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Abstract: With the increasing penetration of renewable energy into the power system, the voltage
source converter (VSC) for integrating renewable energy has become the most common device in the
electric network. However, the operating stability of the VSC is strongly dependent on its operating
control strategy, which is also highly related to the strength of the AC system. Choosing the control
strategy of VSC for different strengths of AC systems becomes an essential issue for maintaining
the symmetry between high proportion of renewable energy integration and stable operation of AC
system. In order to obtain the operation zones of the control strategies of the VSC under different
strengths of AC system, in this paper, the two common VSC control strategies, vector current control
(VCC) and power synchronization control (PSC), are compared. Firstly, the principle of VCC and
PSC are introduced. Then, based on the short circuit ratio (SCR) and the power limit calculation
under steady-state conditions of the VSC, the operation zones of the vector current control and
power synchronization control are proposed. Finally, a medium voltage modular multilevel converter
(MMC) system was built in PSCAD/EMTDC and the proposed operation zones of the VCC and PSC
were tested by changing the SCR of the modified IEEE 33 bus system and analyzed via the critical
short circuit ratio (CSCR) analysis, the small-signal stability analysis, and transient stability analysis.
The results indicate that, as the SCR decreases, the VSC based on VCC is gradually worked into
unstable conditions, while the stability of VSC based on PSC gradually increases. The analysis results
provide a criterion for the converter operation strategy change that could significantly improve the
operating stability of the VSC in the power system and realize the symmetry of the stability of the
converter and the change of the strength of the AC system.

Keywords: short circuit ratio; vector current control; power synchronization control; operation zones;
small-signal stability; transient stability

1. Introduction

Due to the onerous environmental responsibility for reducing greenhouse gas emis-
sions, renewable energy is being recognized as the most effective solution by governments
and will become the mainstream energy in the world with irresistible trends [1,2]. It is
expected that renewable energy, represented by wind and solar power, will provide almost
50% of total electricity globally by 2050 as renewable plants rapidly rise and the existing
large-scale plants retire [3,4]. Most renewable energy use the voltage source converter
(VSC) [5,6] to connect with the AC system. Therefore, with the continuous penetration of
renewable energy, the VSC for integrating renewable energy has become the most common
device in the electric network in recent years.

Different from the conventional synchronous generators, due to the adopted control
strategy that usually is vector current control (VCC), the VSC cannot provide support to
the AC system. Thus, the strength of the AC system meets a continuous decrease with the
increasing proportion of the renewable energy integration [7–10]. Furthermore, the high
proportion of power electronic equipment required for renewable energy access has the
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characteristics of low inertia, resulting in a decrease in the stability margin of the system,
so the power fluctuations caused by the asymmetry of power supply and demand may
be more likely to cause system instability. However, it is interesting that the VSC based
on VCC will work into unstable conditions when the AC system has a lower short circuit
ratio (SCR) [11] that is generally deemed as an important index of the strength of an AC
system with a converter connection [12–14]. It has been pointed out that the DC power
of VSC is affected by the SCR and the parameters of the phase-locked loop (PLL). When
the SCR is reduced, the high-gain PLL will destroy the stability of the system [15–17].
Reference [18] indicates that when the VSC adopts the commonly used VCC mode, it
cannot operate stably under an extremely weak AC system. The reason for the system
instability is investigated in [19], in that the coupling relationship between the PLL and the
grid impedance is intensified, and the maximum gain of the PLL is decreased as the SCR
decreases. The analysis results of [20] show when the SCR of the AC system is very low,
the dq axis decoupling characteristics of the VCC system are destroyed, which leads to the
instability of the VSC. Reference [21] established a nonlinear phase-locked loop model, and
pointed out that the self-synchronization of the PLL is caused due to the influence of the
impedance under the weak grid, which leads to the instability of VSC. In [22], the effect
factors of the stability of the VSC that connect to the weak AC system are studied, and
the critical short circuit ratio (CSCR) range under various typical operating conditions is
also obtained.

Owing to the unstable issue of the VSC under VCC, reference [23] proposed a power
synchronization control (PSC) in 2010, which could make the VSC under PSC work sim-
ilarly, as part of the characteristic of the synchronous generators. This method uses a
power-synchronization loop (PSL) instead of a conventional PLL to maintain synchro-
nization between the VSC and the AC system, which enhances the stability of the VSC
especially when it works in a weak AC system [24,25]. Reference [26] adds a current loop
on the basis of power synchronization control, which provides the converter with the
ability to inertially support. In addition, reference [27] uses the same power symmetry as
synchronous generators but avoids their inherent problems, and reference [28] improved
the control strategy proposed in [27] so that its active power synchronization controller
includes the control of the DC link voltage. However, when the SCR of the AC system
is relatively high, the VSC based on PSC may have a slower adjustment speed, lower
damping, and poorer AC side fault ride-through capability [29]. Reference [30] analyzes
the power transmission limit and small-signal stability of the VSC based on PSC from SCR,
impedance angle of system, and power flow direction, and draws the conclusion that the
stability of the VSC based on PSC decreases with the increase of SCR.

Due to that the operating stability of the VSC is highly related to the strength of the
AC system, a single control strategy configuration may not be suitable for the VSC for
renewable energy integration. How to choose the control strategy of VSC for different
strengths of AC systems becomes an essential issue for maintaining the symmetry between
high proportion of renewable energy integration and stable operation of AC system. In
addition, most of the existing papers analyze the impact on the system under the condition
of constant SCR, but do not consider the impact of change in SCR on system stability, VSC
control strategies, etc. Due to the system occurring fault, generator tripping or putting into
operation will cause the decrease or increase of SCR, in order to clarify the impact of the
continuous change process of the SCR on the power system, and provide the theoretical
basis for the follow-up study of reliable and flexible control strategies of grid-connected
VSC under the complex operating conditions. It is necessary to compare and analyze the
system stability of VCC and PSC strategies under continuous SCR change, so as to achieve
the best performance of the converter and keep the symmetry of power supply and demand
under different strengths of an AC system.

In this paper, the two common VSC control strategies, VCC and PSC, are analyzed to
obtain the operation zones of the control strategies of the VSC under different strengths of
the AC system. The contribution of this paper is summarized as follows:



Symmetry 2022, 14, 153 3 of 17

1. The principle of two recently available control modes, namely VCC and PSC, are
introduced and their applicable scenes are analyzed.

2. Based on the SCR and the power limit output calculation under steady-state conditions
of the VSC, the operation zones of the VCC and PSC are proposed, respectively.

3. With the CSCR analysis, small-signal stability analysis and transient stability analysis,
the proposed operation zones of the VCC and PSC are analyzed by changing the
SCR of the modified IEEE 33 bus system in a medium voltage MMC system built in
PSCAD/EMTDC.

The rest of this paper is as follows. In Section 2, the definition of SCR and the basic
principles of VCC and PSC are introduced. In Section 3, operation zones of VSC based
on VCC and PSC are given, respectively. Section 4 introduces the medium voltage MMC
system in PSCAD/EMTDC and tests and analyzes its CSCR, the small-signal stability and
transient stability with the changes of strength of the modified IEEE 33 bus system. Finally,
Section 5 reports the conclusions.

2. SCR and Converter Control Theory
2.1. Short Circuit Ratio

The strength of the AC system has an important impact on the operating performance of
the VSC connected to it. Therefore, the concept of SCR defined by Equation (1) was proposed
to quantify the strength of the AC system with a converter connection [31]. It can be regarded
as the performance criterion of whether the converter operation is stable or not.

SCR =
Sac

PdN
=
|Vt|2

Zs·PdN
(1)

where PdN is the rated active power of the converter, Vt is the converter bus voltage at rated
DC power, and Zs is the Thevenin equivalent impedance of the AC system.

2.2. Vector Current Control

The block diagram of VCC based on dq coordinate system and PI control algorithm is
shown in Figure 1 [32], where vs abc is the voltage at the point of common coupling (PCC),
and ic abc is the converter outlet current. The function of the outer power control loop is
to calculate the symmetrical reference values id ref and iq ref, and the function of the inner
current control loop is to make the dq axis current quickly track the symmetrical reference
values id ref and iq ref.
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There are two types of outer power controllers, active controllers and reactive controllers.
The former can be P control loop or Udc control loop, where P is the active power of the
AC side and Udc is the DC voltage, and the latter can be Q control loop or Uac control loop,
where Q is the reactive power of AC side and Uac is the AC voltage, as shown in Figure 2. In
addition, vd ref and vq ref are the voltage reference value of d-axis and q-axis, respectively, ω1 is
the angular frequency of the AC system, and Lc is the equivalent inductance.
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Figure 2. Control loop of vector current control.

PLL is a very important part of VCC, which is highly related to the operating perfor-
mance of VSC. Suppose the space vector synthesized by abc three phase voltage is us, its
amplitude is Usm, and the rotation angular frequency is ω. After the park transformation,
the d-axis voltage component and the q-axis voltage component are given by[

vd
vq

]
=

[
Usm cos(ωt− θ)
Usm sin(ωt− θ)

]
(2)

The PLL output θ tracks the phase of us to achieve the goal of synchronization. It can
be seen from Equation (2) that when the output of PLL is equal to the phase of us, that is,
when θ = ωt, there is vq = 0. Therefore, θ can be controlled by making vq zero, as shown in
Figure 3 [33], where ω0 is the rated angular frequency of the AC system.
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2.3. Power Synchronization Control

The basic principle of the PSC is to equate VSC to a synchronous generator and use
its rotor angle as the output of PSL. There are many forms of control strategies based on
power synchronization, and this paper only introduces one of them, power synchronization
control. Figure 4 is a typical control block diagram of PSC [23]. Since this paper mainly
considers the use of PSC under low SCR, the alternating-voltage control mode is adopted
to better support the AC system, and the alternating-voltage controller is designed as
a proportional controller with a droop characteristic. In addition, PSL is also an active
power controller, and the error of Pref and P is converted to a frequency deviation, which is
then integrated into an angle increment. The output of the PSL provides the angle for the
transform of dq frame to abc frame, as shown in Figure 5.
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In addition to the above alternating-voltage controller and PSL, the current-limitation
controller (CLC) is also a key part in PSC. When a serious AC system fault occurs, CLC
will limit the current flowing into the converter. Moreover, the voltage controller of CLC
will output the d-axis voltage reference value vd ref and q-axis voltage reference value vq ref,
which is similar to the inner control loop of VCC. The block diagram of CLC is shown
in Figure 6, where the Current Reference Control block corresponds to the control law
described by Equation (3), and the Voltage Control block corresponds to the control law
described by Equation (5).

ic
re f =

V0 − uc
f − jω1Lcic − HHP(s)ic

αcLc
+ ic (3)

HHP(s) =
kvs

s + αv
(4)

vc
re f = αcLc(ic

re f − ic) + jω1Lcic + uc
f (5)
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In Equation (3), V0 is the VSC voltage magnitude, αc is the desired closed-loop band-
width of the current control, Lc is the equivalent inductance, HHP(s) is a high-pass filter
described by Equation (4), and uc

f is a low-pass filtered feedforward term of the PCC
voltage. In Equation (4), kv and αv are the gain and bandwidth of the high-pass filter,
respectively. From Equations (3)–(5), the detailed block diagram shown in Figure 7 can
be obtained.
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Figure 7. Current control loop block diagram of power synchronization control.

3. Analysis of Operation Zones of VSC

VCC is one of the most widely used control strategies for grid-connected VSC, but
when connected to a weak AC system, a high-gain PLL will deteriorate the dynamic char-
acteristics of the system and then affect the system stability [30]. Reference [34] proposes
that due to the existence of grid impedance, there is a coupling relationship between the
PLL of the grid-connected converter and the grid impedance. When the SCR of the AC
system decreases, the grid impedance increases and the coupling relationship between the
PLL and the grid impedance intensifies, leading to the decrease of maximum gain of the
PLL and the weakening of system stability. The gain of PLL will significantly affect the
stability of the converter, especially under weak grid conditions. Reference [19] draws the
conclusion from the simulation that the converter working at VCC is difficult to operate
stably when the SCR is close to 1.3. Some references, including [29], also mentioned that
when the SCR < 1.5, it is necessary to install synchronous condensers or take other measures
to increase the short-circuit capacity of the AC system and ensure the stable operation of
the system. Reference [35] points out that when the SCR of the system is lower than 2.0,
the small-signal instability will occur in the VSC based on VCC. Based on the above, the
operation zone of VSC based on VCC is shown in Figure 8a. When SCR is extremely low,
the system will not be able to operate stably. As the SCR increases, the critical fault duration
that enables the system to operate stably increases, and the AC fault ride-through ability of
the converter improves.



Symmetry 2022, 14, 153 7 of 17

Symmetry 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

  

+
+

-
-

+

+

 

-
+

-
-

+

+

 

  
+ +

+-

-

  
+ +

+-

+

Current Reference Control Voltage Control

1 c
ω L

1 c
ω L

1 c
ω L

1 c
ω L

c c
α L

c c
α L

1

c c
α L

1

c c
α L

( )
HP

H s

( )
HP

H s

f

f

α

s α+

f

f

α

s α+

f

f

α

s α+

f

f

α

s α+

q
i

q
i

q
v

d
v

0

dv

0

qv

d
i

d
i

d
i

q
i

q ref
i

d ref
i

d
i

q
i

q
i

d
i

q
v

d
v

d ref
v

q ref
v

 

Figure 7. Current control loop block diagram of power synchronization control. 

3. Analysis of Operation Zones of VSC 

VCC is one of the most widely used control strategies for grid-connected VSC, but 

when connected to a weak AC system, a high-gain PLL will deteriorate the dynamic char-

acteristics of the system and then affect the system stability [30]. Reference [34] proposes 

that due to the existence of grid impedance, there is a coupling relationship between the 

PLL of the grid-connected converter and the grid impedance. When the SCR of the AC 

system decreases, the grid impedance increases and the coupling relationship between 

the PLL and the grid impedance intensifies, leading to the decrease of maximum gain of 

the PLL and the weakening of system stability. The gain of PLL will significantly affect 

the stability of the converter, especially under weak grid conditions. Reference [19] draws 

the conclusion from the simulation that the converter working at VCC is difficult to oper-

ate stably when the SCR is close to 1.3. Some references, including [29], also mentioned 

that when the SCR < 1.5, it is necessary to install synchronous condensers or take other 

measures to increase the short- 

Stable

Marginal

Unstable

0.05 0.1 0.15 0.2 0.25 0.3 0.35

2.0

1.9

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.1

Fault Duration Time/s

S
C

R

 
(a) 

Symmetry 2022, 14, x FOR PEER REVIEW 8 of 19 
 

 

Stable
Marginal

Unstable

3.6

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

S
C

R

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Fault Duration Time/s  
(b) 

Figure 8. Operation zones of two kinds of control: (a) vector current control; (b) power synchroni-

zation control. 

A grid-connected VSC based on PSC basically resembles the dynamic behavior of a 

synchronous generator, so in principle, there is no requirement for the short-circuit capac-

ity of the connected AC system. However, due to the limitation of the maximum power 

that the converter can output and the constraint of weakened damping when connected 

to a strong AC system, the rated power may exceed the power limit when SCR is quite 

low, and the higher SCR will lead to the reduction of the operating stability. Thus, the 

actual operation zone of the VSC based on PSC is shown in Figure 8b. 

Reference [30] proposes that the maximum power that the converter can output un-

der steady-state conditions is 

( )

22

max_

max_

max_
max_

max_

2
cos sin 1 ,

2

2(1 cos )

1 cos ,
2(1 cos )

pu

pu

pu
pu

pu

S SCR
φ φ

SCR S

SP
SCR

φ

S
SCR φ SCR

φ

  
   
 + −   
    




=  
 +



 + 
+

 (6) 

where Smax_pu is the maximum capacity of the VSC, φ is the system impedance angle, and 

Pmax_pu is the maximum active power that the converter can output. Assuming that φ is 75 

degrees and Smax_pu = 1.0526, when the reference active power is 10 MW, the system has 

reached its power operating limit when the SCR is approximately equal to 0.53. Further-

more, reference [30] mentioned that although the PSC can make the power approach the 

operating limit and keep the symmetry between supply and demand power of the system, 

as the operating point approaches its steady-state limit, the system response time becomes 

longer, resulting in an insufficient small-signal stability margin. In fact, it is impossible to 

get very close to the power limit, so when SCR < 0.6, the system cannot operate stably 

even if there is no fault. At this time, the power angle cannot be stabilized at a certain 

value, so the system loses transient stability. On the other hand, when SCR is high, the 

damping ratio of the system will become lower, which will reduce the system stability 

and AC fault ride-through ability. Thus, with the increase of SCR, the VSC gradually 

works into the marginal zone, in which the system is critically stable. 

Through the above comparison, it can be seen that the VCC has strong stability when 

the SCR is high, while the PSC is superior to the traditional VCC for VSC connected to 

weak AC systems. However, due to the constraints of power limit and system damping 

ratio, the system may be unstable when SCR is quite high or quite low. 

Figure 8. Operation zones of two kinds of control: (a) vector current control; (b) power synchroniza-
tion control.

A grid-connected VSC based on PSC basically resembles the dynamic behavior of a
synchronous generator, so in principle, there is no requirement for the short-circuit capacity
of the connected AC system. However, due to the limitation of the maximum power that
the converter can output and the constraint of weakened damping when connected to a
strong AC system, the rated power may exceed the power limit when SCR is quite low,
and the higher SCR will lead to the reduction of the operating stability. Thus, the actual
operation zone of the VSC based on PSC is shown in Figure 8b.

Reference [30] proposes that the maximum power that the converter can output under
steady-state conditions is

Pmax_pu =



S2
max_pu
2·SCR

[
cos ϕ + sin ϕ

√(
2·SCR

Smax_pu

)2
− 1

]
,

SCR >
Smax_pu√
2(1+cos ϕ)

SCR·(1 + cos ϕ), SCR ≤ Smax_pu√
2(1+cos ϕ)

(6)

where Smax_pu is the maximum capacity of the VSC, ϕ is the system impedance angle,
and Pmax_pu is the maximum active power that the converter can output. Assuming that
ϕ is 75 degrees and Smax_pu = 1.0526, when the reference active power is 10 MW, the
system has reached its power operating limit when the SCR is approximately equal to
0.53. Furthermore, reference [30] mentioned that although the PSC can make the power
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approach the operating limit and keep the symmetry between supply and demand power
of the system, as the operating point approaches its steady-state limit, the system response
time becomes longer, resulting in an insufficient small-signal stability margin. In fact, it
is impossible to get very close to the power limit, so when SCR < 0.6, the system cannot
operate stably even if there is no fault. At this time, the power angle cannot be stabilized at
a certain value, so the system loses transient stability. On the other hand, when SCR is high,
the damping ratio of the system will become lower, which will reduce the system stability
and AC fault ride-through ability. Thus, with the increase of SCR, the VSC gradually works
into the marginal zone, in which the system is critically stable.

Through the above comparison, it can be seen that the VCC has strong stability when
the SCR is high, while the PSC is superior to the traditional VCC for VSC connected to
weak AC systems. However, due to the constraints of power limit and system damping
ratio, the system may be unstable when SCR is quite high or quite low.

4. Case Studies

In order to analyze the small-signal stability and transient stability of the grid-connected
VSC based on VCC and PSC, respectively, under SCR changes, a medium voltage MMC
model, as shown in Figure 9, is built in PSCAD/EMTDC. The AC system adopts a modified
IEEE 33 bus system, and the system impedance angle is maintained at approximately
75 degrees. The configuration and parameters of the IEEE 33 bus system are referred to
in [36]. As shown in Figure 9, firstly, the voltage level of the IEEE 33 bus system is changed
from the original 12.66 kV to 10 kV. In addition, a converter is connected to bus 19 with an
adjustable impedance Zs, which can be written as Rs + jXs. The purpose of adjusting Rs
and Xs is to conveniently realize the SCR change of the IEEE 33 bus system, so as to realize
the direct comparison between VCC and PSC under different strengths of the AC system.
The detailed parameters of the model are shown in Table 1.
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Figure 9. Simulation structure diagram of the medium voltage converter.

Table 1. VSC Parameters.

Parameter Value

AC system rated voltage (kV) 10
DC side rated voltage (kV) ±10

System rated frequency (Hz) 50
Transformer rated voltage (kV) 10/11.6
Number of MMC sub-modules 12

Bridge arm inductance (mH) 1.8

The basic control parameters of VSC based on VCC are shown in Table 2, the converter
adopts constant active power control and constant reactive power control.
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Table 2. Parameters of VSC based on vector current control.

Parameter Value

P control loop kpp, kpi 0.001, 8
Q control loop kqp, kqi 0.01, 10

Inner control loop kip, kii 1225, 0.0001
PLL kp_pll, ki_pll 36, 0.0003

The basic control parameters of VSC based on PSC are shown in Table 3.

Table 3. Parameters of VSC based on power synchronization control.

Parameter Value

PSL kp_psl 18
AC voltage loop KE, TE 0.01, 0.1

Low-pass filter of current control loop αf 40
High-pass filter of current control loop αv 33.3
High-pass filter of current control loop kv 0.9

Current control loop αc 50

Then, the CSCR, small-signal stability and transient stability under different control
modes are simulated and analyzed as follows.

4.1. Case 1: CSCR Analysis

CSCR needs to be simulated to verify the operation zones of Section 3. Through the
analysis of the CSCR, the operating boundaries of VSC based on VCC and PSC can be
obtained, respectively.

It is assumed that the initial SCR of the connected AC system is 3, at this time, Rs is
0.3190 Ω and Xs is 1.9431 Ω, and the converter works at VCC. Change the SCR at 10 s,
and the simulation results of the active power and the reactive power of the system are
shown in Figure 10. In the simulation, Rs is changed from 0.3190 Ω to 1.1817 Ω and 1.0711
Ω, respectively, and Xs is changed from 1.9431 Ω to 5.1629 Ω and 4.7500 Ω, respectively,
which leads to that the SCR of the modified IEEE 33 bus system is changed from 3 to 1.2
and 1.3, respectively.

It can be seen that when SCR = 1.3, the system can remain stable after a short period of
oscillation, and when SCR = 1.2, the system is unstable. Therefore, the CSCR of the system
is 1.3 under the above parameter conditions. When the VSC works at VCC, the weak AC
system will destroy the symmetrical decoupling characteristics of the d-axis and the q-axis,
and will deteriorate the performance of the PLL. As a result, when SCR is lower than 1.3,
the system is difficult to operate stably.

In order to improve the reliability of the results, TSAT is used to analyze the waveform
of the active power. The power waveform is decoupled into multiple modes with the
natural frequency and damping ratio, and the first six modes arranged in descending order
of amplitude are shown in Table 4. It can be seen that when SCR is 1.2, the damping ratios
of the reference mode marked blue and the dominant mode marked grey are negative,
so the system cannot operate stably. When SCR is 1.3, there is no mode with a negative
damping ratio, which means that the system is small-signal stable.
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Table 4. Waveform analysis of vector current control.

SCR Magnitude Phase (deg) Frequency (Hz) Damping (%)

1.2

9.0131 0.000 0.000 −100.000
1.1265 −56.168 8.594 −5.221
0.9852 60.240 17.948 −0.432
0.5346 −125.580 50.766 22.881
0.2061 0.000 124.741 14.277
0.1254 −177.206 28.796 2.814

1.3

10.0070 0.000 0.000 100.000
2.2534 32.082 18.823 10.762
2.1940 143.380 19.933 44.142
2.0549 −72.105 9.337 10.210
0.9149 137.638 1.641 70.979
0.5853 99.853 11.612 8.644

Then, make the system work at PSC, and its initial SCR is 1.2. For low SCR cases,
Rs is changed from 1.1817 Ω to 2.6196 Ω and 2.2087 Ω, respectively, and Xs is changed
from 5.1629 Ω to 10.5291 Ω and 8.9959 Ω, respectively, which leads to that the SCR of the
modified IEEE 33 bus system is changed from 1.2 to 0.6 and 0.7, respectively. For high
SCR cases, Rs is changed from 1.1817 Ω to 0.2830 Ω, 0.2513 Ω and 0.1979 Ω, respectively,
and Xs is changed from 5.1629 Ω to 1.8090 Ω, 1.6907 Ω and 1.4913 Ω, respectively, which
leads to that the SCR of the modified IEEE 33 bus system is changed from 1.2 to 3.2, 3.4 and
3.8, respectively.

The PSC does not rely on the PLL to track the frequency and phase of the grid, so the
VSC based on PSC can operate stably when connected to a weak AC system. However, the
VSC based on PSC is also unstable under some conditions. When SCR < 0.7, the system
is no longer stable, as shown in Figure 11a,b, and the system is in a critical stable state
when SCR is 3.8 as shown in Figure 11c,d. That is because when SCR is extremely low, the
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rated operating power of the VSC will exceed its power transmission limit, so it cannot
operate stably under a reference power of 10 MW; when connected to a strong AC system,
the response adjustment speed will slow down because of the low system damping.
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Similarly, use TSAT to analyze the obtained waveform, and the results are shown in
Tables 5 and 6. It can be seen that when SCR = 0.7 and SCR = 3.2, the damping ratios of all
modes are positive; when SCR is 0.6, the damping ratios of most modes are negative, so the
system is unstable; when SCR is 3.8, the damping ratio of the dominant mode marked grey
is close to 0, so the waveform is almost in constant amplitude oscillation state.

Table 5. Waveform analysis of power synchronization control under low SCR.

SCR Magnitude Phase (deg) Frequency (Hz) Damping (%)

0.6

9.9428 0.000 0.000 −100.000
0.0671 −49.389 2.344 50.162
0.0654 −74.111 0.490 −10.285
0.0316 −33.766 11.342 1.187
0.0211 180.000 0.000 −100.000
0.0195 −166.573 11.175 −0.204

0.7

10.0000 0.000 0.000 100.000
3.3299 180.000 0.000 100.000
3.2518 60.675 2.208 73.725
1.7559 0.000 0.000 100.000
0.2732 81.185 0.340 66.270
0.1220 180.000 22.450 25.032

Table 6. Waveform analysis of power synchronization control under high SCR.

SCR Magnitude Phase (deg) Frequency (Hz) Damping (%)

3.2

10.0005 0.000 0.000 100.000
8.7399 0.000 0.000 100.000
3.5586 142.520 3.249 9.384
2.7993 126.718 7.742 21.106
2.7063 −156.036 11.463 30.761
1.5642 98.449 3.351 4.160

3.8

10.0002 0.000 0.000 100.000
1.7781 −109.980 3.189 −0.002
0.1353 91.499 13.017 59.253
0.0775 102.979 6.379 −0.001
0.0390 180.000 44.899 14.286
0.0233 −95.145 28.232 3.136

4.2. Case 2: Small-Signal Stability Analysis

Small-signal stability is static stability, which represents the ability of the system to
resume stable operation after a small disturbance. In this paper, the small-signal stability is
tested by adding load on the AC side and then cutting off as a small disturbance.

In the built medium voltage MMC model, an AC resistive load of 4 MW is added at
10 s and cut at 10.05 s. In the simulation, when SCR = 1.6, Rs is 0.8222 Ω and Xs is 3.8221 Ω,
and when SCR = 2.4, Rs is 0.4627 Ω and Xs is 2.4797 Ω. The simulation results of the active
power and reactive power of the system are shown in Figure 12. As the strength of the AC
system weakens, the stability of the system after a small disturbance gradually deteriorates
until the system collapses.

The VSC based on PSC is simulated under the same load condition, and when SCR
= 0.8, Rs is 1.9006 Ω and Xs is 7.8460 Ω. The results of the active power and frequency of
the system are shown in Figure 13. It can be seen that as SCR increases, it takes longer
and longer to return to a stable state after a small disturbance. Therefore, when the SCR
of the AC system gradually increases, the small-signal stability of the system shows a
decreasing trend.
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Figures 12 and 13 show that the change in the strength of the AC system has a
significant impact on the small-signal stability of the system. Comparing the above two
figures, it can be concluded that the VSC based on VCC and the VSC based on PSC will
show opposite stability characteristics as the SCR changes.

4.3. Case 3: Transient Analysis

Transient stability is also the basis for judging system performance, so the model is still
used to analyze the transient characteristics of VSC based on VCC and PSC, respectively,
after a three-phase short-circuit fault occurs. In the case of SCR = 2, Rs is set to 0.6065 Ω,
and Xs is set to 3.0151 Ω. In the case of SCR = 1, Rs is set to 1.4693 Ω, and Xs is set to 6.2361
Ω.

Figure 14 shows the simulation results of a three-phase short-circuit on the AC side
in 10 s when the converter works at VCC under different strengths of the AC system.
The fault duration is 0.05 s. When the SCR is high, the active power and reactive power
can be quickly restored to a stable state after the fault is removed, and the system has
good transient stability. However, when SCR is 1.3, the system cannot ride through the
three-phase short-circuit fault on the AC side. Therefore, with the decrease of SCR, the
transient stability of VSC based on VCC shows a decreasing trend.
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Figure 15 shows the simulation results of a three-phase short-circuit on the AC side
in 10 s when the converter works at PSC under different strengths of the AC system. The
fault duration is 0.05 s. Contrary to VCC, the system has good transient stability when the
SCR is low. When the SCR increases, the time required for the active power and frequency
to return to a stable state becomes longer, and the amplitude of the transient oscillation
becomes larger.
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The strength of the AC system also has a significant impact on the transient stability of
the system, as shown in Figures 14 and 15. Similar to the characteristics of the small-signal
stability, when SCR increases, the transient stability of the VSC based on VCC increases.
On the contrary, the transient stability of the VSC based on PSC decreases. Therefore, the
VCC is more suitable for strong AC systems, while the PSC has better performance when
connected to weak AC systems. In addition, according to the comparison of SCR = 2 in
Figures 14 and 15, the response speed of VSC based on PSC is slower than that of VSC
based on VCC.

5. Conclusions

In order to adapt to the requirements of power grid operation under different working
conditions and achieve the power symmetry of the system under SCR changes, this paper
proposes and compares the operation zones of VSC based on two recently available control
strategies, respectively, namely VCC and PSC, through the simulation analysis of CSCR,
and studies the influence of strength of an AC system on the small-signal stability and
transient stability of the system under above control modes. The simulation results show
that:

1. Under the system parameters in this paper, the CSCR of the VSC based on VCC is 1.3.
That is to say, the performance criterion for stable operation of the VSC based on VCC
is SCR = 1.3. For VSC based on PSC, when SCR < 0.6, the system cannot operate stably
because the power exceeds its limit, and the system is already in a critical stable state
when SCR is 3.8, and the power and frequency are in constant amplitude oscillation.

2. Whether it is small-signal stability or transient stability, as the SCR of the AC system
decreases within a certain range, the VSC based on VCC gradually works into the
unstable conditions, while the stability of VSC based on PSC gradually improves.



Symmetry 2022, 14, 153 16 of 17

The conclusions of this paper can be applied to the changes in the operating conditions
of the AC system to provide a theoretical reference for the selection of converter control
strategies and the stable operation of the system. However, the operation zones proposed
in this paper also have some limitations. Firstly, the DC side of the converter uses a DC
power supply, which results in that the system’s DC voltage is maintained at a stable 20 kV.
Therefore, this paper does not consider the situation that the VSC adopts constant DC
voltage control. In addition, this paper ignores the influence of time delay, which has an
important impact on converter control and system stability.

In future work, the control strategy of the grid-connected converter and system
stability of the renewable energy under the changing operating conditions of the AC
system will be studied, and the influence of the time delay on the converter control will be
considered in our further research.
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CLC current-limitation controller
CSCR critical short circuit ratio
MMC modular multilevel converter
PLL phase-locked loop
PSC power synchronization control
PSL power-synchronization loop
SCR short circuit ratio
VCC vector current control
VSC voltage source converter
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