with
NSMSs connected is revealed.

(3) In passive systems, requirements of the voltage stability on load
types and VSC parameters are put forward.

The rest of this paper is organized as follows: Section 2 presents the
modelling of the power system with NSMSs connected. In Section 3, the
voltage stability of active systems with NSMSs connected is analyzed.
The voltage stability of passive systems is studied in Section 4. Simula-
tions are carried out in Section 5 and conclusions are provided in Section
6.

2. Modeling of active systems with NSMSs connected

To analyze the voltage stability of active systems with NSMSs con-
nected, a simple power system model shown in Fig. 1 is adopted in this
paper. In Fig. 1, the load is supplied by an LCC, a VSC and a SG. The
mathematical model of the simple power system can be established as
(1)-(15).

The Thevenin equivalent model is adopted to simulate the SG, that is,
an equivalent impedance is connected in series with a voltage source.
The output power of the SG are (1)-(2).

1 ,
Psg = 5 [— U?cosgp +Echos(5 + (p)] (D

1 ,
Qg = 7 [7 Using + E Usin(é + ¢) } (2)

Here, Psg and Qsg denote the output active power and reactive power of
the SG, respectively; Z and ¢ represent the magnitude and phase angle of
the equivalent impedance, respectively; U is the voltage magnitude of
the AC bus; § is the voltage phase angle of the AC bus; E;q is the transient
electromotive force of the SG.

The model of the LCC can be described as (3)-(8) [30]. The controller
model of the LCC can be found in [30]. Expressions of the LCC active
power and the LCC reactive power are described as (3) and (4),
respectively. The positive direction of the power is shown in Fig. 1. In (3)
and (4), C and K are two constants related to the parameters of the
converter transformer. Eq. (5) is the expression of the direct current of
the LCC. The output reactive power of the compensation capacitor is (8).

Picc = CU?[cos2y — cos(2y + 2u) | 3
Qicc = CU[2u + sin2y — sin(2y + 2u) ] 4)
Lie = KU[cosy —cos(y + u) ] 5)

3 St 1 1
_ 1 6
4 x PdN ukl% x 72 ( )
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Here, P is the output active power by the LCC; Q¢ is the reactive
power absorbed by the LCC; Pqyy is the rated active power of the LCC; I4c
is the direct current of the LCC; y is the extinction angle of the LCC; u is
the commutation angle of the LCC; St is the capacity of the converter
transformer; uy; is the short-circuit ratio of the converter transformer; ¢
is the transformation ratio of the converter transformer; Q. is the output
reactive power of the compensation capacitor; B is the admittance of
the compensation capacitor.

As for the VSC, assuming that the inner loop controller with a time
scale of 10 ms can completely follow the current command values [31],
then the model of the VSC can be established as (9)-(13) [32]. Egs. (9)
and (10) are expressions of the active power and the reactive power of
the VSC. Eq. (11) describes the transformation relationship between the
dq coordinate system and the xy coordinate system. Please refer to [32]
for the controller model of the VSC.

PVSC = UIVS(jCOS(g + 5) (9)

Qysc = Ulyscsin(0+6) (10)
iy | [cosOp —sinfpry | | ig

{iy} - {sinﬁpLL cosOprL. } {iq} an

0 = arctan iy /i) 12)

Iysc = /i + i§ 13)

Here, Pysc and Qysc are active power and reactive power of the VSC; Iysc
is the magnitude of the AC current output by the VSC; 0 is the phase
angle of the AC current output by the VSG; iy and iy are the components
of the AC current on x-axis and y-axis; ig and iy are the components of the
AC current on d-axis and g-axis; 0pry, is the output of the PLL.

The power balance equations of the AC bus are (14)-(15).

AP = Pysc + Prec + Psg — Pioas = 0 14)
AQ = Qysc + Q. + Qs = Quec = Quoaa =0 (15)

Here, Pjy,q is the active power absorbed by the load; Qjoa4 is the reactive
power absorbed by the load; AP is the active power error; AQ is the
reactive power error. The power flow solution problem of the power
system can be summarized as follows: Seek the magnitude U and phase
angle § of the bus voltage so that the power errors (AP, AQ) are close
enough or equal to zero.

3. Voltage stability analysis of active systems
3.1. SDVS analysis

The Jacobian matrix singularity can reflect the voltage stability of
power systems, and the determinant value of the Jacobian matrix can be
used as a voltage stability index, which is first pointed out by Venikov et
al [33]. For the system model shown in Fig. 1, the linearized power flow
equation is (16), then (17) can be used as a criterion for the voltage
stability.

AP Ad
20412

{ det(J) >0  stable an

det(J) <0 unstable
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Fig. 2. Distribution of vectors related to the determinant values.

Here, A¢ is the correction amount of the bus voltage phase; AU is the
correction amount of the bus voltage magnitude; J is the Jacobian
matrix.

The time scales of the LCC constant direct current controller, the LCC
constant extinction angel controller, the SG voltage controller, the VSC
outer loop controller, and the VSC phase locked loop (PLL) are relatively
long, all in the order of 100 ms or longer [30,31]. However, the response
time of the AC bus voltage is very short, usually a few milliseconds.
Therefore, controllers with long time scale are approximately neglected.
On the premise that the above controllers have no time to respond, the
expression of the Jacobian matrix can be written as (18), and the Ja-
cobian matrix (18) is applicable to the SDVS analysis within 100 ms.

1= {Jp& ;v} as)
qé qv
Here,
Jo— OAP _ dPysc  OPicc | OPsg  OPiou
®T0s5 06 95 05 05
| — ()AJ _ OPysc | OPrcc | OPsg - OP1oaq
PMTToU T 0U oU oU  JU
T = 0AQ _ dQusc | 9Q. | Qg6 _ 0Qvcc _ 0Qiud
08 5 | a5 08 25 95
T = 0AQ _ dQysc & 9Qs6 _ 0Qicc _ 0Q0ud
qv -

~JU U  oU dU ou ou

By substituting (1)-(15) into (18), the determinant value of the Ja-
cobian matrix is obtained as (19). See Appendices for the derivation
process. In (19), Sjoaq is the apparent power of the load; cos® is the
power factor of the load.

2 2
—[v] ) 19)

Vsum

det(J) = U(

Here,

Vam = Vysc + Vg + Vice + Vie
Vi = Vice + Vi

VVSC = IVSCL(H + (3)

. E,
Vsg = %4(54‘(0)

Cly

K

Vice = 2(=r—p)
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v Sioa
Vload = bd L(ﬂ' + (D)

Because the voltage magnitude is always larger than zero, it can be
seen from (19) that the sign of the determinant value depends on the
magnitude relationship between Vg, and V,. The magnitude of Vi
depends on the parameters of the VSC, the SG, the LCC and the load. The
magnitude of Vi, is determined by the parameters of the LCC and the
load. The distribution of Vg, and V is plotted in Fig. 2. The influence of
each component on the determinant value is also shown in Fig. 2. For
example, the greater the magnitude of Vg is, the greater the magnitude
of Vg is, which means that increasing the AC system strength can in-
crease the determinant value of the Jacobian matrix. Similarly, Vysc is
located in the first quadrant, which is the same as Vgg. This shows that
increasing the output power of the VSC can also increase the determi-
nant value of the Jacobian matrix. On the contrary, increasing the
magnitude of V}o,q will increase the magnitude of V; and decrease the
magnitude of Vsum, which means that the determinant value of the Ja-
cobian matrix will decrease with the load increasing.

In addition, Vi is located in the fourth quadrant, affecting Vym and
V., at the same time. Therefore, the effect of the LCC on the determinant
value of the Jocabian matrix is difficult to determine. The effect of the
LCC on the SDVS is related to the operating parameters. The LCC is both
an active power source and a reactive load. As the former, the LCC is
beneficial to improve the SDVS, but as the latter, the LCC will deteriorate
the SDVS. Although the reactive power absorbed by the LCC is
completely compensated by the compensation capacitor, the reactive
power absorbed by the LCC will still deteriorate the SDVS due to the
rapid power recovery characteristics.

It should be noted that the above analysis are based on the premise
that the system strength and the load remain unchanged. However, in
reality, the connection of the NSMS is usually to compensate for
increasing load or replace original SGs, which means that the increase of
the NSMS is accompanied by load increasing or system strength weak-
ening. In the following, the impact of the NSMS on the SDVS will be
studied under the scenario where the load is variable.

3.2. Maximum allowable output of NSMSs

In the simple power system shown in Fig. 1, the active power balance
equation is (20). The output apparent power of the VSC is Sysc, the

power factor of the VSC is cos(6 + §), therefore (20) can be rewritten as
2n.

Pioaa = Psg + Prcc + Pysc (20)

Psg + Prcc  Svysccos(6 + 5)

Sioad = 21
foad cos® cos® @b

The relationship between the apparent power and the output current
is (22).

S
Iysc = % (22)

According to (17), the determinant value of the Jacobian matrix is
zero when the system is critical stable. Substituting (21) and (22) into

(19), the determinant value of the Jacobian matrix is (23) when the
system is critical stable.

det(J) = apS3gc +aiSysc +a =0 (23)
Here,

1 2cos(@+ 8)cos(0 + 6 — D)
8] Ucos®

ap =
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Fig. 3. P¢ versus Pgg and Py cc. (a) The condition when the constant power load

model is adopted. (b) The condition when the constant current load model
is adopted.

2E, 4CIL
a :chos(e—w) +Tdcos(y+/4+6’+6) -
2E;qcos(6’+ 5)cos(8+¢ — D)

2(Psg +Prcc)

—®
Toosd cos(0+6—®)

Zcos®
52 g N
E;'U 4CULE 2(Psg + Prcc)E
a = q272+7KZ deos(y +pu+35+¢) — Wcos(5+¢f¢)

It is assumed that the bus voltage can be kept at the rated value under
various steady-state conditions. On the premise that the bus voltage is
equal to the rated value, (23) is a quadratic equation of one variable for
Svysc. Solving (23) and taking the positive root, the expression of the Sysc
when the system is critical stable can be obtained as (24). The critical
active power P¢ of the VSC is (25). When the output active power of the
VSC exceeds Pg, the determinant value of the Jacobian matrix will be
less than zero, indicating that the system is in SDVI.

—a; — +/a? —dapa,
Se =L VI TR

220 24)

Pc = Sccos(0+6) (25)
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By changing the active power of the SG and the LCC, the change of P¢
can be obtained as shown in Fig. 3a. In Fig. 3a, the results are shown by
unit values, and the base capacity is 100 MVA. The system parameters
are shown in Table B1 in Appendices. It can be seen from Fig. 3a that the
load cannot be increased without limit even if the load is compensated
locally by the NSMS. Under the SDVS constraint, both the LCC and the
VSC have a maximum allowable output.

In the above analysis, the constant power load model is adopted. If
the constant current model is adopted, we can get P¢ as shown in Fig. 3b.
Similarly, the base capacity of the Fig. 3b is also 100 MVA. By comparing
Fig. 3a and Fig. 3b, it can be seen that P is significantly increased when
the constant current model is adopted. In addition, there is no real
number solution for (23) if the load keeps constant impedance, which
indicates that the maximum allowable output does not exist. In this case,
the system can always keep SDVS no matter how large the NSMS output
is. Among the three load models of constant power, constant current,
and constant impedance, the constant impedance load has the strongest
voltage regulation capability, which can significantly improve the SDVS.
The voltage regulation capability of the constant power load is the
weakest, and the P, is the smallest when the constant power load is
adopted.

The results in Fig. 3 are obtained when the power factor of the VSC is
1.0. Considering that the VSC can generate reactive power, the safe
operating region of the VSC will be studied below. When the system is
critical stable, the VSC reactive power versus the VSC active power can
be obtained by solving (23), as shown in Fig. 4. In Fig. 4, the results are
shown by unit values, and the base capacity is 100 MVA. If the operating
point of the VSC is located in the region above the stability boundary,
the system can keep SDVS. On the contrary, the system will be unstable
when the operating point of the VSC is below the stability boundary.
Theoretically, as long as the VSC outputs enough reactive power, the
active power of the VSC can be increased unlimited, and P¢ will not
exist. However, considering the limitation of the power factor, the safe
operating regions of the VSC are region I-IIl shown in Fig. 4. When the
equivalent impedance Z of the AC system is 0.15, the safe operating
region is region I. When Z is 0.13, the safe operating regions are region I
and region II. When Z is 0.1, the safe operating regions are region I,
region II and region III.

Through the above SDVS analysis, the following conclusions can be
drawn:

(1) The SDVS of a power system with the NSMS connected is related
to the static characteristic of load.

(2) If the static characteristic of the load is close to constant imped-
ance, the system can always keep SDVS.

(3) If the static characteristic of the load is close to constant power or
constant current, the output of the NSMS cannot be increased
without limit in order to guarantee the SDVS of the power system.
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3.3. LDVS analysis

In this subsection, the impact of the NSMS on the LDVS will be
studied. For the simple system shown in Fig. 1, we assume that a three-
phase grounding fault occurs at the AC bus. The transient process can be
divided into two stages. The first stage is during the fault, and the second
stage is the recovery stage after the fault is cleared. The dynamic char-
acteristics of the system in the two stages are introduced below.

Firstly, the first stage is introduced. Considering the communication
delay and the circuit breaker action time, there is usually a certain delay
from the fault occurrence to the fault clearing. The time from the fault
occurrence to the fault clearing is the first stage. When a three-phase
grounding short-circuit fault exists in the system, the commutation
failure will occur in the LCC, the active power and the reactive power of
the LCC are reduced to zero. Therefore, in the first stage, the LCC is
equivalent to being disconnected. The system equivalent circuit is
shown as Fig. 5(a). In the first stage, the excitation system of the SG will
act in an attempt to increase the bus voltage. The differential equation of
the transient electromotive force is (26). To simplify the derivation, the
d-axis reactance is assumed to be equal to the g-axis reactance, that is
Xq = X4 = X;. Since the bus voltage is at a very low level in the first stage,
the excitation system is usually in the top excitation state, as (27) shows.
By solving (26), the expression of the transient electromotive force in the
first stage can be obtained as (28).

dE, 1 , .

— = B — B, — (x¢ — Xy)igg 26
dt Td[ fd q (Xd Xd)ldg} (26)
El'd = VRmax (27)
E‘; (t) = VRmax + [E;](O) - VRmax:| eii (28)

Here, T;i is the transient time constant of the SG; E¢y is the excitation
electromotive force of the SG; x4 is the d-axis synchronous reactance of
the SG; X;l is the d-axis transient reactance of the SG; igg is the d-axis
current of the SG; Vrmax is the maximum output limit of the excitation
system.

In the first stage, the outer loop controller of the VSC is fully acti-
vated in an attempt to keep the output power unchanged, and the output
current of the VSC will reach the maximum limit:

1/ i+ i§ = Ivsc, Limit (29)

Here, Iysc, Limit is the maximum output limit of the AC current of the
VSC.

Next, the dynamic characteristic of the system in the second stage is
introduced. The second stage refers to the recovery stage that the system
has not reached a steady-state point after the fault is cleared. In the
second stage, the active power and reactive power of the LCC will
gradually recover. Generally, the recovery speed of the reactive power is
much faster than that of the active power. Therefore, it is conservative to
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Fig. 6. The bus voltage at the moment of fault clearing. (a) The bus voltage
versus the active power of the LCC. (b) The bus voltage versus the active power
of the VSC.

assume that the reactive power absorbed by the LCC can be restored
instantaneously after the fault is cleared, while the active power of the
LCC will recover gradually from zero. Under this assumption, the
voltage collapse is most likely to occur at the moment of fault clearing.
At this moment, the reactive power absorbed by the LCC has recovered,
and the active power output by the LCC is still zero. Therefore, the load
of the SG is the largest at this moment, and the LDVI is most likely to
occur. The system equivalent circuit at the moment of fault clearing is
shown in Fig. 5 (b). If the first stage lasts for 6t, the power flow equations
at the moment of fault clearing are (30)—(31). The magnitude and phase
of the bus voltage can be obtained by solving (30)-(31). If there is no
positive real number solution for the voltage magnitude, the system is in
LDVI.

1 . , . .
7 [ — U?sing + Eq(At)Usm(5 +¢) ] + Ulysc, LimieSin(8 + 6) — Qg = 0

(30)

1 .
= [ — UPcosg +E, (A)Ucos(5 + ¢) ] + Ulyse, Limi08(8 +0) — Pogg = 0
(€20)]

According to the above analysis of the two stages, the LDVS of the
system can be judged by (30) and (31). In order to study the impact of
the NSMS on the LDVS, we change the steady-state output of the NSMS
and solve (30)-(31), the bus voltage at the moment of fault clearing
versus the NSMS output can be obtained as shown in Fig. 6. In Fig. 6, the
results are shown by unit values, and the base voltage is 525 kV. The
system parameters can be found in Table B1 in Appendices. In Fig. 6, the
abscissa shows the output active power of the NSMS at the initial steady-
state point. When the output active power of the NSMS changes, the
output of the SG will change accordingly to ensure that the power bal-
ance. The ordinate shows the bus voltage at the moment of fault
clearing.

In Fig. 6(a), with the increase of the LCC output, the bus voltage
decreases continuously, which indicates that the LDVS deteriorates.
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Fig. 7. The models of the passive system and the induction motor. (a) The
passive system model. (b) The induction motor model.

When the output of the LCC is large enough, the bus voltage will
collapse, which indicates that the system is in LDVI. Different from the
LCC, the impact of the VSC on the LDVS is not fixed. In Fig. 6(b), when
the equivalent impedance of the AC system Z is 0.08 or 0.1, the increase
of the VSC output will increase the bus voltage, which is beneficial to the
LDVS. However, when Z is 0.12, the increase of the VSC output will
deteriorate the LDVS, even lead to the LDVI.

Under a severe short-circuit fault, the LCC commutation failure will
occur, the load that should be supplied by the LCC will be transferred to
the AC system, which increases the burden of the AC system and de-
teriorates the LDVS. The greater the LCC output, the greater the risk of
the LDVL The influence of the VSC on the LDVS is related to the system
parameters. In a strong system, the increase of the VSC output will be
beneficial to the LDVS, while the increase of the VSC output will dete-
riorate the LDVS in a weak system. The reason for this phenomenon is
that the VSC presents the current source characteristic during the tran-
sient process. In a weak AC system, the bus voltage will be at a low level
after clearing the fault, leading to the decrease of the VSC output. The
load that should be supplied by the VSC will be transferred to the AC
system, which will deteriorate the LDVS. If the AC system is strong, the
bus voltage can be kept in a normal range after clearing the fault, the
output of the VSC can be kept unchanged or even increased, which can
reduce the burden of the AC system and improve the LDVS.

4. Voltage stability analysis of passive systems

In the above analysis, both the VSC and the LCC are fed into active
systems. In this section, the voltage stability of passive systems will be
analyzed. In the following, the passive system model shown in Fig. 7(a)
will be adopted.

4.1. SDVS analysis

For a VSC, the difference between the passive control and the active
control is that the control objectives of the outer loop controller and the
PLL are different. Therefore, under the premise that the outer loop
controller and the PLL are too slow to act, the model of the VSC can still
be described by (9)-(13). With different static load models, the Jacobian
matrix determinant values of the passive system are (32). The derivation
process is similar to that in Section 3.1, which will not be repeated here.
In (32), U is the magnitude of the bus voltage; Pysc is the output active
power of the VSC; Qysc is the output reactive power of the VSC.
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P2 +Q2
7%% constant power load

det(J) = 0 constant current load (32)

P%’SC + Q%/SC

U constant impedance load

In (32), the bus voltage U is always larger than zero. Therefore, if the
load keeps constant power, the determinant value of the Jacobian matrix
will always be less than zero, and the passive system will be in SDVI
according to the stability criterion in (17). As (32) shows, the determi-
nant value of the Jacobian matrix will always be larger than zero if the
load keeps constant impedance, which indicates that the system is al-
ways in SDVS. In addition, if the load keeps constant current, the Ja-
cobian matrix determinant will be zero, indicating that the system is in
critical SDVS.

4.2. LDVS analysis

During the transient process, due to the action of the outer loop
controller and the PLL, the passively controlled VSC can be approxi-
mated as a voltage source before the output current reaches the limi-
tation. If a fault is not severe enough to make the VSC output current
reach the limitation, the characteristics of the VSC and the SG will be
similar, and no more description will be given for this condition. How-
ever, under severe short-circuit faults, the output current of the VSC is
usually limited by the maximum limiter, and the dynamic characteristics
of the VSC will be quite different from that of the SG. In the following,
the LDVS analysis of passive systems under severe short-circuit faults
will be the focus. The induction motor load model is adopted to analyze
the LDVS below. The equivalent circuit of the induction motor is shown
in Fig. 7(b) In Fig. 7(b), Xy is the excitation reactance of the motor; Ry is
the resistance of the motor stator; X} is the reactance of the motor stator;
R; is the resistance of the first rotor; X is the reactance of the first rotor;
R, is the resistance of the second rotor; X5 is the reactance of the second
rotor. If there is only one rotor in the motor, Ry and X, are set as zero.
The power absorbed by the induction motor is (33)-(34). In (33), Iysc is
the output current magnitude of the VSC; Py is the active power
absorbed by the induction motors; s is the slip of the induction motor; R,
is the equivalent resistance of the rotor. In (34), Qy is the reactive power
absorbed by the induction motor; X, is the equivalent reactance of the
rotor.

Py(s) = Lgc[Re(s) + Ra (33)
Qui(s) = Rge[Xe(s) +Xa ] (34
Here,

Res) i 5) = [/ (S i) i | /i

The expression of the electromagnetic torque is (35). The load torque
is assumed to be constant, then the rotor motion equation of the motor is
(36).

Te(s) = I%/scRr(s) (35)
d
2Hd—f =Ty~ Te(s) (36)

Here, T, is the electromagnetic torque of the motor; T is the load torque
of the motor; H is the rotor inertia time constant of the motor.

Assuming that a short-circuit fault occurs at the AC bus, the slip of
the induction motor increases from sy to s; during the fault, and the VSC
output current reaches the maximum limitation Iysc 1imit. At the moment
of fault clearing, the change rate of the slip is (37).
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Fig. 8. The equivalent resistance versus the slip.

% = % To - I%’SC.LimilRf(sl )] 37)
It should be noted that the equivalent resistance R, decreases with
the slip increasing, as Fig. 8 shows, the motor parameters and the bases
can be found in Table B2 in Appendices. Therefore, if the VSC output
current reaches the maximum limitation, the electromagnetic torque of
the motor will decrease with the slip increasing. According to the rela-
tionship between the electromagnetic torque and the load torque, at the
moment of fault clearing, three conditions can be summarized:

(1) Ty > Te(s1). At the moment of fault clearing, the change rate of the
slip is larger than zero, the slip increases. The increasing slip will
reduce the electromagnetic torque, leading to a further increase
in the slip. The slip will increase until the motor is stalled.

To < Te(s1). At the moment of fault clearing, the change rate of the
slip is less than zero, the slip decreases. The decreasing slip will
increase the electromagnetic torque, leading to a further decrease
in the slip. The slip finally returns to a steady state point.

(3) To = Te(s1). This is a critical state, and the motor is critically

stable.

(2

—

In general, the stability of a power system is checked utilizing the
most serious fault that may occur in the power system. If a three-phase
metallic grounding short-circuit fault occurs at the bus, the electro-
magnetic torque of the motor will be zero during the fault, and the
change rate of the slip is (38). Assuming that the fault occurs at moment
tp and is cleared at moment t1, and the initial value of the slip is sg, then
the slip at the moment t; will be (39).

ds  Tp

dt ~ 2H (38)
T

S| = So+—0(t1 —to) (39)

2H

According to (39), when a three- phase metallic grounding fault
occurs in the bus, the slip s; at the moment of fault clearing is only
related to the load torque and the fault duration, and has nothing to do
with the VSC. The load parameters are not determined by power system
operators, it is not realistic to improve the LDVS by changing the motor
parameters. For passive systems, a feasible way to improve the LDVS is
to increase the VSC reserve capacity, that is to increase Iysc,Limit- The
larger Iysc,Limit is, the larger the electromagnetic torque is after the fault
clearing, and the motor is less prone to be stalled.

5. Case study
In order to verify the above analysis results, simulations will be

carried out in an active system and a passive system respectively. The
simulation software is Power System Simulator/Engineering (PSS/E).
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Table 1

Parameters of VSCs.
Items VSC1 VSC2 VSC3
Rated capacity of single pole (MVA) 2000 1250 750
Number of poles 2 2 2
Rated DC voltage (kV) 500 500 500
Bridge arm reactance (mH) 32 32 66
Number of single bridge arm sub-modules 228 228 313
Sub-module capacitance (mF) 18 18 12

Table 2

Parameters of LCCs.
Items Huaxin Fengjing Fengxian
Rated capacity of single pole (MVA) 1500 1500 3000
Number of poles 2 2 2
Rated DC voltage (kV) 500 500 800
Resistance of DC lines (Q) 12.6 10.2 8.0

Table 3

Parameters of the VSCs in the passive system.
Items VSC4 VSC5
Rated capacity (MVA) 400 800
Actual output active power (MW) 386 386
Rated DC voltage (kV) 500 500
Bridge arm reactance (mH) 66 66
Number of single bridge arm sub-modules 313 313
Sub-module capacitance (mF) 12 12

Q £3 Shier plant
7/
//
///
‘ S Yanghang -~ Hongyang
/ Xuhang
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| .. “wf“Sanlin  Jingan
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El Power plant 500kV bus ——  branch

Fig. 9. The 500 kV network structure of the Shanghai power grid.

5.1. Active system

(1) System description: The planning data of the Shanghai power grid
in the summer 2025 is adopted in this paper. The Shanghai power
grid, originally comprising 15 buses of 500 kV, 66 branches of
500 kV, and three inverters of the LCC, is modified to include
three inverters of the VSC. Parameters of the VSCs and LCCs are
presented in Table 1, Table 2 and Table 3 respectively. The total
load of the Shanghai power grid is about 34000 MW, and the
installed capacity is about 20000 MW. In addition, the base
voltage of the Shanghai power grid is 525 kV, and the base
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Fig. 10. Voltage curves under the small active load step. (a) Simulations results
of the original system. (b) Simulation results under the condition that the VSCs
adopt the d-axis constant active power controller and the g-axis constant
reactive power controller. (c) Simulation results under the condition that the
VSCs adopt the d-axis constant DC voltage controller and the g-axis constant AC
voltage controller.

capacity of the Shanghai power grid is 100 MVA. The 500 kV
network structure of the Shanghai power grid is shown in Fig. 9.
The Shanghai power grid is a typical receiving end system, the
power fed by LCCs accounts for 35% of the total load. All gen-
erators use 6th-order model (GENROU), with 4th-order excita-
tion system (IEEET1). The comprehensive distribution network
load model (CLODZN) and the two-terminal DC line model
(CDC6T) are adopted in this paper. See PSS/E manual [34] for
more details on the model of each device.

(2) SDVS analysis: The ZIP load model is adopted for the SDVS

analysis, consisting of 60% constant power load and 40% con-
stant impedance load. In the original system, if a 1% active load
step occurs at bus Sanlin, the bus voltage curves can be obtained
as shown in Fig. 10(a). According to Fig. 10(a), the Shanghai
power grid is in SDVS. Considering the future load growth and the
rapid development of the offshore wind power, we assume that
the loads in Gulu, Yanggao and Sanlin will be increased in equal
proportion, and the increased loads are fully compensated by
VSCs locally, as shown in the shaded part in Fig. 9. Since the
increased loads are compensated by VSCs locally, the load growth
will not affect the power flow of the Shanghai power grid. The
power flow of the modified system is completely consistent with
that of the original system. When the loads increase to twice of
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Fig. 12. Simulation results under the short-circuit fault. (a) Voltage curves of
the original system. (b) Voltage curves of the modified system.

the original, the same active load disturbance is applied at bus
Sanlin, and the bus voltage curves can be obtained as shown in
Fig. 10(b). It can be seen from Fig. 10(b) that a small load step
leads to the voltage collapse, which indicates that the system is in
SDVL In Fig. 10(b), the control mode of the d-axis constant active
power and the g-axis constant reactive power is adopted for the
three VSCs. In order to illustrate the influence of the control
strategy on the SDVS, the control mode of the d-axis constant DC
voltage and the g-axis constant AC voltage is adopted, and the
simulation results are shown in Fig. 10(c). It can be seen from
Fig. 10(c) that the system is also in SDVI. Under the SDVI
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Fig. 13. Simulation results in a passive system. (a) Voltage curves under the
small active load step. (b) Voltage curves under the short-circuit fault. (c) Slip
curves under the short-circuit fault.

condition, the values of the loads and the VSC output can be
found in Fig. 11.

Before and after the system is modified, the AC system strength and
the power flow have not changed. However, it can be seen from Fig. 10
that the load increase deteriorates the SDVS. When the load in Gulu,
Yanggao and Sanlin is twice that of the original, the system is in SDVIL
This indicates that for the Shanghai power grid, there is a maximum
allowable VSC output, and the SDVI will occur when the VSC output
exceeds the maximum allowable value.

(3) LDVS analysis: The comprehensive load model is adopted for the
LDVS analysis, consisting of 40% induction motor load, 20%
constant power load and 40% constant impedance load. The fault
is set as a three-phase grounding short-circuit fault at the
Yuandong-Sanlin double branches. At 1.2 s, the fault occurs in the
middle of one branch and lasts for 0.1 s. At 1.3 s, the fault is
cleared. In the original system, the simulation results is shown in
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Fig. 12(a). In Fig. 12(a), the voltage of each bus can quickly re-
turn to a normal value after the fault is cleared, which indicates
that the system is in LDVS. Similarly, the loads in Gulu, Yanggao
and Sanlin are increased in equal proportion, and the increased
load is fully compensated by VSCs locally. When the load in-
creases to 1.5 times of the original, the same fault is applied and
the simulation results are shown in Fig. 12(b). As can be seen
from Fig. 12(b), the voltage cannot recover to the normal range
after the fault is cleared, which indicates that the system is in
LDVI. Under the LDVI condition, the values of the loads and the
VSC output can be found in Fig. 11.

Comparing Fig. 12(a) and Fig. 12(b), it can be seen that the LDVS of
the system still deteriorates even if the VSC compensates the increased
load. When the loads in Gulu, Yanggao and Sanlin are 1.5 times that of
the original, the system is in LDVI. This phenomenon can be understood
as that when the VSC supplies a load with fast recovery characteristics,
the help of the SG is necessary to maintain voltage stability. However,
the help provided by the SG is limited. With the increase of the load and
the VSC capacity, the voltage stability margin of the system continues to
decline.

5.2. Passive system

The structure of the passive system is shown in Fig. 7. The SDVS of
the passive system is first analyzed, and the system parameters can be
found in Table 3 (VSC4). The simulation is carried out under two load
models, one is the constant power model and the other is the constant
impedance model. A 1% active load step is selected as the disturbance,
the simulation results are shown in Fig. 13(a). It can be seen from Fig. 13
(a) that in a passive system, it is impossible for the VSC to supply a
constant power load stably, a small disturbance will cause the bus
voltage collapse.

Then the LDVS of the passive system is analyzed, the induction motor
model is adopted for the load. In order to explain the influence of the
system parameters on the LDVS, four sets of system parameters are
selected. Set 1: motorl powered by VSC4, set 2: motor 2 powered by
VSC4, set 3: motor 1 powered by VSC5, set 4: motor 2powered by VSC5.
See Table 3 for VSC parameters, and Table B2 in Appendices for motor
parameters. The fault is set as a three-phase grounding short-circuit fault
at the PCC, the fault occurs at 1.2 s and is cleared after 0.1 s. The
simulation results under the four sets of system parameters are shown in
Fig. 13(b)—(c). When the rated capacity of the VSC is 400 MVA (VSC4),
the short-circuit fault will cause the motor to be stalled and the system
voltage will collapse. If the rated capacity of the VSC is increased to 800
MVA (VSC5), the motor can be restored to a steady-state operating
point, and the system can be kept LDVS. In addition, the AC voltage

Appendix A
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recovery characteristics under motor1 are significantly better than those
under motor2. It can be concluded that sufficient VSC reserve capacity is
necessary for a passive system if the load is an induction motor. When
the VSC reserve capacity is insufficient, the passive system will have the
risk of the LDVI.

6. Conclusions

On the basis of a simple power system model, the impact of the NSMS
on the voltage stability is analyzed, which can provide guidance for
power grids planning. Conclusions are drawn as follows.

(1) In a power system dominated by the constant power load or the
constant current load, the output of the LCC or the VSC cannot be
increased unlimited. When the active power of the LCC or the
VSC exceeds the maximum allowable output, the system will be
in SDVI.

Due to the commutation failure of the LCC, there is a maximum
allowable output for the LCC under the LDVS constraint. When
the active power of the LCC exceeds the maximum allowable
output, the system will be in LDVI. The impact of the VSC on the
LDVS is related to the system strength. In a strong system, the
increase of the VSC output will benefit the LDVS, while the in-
crease of the VSC output will deteriorate the LDVS in a weak
system.

In passive systems, if the load exhibits the characteristic of con-
stant power, then the system is in SDVI. If the load exhibits the
characteristic of constant current or constant impedance, the
system will be stable under small disturbances.

In passive systems, if the load is an induction motor, sufficient
reserve capacity of the VSC is necessary to prevent the LDVL
When the reserve capacity of the VSC is insufficient, the induction
motor is easy to be stalled under short-circuit faults.
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A. Determinant value of the Jacobian matrix: The derivation process of the Jacobian matrix determinant value is presented.

det(J) = ooy —InJes

Here,

0AP E,U
Tps = 5~ = — Ulvscsin(0+6) ———sin(6 +¢)

0AP

=30

= Iysccos(0+8) + 2CUKp(y, u) +

OKp(y, ) 0u  2U E,
27N PR = 4
CU Uz cosg + = cos(6 + ¢)

10

(A1)
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Eq. (A2) can be obtained by expanding (A1).
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U?cosg — UE, cos(6 + @)
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aﬂ U yscSin 7 sin

CU® 0Kp(y, 4) ou E,
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The power flow Egs. (14)-(15) can be rewritten as (A3)-(A4).

— CUKe(y, p) —
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Eq. (A5) can be obtained by substituting (A3) and (A4) into (A2).
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By further simplifying (AS), we can obtain (A6).
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Z K U K U
B. Parameters:
See Tables B1 and B2.

Table B1
Parameters of the simple power system.

Items Value

Transient electromotive force E;] (pw) 1.1

The equivalent impedance of AC system Z (pu) 0.1

Active power output by the SG Pc (pu) 2.0

Active power output by the LCC Picc (pu) 2.0

Active power output by the VSC Pysc (pu) 1.0

Power factor of the VSC 1.0

Power factor of the load 0.95

Parallel admittance B, (pu) 1.11

Maximum output limit of the excitation system Vimax (pu) 4.0

Transient time constant T;i (s) 7.8

Capacity base (MVA) 100

AC voltage base (kV) 525

11

28 load E;]

(A2)

(A3)

(A4)

cos(6+ ¢ — @)
(A5)

(A6)



G. Wang et al.

Table B2

Typical parameters of two motors.
Items Motorl Motor2
Capacity (MVA) 400 400
Voltage base (kV) 35 35
Initial absorbed active power (MW) 386 386
Ra (pu) 0.0369 0.0138
La (pu) 0.1318 0.083
Ly (pu) 2.396 3.0
R; (pw) 0.0645 0.055
Ly (pu) 0.0415 0.053
Rz (pu) 0.0489 0.0115
Ly (pu) 0.321 0.055
H (pu) 0.6 1.0
Load Damping Factor (pu) 1.0 1.0
Initial Slip —0.02149 —0.00837
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