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Abstract——This paper proposes a grid synchronization control 
strategy for the grid-connected voltage source converters 
(VSCs) based on the voltage dynamics of the DC-link capacitor 
in the VSC. The voltage dynamics of the DC-link capacitor are 
used to regulate the frequency and phase angle of the inner po‐
tential of the VSC, synchronizing the VSC with grid. Firstly, in 
the proposed strategy, the active power regulation and grid syn‐
chronization of the VSC are combined, which are separated in 
the traditional control strategy. This can avoid the instability of 
the VSC in a weak grid with a low short circuit ratio (SCR), 
aroused by the dynamic interaction between the separated con‐
trol loops in traditional control strategies. Secondly, the energy 
stored in the DC-link capacitor is directly coupled with the grid 
via the inner potential of the VSC, and the inertia characteris‐
tic is naturally featured in the inner potential by the proposed 
strategy. With the increase of the capacitance, the natural iner‐
tial response of the VSC is helpful to improve the grid frequen‐
cy dynamic. Finally, simulation results are presented to validate 
the correctness and effectiveness of the proposed strategy on 
the enhancement of the grid frequency and voltage dynamic 
support capability.

Index Terms——DC-link voltage dynamics, grid synchroniza‐
tion control, grid frequency and voltage dynamic support, small-
signal stability, weak grid.

I. INTRODUCTION 

RECENTLY, the solar power generations [1], [2], wind 
power generations [3], [4], voltage source converter 

based high-voltage direct current (VSC-HVDC) [5], static 

synchronous compensator (STATCOM) [6], and energy stor‐
age [7], [8] have been rapidly developed and become the im‐
portant component of power systems. The grid-connected 
voltage source converters (VSCs) are the interfaces of wind 
power generations, solar power generations, VSC-HVDC, 
STACOM, energy storage, etc. with grids, which directly af‐
fect the dynamic performance of these facilities. Thus, the 
dynamic behavior of VSCs has won more attention of re‐
searchers, engineers, etc.

Typical grid-connected VSCs are controlled by multi-se‐
ries and parallel control loops [9], e. g., DC voltage control 
[10] - [13], phase locked loop (PLL) [14], [15], AC current 
control, and reactive power control. There are many studies 
on improving the dynamic performance of the VSCs on the 
power transfer and DC voltage regulation [10] - [13]. In the 
traditional control structure, the PLL is used to synchronize 
the VSC with the grid [14], [15] and the DC voltage control 
is designed to maintain the DC-link voltage constant to trans‐
fer the power injected into the DC link from other power 
sources. Under normal grid conditions with a high short cir‐
cuit ratio (SCR) (³ 2), the VSC based on traditional control 
can work well to precisely regulate the power of the VSC 
exchanged with the grid. However, some instability phenom‐
ena have been published, when the traditional-control-based 
VSC is connected to the weak grid with a low SCR (⩽2) 
[16]-[20]. Some studies suggest that the oscillation instabili‐
ty is aroused by the dynamic interactions between different 
control loops of the traditional controls in the VSC, e.g., the 
PLL control and DC voltage control [21]. Thus, the grid syn‐
chronization and power regulation are combined to avoid the 
instability aroused by the interactions, which is one of the 
most important purposes to modify the control of the VSC 
in this paper.

Moreover, with the increasing penetrance of the VSC-
based facilities, the impact of the VSC on grid frequency 
and voltage has received more attention. On the one side, 
the supplementary signals are added in the power regulations 
of the VSC for dynamic frequency and voltage support [22]-
[26]. In [27], stiffness compensation provides the theoretical 
foundation for dynamic voltage analysis and improves the 
control strategy for the VSC to emulate the dynamic frequen‐
cy and voltage support response of traditional synchronous 
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generators (SGs). In [28]-[30], all the mechanical and electri‐
cal equations are conducted in the VSC to drive the VSC to 
emulate the dynamic behavior of SGs. In [31], the virtual 
synchronous control is used in the doubly-fed induction gen‐
erator (DFIG) for more stable operation in weak grid and dy‐
namic frequency support of the DFIG-based wind turbine. In 
[32]-[34], the power synchronization control is presented to 
enhance the stability of the VSC-HVDC to promote active 
power transmission when connected into the weak grid. 
However, direct DC voltage regulation is still not involved 
in these studies. Thus additional control loops are necessary 
to regulate the DC voltage directly. In [35], a novel control 
method is proposed by utilizing the voltage dynamics of the 
DC-link capacitor to realize self-synchronization. Based on 
[35], in [36], the control strategy of DC voltage droop con‐
trol is proposed, which makes all the VSC stations involved 
in DC voltage regulation and power sharing, and the multi‐
terminal system presents better stability and dynamic perfor‐
mance. But the inner current control still exists and the dy‐
namic support capability for the grid frequency and voltage 
of the VSC is not yet concerned.

This paper proposes a grid synchronization control strate‐
gy for the grid-connected VSC to directly synchronize the 
output voltage (i.e., inner potential) of the VSC with the grid 
based on the voltage dynamics of the DC-link capacitor in 
the VSC, which combines the grid synchronization and the 
active power regulation. Moreover, the dynamic support ca‐
pability for grid frequency and voltage is featured in the 
VSC by the proposed control strategy.

The rest of this paper is organized as follows. Section II 
presents the traditional control structure of VSCs and the in‐
stability phenomenon in weak grids. Then, the principle of 
the proposed strategy and its application in VSCs are pre‐
sented in Section III. Moreover, the control design and stabil‐
ity of the proposed strategy in weak grids are analyzed in 
Section IV. Furthermore, the dynamic frequency and voltage 
support capability of the VSC based on the proposed strate‐
gy is simulated and discussed in Section V. Finally, the con‐
clusions are drawn in Section VI.

II. TRADITIONAL CONTROL STRUCTURE OF VSCS AND 
INSTABILITY PHENOMENON IN WEAK GRIDS 

A. VSC Model

The typical topology structure of grid-connected VSCs is 
shown in Fig. 1. The power source is injected into the DC-
link capacitor, e. g., wind power, solar power, and energy 
storage. A chopper is on the DC side to balance the power. 
The AC side of the VSC is connected to the grid through 
the filter.

On the AC side, the relationship between the output volt‐
age and current of the VSC can be expressed as:

I =
Uc -Ut

jXc
(1)

where Uc and Ut are the equivalent potential vectors of the 
output voltage of the VSC by pulse width modulation 

(PWM) and the terminal voltage of the VSC, respectively; I 
is the output current of the VSC; and Xc is the impedance of 
the filter of the VSC.

The instantaneous active and reactive power outputs Pe 
and Qe of the VSC can be calculated by:

ì
í
î

ïïPe =Utd Id +Utq Iq

Qe =-Utd Iq +Utq Id

(2)

where Utd and Utq are the d-axis and q-axis components of 
the terminal voltage of the VSC, respectively; and Id and Iq 
are the d-axis and q-axis components of the output current 
of the VSC, respectively.

On the DC-link side, the DC voltage of the DC-link ca‐
pacitor is related to the injected and output active power of 
the VSC, which can be expressed as:

1
2

CdcV
2

dc = ∫(Ps -Pe )dt (3)

where Ps is the active power injected from the power source, 
e.g., wind power, solar power, and energy storage; Vdc is the 
DC-link voltage; and Cdc is the capacitor connected to the 
DC link of the VSC.

Ignoring the loss of the VSC, the output active power of 
the DC capacitor is equal to the output active power of the 
VSC, i. e., Pe. The active power injected into the DC link 
can be expressed as:

Ps =Vdc Isdc (4)

where Isdc is the current injected into the DC capacitor from 
the power source in the preceding stage.

B. Traditional Control Strategy of Grid-connected VSCs

Typically, the traditional control strategy of grid-connected 
VSCs includes AC current control, DC voltage control, and 
PLL control. In grid-connected VSCs, the injected AC cur‐
rent is regulated for the active and reactive power exchang‐
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Fig. 1.　Typical topology structure of grid-connected VSCs.
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ing with grids and the DC voltage control is used to main‐
tain DC voltage for transferring the power injected into the 
DC link from other power sources. Moreover, the reactive 
power of the VSC is regulated via the reactive power con‐
trol. Furthermore, a PLL is employed to synchronize the 
VSC with grid.

The AC current control aims to regulate the current inject‐
ed into the grid from the AC side of the VSC according to 
the current reference of the DC voltage control. Generally, 
the AC current control is implemented in the synchronous ro‐
tating reference based on the PLL. Typical current control is 
designed as:

ì
í
î

ïï

ïï

V *
d =Utd -Vdref -ωpll Xc Iq

V *
q =Utq -Vqref +ωpll Xc Id

(5)

where V *
d  and V *

q  are the d-axis and q-axis components of 
the output voltage reference of the VSC, respectively; ωpll is 
the angular frequency output by the PLL; and Vdref and Vqref 
are the d-axis and q-axis components of the output voltage 
reference of the proportional-integral (PI) controller, respec‐
tively.

The PI controller in the AC current control of the VSC is 
usually designed as:

ì

í

î

ïïïï

ïïïï

Vdref =Kpc( )Idref - Id +Kic∫( )Idref - Id dt

Vqref =Kpc( )Iqref - Iq +Kic∫( )Iqref - Iq dt
(6)

where Kpc and Kic are the proportional and integral control 
parameters of the AC current controller, respectively; and 
Idref and Iqref are the d-axis and q-axis components of the out‐
put current reference of the VSC, respectively.

The DC voltage control is designed to maintain the DC-
link voltage by setting the d-axis current reference of the 
VSC.

Idref =Kpdc(Vdc -Vdcref ) +Kidc∫(Vdc -Vdcref )dt (7)

where Kpdc and Kidc are the proportional and integral control 
parameters of the DC voltage control, respectively; and Vdcref 
is the DC-link voltage reference of the VSC.

The reactive power control is designed to regulate the re‐
active power of the VSC by setting the q-axis current refer‐
ence of the VSC.

Iqref =Kpr(Qeref -Qe ) +Kir∫(Qeref -Qe )dt (8)

where Kpr and Kir are the proportional and integral control 
parameters of the reactive power control, respectively; and 
Qeref is the instantaneous reactive power reference of the 
VSC.

The PLL control is usually designed as:

ì

í

î

ïïïï

ïïïï

ωpll =KppllUtq +Kipll∫Utqdt

θpll =ω0∫ωplldt
(9)

where ω0 is the synchronous speed; Kppll and Kipll are the pro‐
portional and integral control parameters of the PLL, respec‐
tively; and θpll is the power angle of the PLL.

C. Instability Phenomenon of VSC Connected into Weak 
Grid Based on Traditional Control Strategy

The traditional control strategy is able to regulate the out‐
put active power of the VSC under the normal operation con‐
dition with the SCR equal to 2.5, as shown in Fig. 2. But 
when the VSC is connected to the weak grid with a low 
SCR (equal to 1.3), some instability phenomenon may occur 
[16], [18]. As shown in Fig. 2, the oscillation instability phe‐
nomenon can be observed when the SCR changes from 2.5 
to 1.3. In the weak grid, the output active and reactive pow‐
er of the VSC affects the terminal voltage, and the PLL syn‐
chronizes with the grid based on the phase of the terminal 
voltage. In [19] and [21], detailed analysis has been deeply 
discussed and it is believed that the complicated dynamic in‐
teractions are the main reason for the oscillation instability 
of the VSC [21] between the control loops of the traditional 
control strategies, e.g., the PLL control, DC-voltage control, 
and reactive power control.

To sum up, from the perspective of the power system, the 
partial drawbacks of the traditional VSC focused on by this 
paper are summarized as follows.

1) The dynamic active and reactive power support capabil‐
ity of the VSC is weak due to the joint effect of the PLL 
and cascaded inner current control loops [37].

2) The instability in weak grids may be aroused by the in‐
teraction between the PLL and the DC voltage control 
[18]-[21].

III. PRINCIPLE OF PROPOSED STRATEGY AND ITS 
APPLICATION IN VSCS 

PLL is mostly used to synchronize a VSC with the power 
grid in the traditional control structure. The oscillation insta‐
bility is partly aroused due to the interaction between the 
PLL and DC voltage control loops in a weak grid, and the 
traditional control lacks the ability of inertia support. This 
section proposes a control strategy by combining the grid 
synchronization and power regulation of the VSC called the 
DC voltage synchronization control (DCVSynC), which can 
effectively avoid the dynamic interaction between different 
control loops and improve the dynamic response of frequen‐
cy and voltage by providing power support.

A. Synchronization Mechanism

Synchronization is the coordination of events to operate a 
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Fig. 2.　Active power response of VSC based on traditional control strategy 
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system in unison. In power systems, synchronization means 
all the power generators are rotating at the same speed and 
keep the power angles constant relative to the rotating speed 
of the grid ωg. For an SG, the swing motion equation is 
used to describe the synchronization of the SG with the pow‐
er grid, as shown in Fig. 3(a) and (10).

ì

í

î

ï
ïï
ï

ï
ïï
ï

J
dωSG

dt
= TM - TE - TD =

PM

ωSG

-
PE

ωSG

-
PD

ωSG

dδSG

dt
=ω0ωSG

(10)

where J and ωSG are the rotor inertia constant and rotating 
speed of the SG, respectively; δSG is the power angle of the 
SG; TM, TE, and TD are the mechanical, electromagnetic, and 
damping torques of the SG, respectively; and PM, PE, and PD 
are the input mechanical, output electromagnetic, and damp‐
ing power of the SG, respectively.

The output electromagnetic power of the SG is expressed 
as:

PE =
ESGUg

Xs

sin δSG (11)

where ESG and Ug are the inner potential of the SG and grid 
voltage, respectively; and Xs is the equivalent impedance of 
the SG.

For the SG, the input mechanical and output electromag‐
netic torques drive the rotor in synchronization with grid. 
When the rotating speed of the SG is higher than the grid 
frequency, the power angle is enlarged and then the electro‐
magnetic torque increases to reduce the rotating speed of the 
SG to pull the SG into synchronization. This is an important 
characteristic for the stable operation of the traditional pow‐
er system with SGs.

For the DC capacitor of the VSC, the power balance rela‐
tionship is similar to the SG, as shown in Fig. 3(b) and (12).

Cdc

dVdc

dt
= Is - Ie =

Ps

Vdc

-
Pe

Vdc
(12)

where Is and Ie are the DC currents injected into and output 
from the DC capacitor, respectively.

In terms of form, the DC capacitor of the VSC can be 

paired with the rotor of the SG. The DC capacitance Cdc is 
comparable to the rotor inertia constant of the SG J. The DC 
capacitance voltage Vdc is comparable to the rotating speed 
of the SG ωSG. The capacitance value maintains constant nor‐
mally, and the energy stored in the DC capacitor is used to 
provide inertial support similar to the SGs. The VSC can 
provide the frequency support by simulating SGs based on 
the analogy, as shown in (13).

δ =Gδ(s)Vdc0(Vdc0 -Vdcref ) (13)

where Gδ(s) is the transfer function of the Vdc and the power 
angle of the VSC δ; and Vdc0 is the initial DC-link voltage.

The power transfer and grid synchronization are unified 
for the SG, as shown in Fig. 3(c). However, the power trans‐
fer and grid synchronization of the VSC are separated, as 
shown in Fig. 3(d). The narrow grid synchronization of the 
VSC is just the synchronization based on the PLL. However, 
the generalized synchronization of the VSC is the inner po‐
tential of the VSC (i. e., the voltage output by PWM) syn‐
chronizing with the grid, which is constituted by the power 
angle θdc produced by the DC voltage regulation control and 
the phase angle of the PLL θpll. Based on the generalized 
synchronization, the VSC can combine active power regula‐
tion and grid synchronization to reduce the interaction be‐
tween multi-control loops by utilizing the dynamics of the 
capacitor.

B. Dynamic Process of DC Voltage and Energy Transfer

In this subsection, we discuss the process of energy trans‐
fer and its effect on the DC voltage, and provide a theoreti‐
cal basis for the construction of synchronization control.

In the stable case, Ps and Pe are equal and the energy of 
the storage system is constant.

e = ∫
0

¥

( )Ps(t ) -Pe(t ) dt (14)

where e is the energy in the storage medium.
We assume the DC bus voltage directly reflects the energy 

state of the energy storage system, as shown in (15).

e =
1
2

CdcV
2

dc (15)

The electromagnetic power of the VSC is calculated as:

1
2

Cdc

d ( )V 2
dc

dt
=Ps -

EVSCUg

Xc +Xg

sin δ (16)

where EVSC is the inner potential of the VSC; and Xg is the 
impedance of the transmission line.

As shown in (16), we consider δ and V 2
dc to be integrally 

related, thus δ can be regulated by adjusting the DC voltage, 
changing the output active power of the VSC to reach the 
power transfer balance. The regulation process of the control 
strategy is divided into three stages.

Stage 1: the output power of VSC Pe suddenly increases, 
and Ps and Pe become unequal, causing the DC voltage to 
decrease and the DC capacitor to discharge energy. Then, 
the control strategy reduces the power angle by changing the 
DC voltage, as shown in Fig. 4(a), where δ1 is the power an‐
gle at the beginning of the disturbance; δ2 is the power an‐
gle when Pe is equal to Ps; and DPe is the power changes of 
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Fig. 3.　Energy and power transmission of SG and DC capacitor of VSC 
and power transfer and grid synchronization of SG and typical VSC. (a) En‐
ergy and power transmission of SG. (b) Energy and power transmission of 
DC capacitor. (c) Power transfer and grid synchronization of SG. (d) Power 
transfer and grid synchronization of typical VSC.
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the instantaneous active power.

The injected power of the VSC Ps suddenly increases, and 
Ps and Pe become unequal, causing the DC voltage to in‐
crease and the DC capacitor to absorb energy. Then, the con‐
trol strategy increases the power angle by the changes of the 
DC voltage, as shown in Fig. 4(b), where Ps1 and Ps2 are the 
active power of the power source before and after the distur‐
bance, respectively; and DPs is the active power changes of 
the power source.

Stage 2: the control strategy still works due to the de‐
crease of the DC voltage, the power angle and Pe keep re‐
ducing, and the DC voltage begins to increase. δ3 is the pow‐
er angle during the rotor swings. For the disturbance in Ps, 
the control strategy still works due to the increase of the DC 
voltage, the power angle and Pe keep increasing, and the DC 
voltage begins to increase.

Stage 3: for the disturbance in Pe, the control strategy in‐
creases the power angle by the changes of the DC voltage, 
and Pe increases until Ps and Pe become equal. For the distur‐
bance in Ps, the control strategy decreases the power angle 
by changing the DC voltage, and Pe decreases until Ps and 
Pe become equal. Finally, the DC voltage recovers to the ini‐
tial value.

C. Proposed Strategy Based on DC-link Voltage Dynamics

The control diagram of the proposed strategy is shown in 
Fig. 5. The traditional PLL is not used in the normal opera‐
tion of the proposed strategy. The proposed strategy can 
avoid the instability caused by the interaction of multiple 
control loops in weak grid.
1)　DC Voltage Synchronization Control

Based on the mechanism analysis proposed in Section II-
A, the DC-link voltage of the VSC is compared with the ro‐
tating speed of the SG. Then, the power angle of the inner 
potential of the VSC is directly obtained according to the 
square of the DC-link voltage, as shown in (17).

δ =
       

V 2
dc -V 2

dcref

V 2
dc0

ω0

s
Synchronization branch

+
       

V 2
dc -V 2

dcref

V 2
dc0

KD

Damping branch

(17)

where KD is the damping coefficient of the active power con‐
trol in the proposed control strategy.
2)　Reactive Power Control

The reactive power control is used to control the reactive 
power of the VSC via directly regulating the magnitude of 
the inner potential of the VSC. The cascaded control is not 
used in the reactive power control. In the proposed strategy, 
the reactive power control is designed based on the integral 
as:

E = (Qeref -Qe ) KQ

s
(18)

where E is the magnitude of the inner potential of the VSC; 
and KQ is the reactive power control parameter of the VSC.
3)　Pre-synchronization Control

Before connecting with the grid, both the active power 
and reactive power of the VSC are zero and the correspond‐
ing controls are ineffective in synchronizing the inner poten‐
tial with the grid. The pre-synchronization control is em‐
ployed to synchronize the inner potential of the VSC with 
the grid for soft-starting. In the pre-synchronization control, 
the initial values of the magnitude, phase, and frequency of 
the inner potential of the VSC are obtained to avoid the 
surge during the launch of the VSC.

In the pre-synchronization control, the initial magnitude of 
the inner potential of the VSC is obtained by integrating the 
grid voltage amplitude as:

E *
init = ( )Um -Einit

K
s

(19)

where Einit and E *
init are the magnitude of the inner potential 

of the VSC and its initial value, respectively; Um is the mag‐
nitude of the terminal voltage of the VSC; and K is the volt‐
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age control parameter of the pre-synchronization.
In the pre-synchronization control, the initial frequency 

and phase of the inner potential are obtained by an addition‐
al PLL as:

ì

í

î

ïïïï

ïïïï

ωinit =KppllUtq +Kipll∫Utqdt

δinit =ω0∫ωinitdt
(20)

where ωinit is the angular frequency output by PLL; and δinit 
is the initial value of the power angle of the VSC. After 
starting, the input signal Ut is disabled and the additional 
PLL is frozen. Then, ωinit, δpll, and E *

init remain constant.
4)　Current Limitation

The proposed strategy can not suppress the fault current 
in the case of a circuit fault due to the lack of current loop 
control. The virtual resistance and voltage phasor limitation 
are combined to reduce the fault current of the VSC with 
the proposed strategy in this paper. However, the above mea‐
sures are mainly used to limit the fault current on the AC 
side. The chopper on the DC side is also affected by the sys‐
tem fault, and the DC voltage drops, which affects the syn‐
chronization process.

Under normal operation of the VSC, the virtual resistor 
does not work. When a system fault occurs and the current 
of the VSC achieves a high level, the virtual resistor is acti‐
vated to reduce the fault current of the VSC by multiplying 
it with the current and superimposing the product onto the 
reference voltage.

U *
c =U ′c + IZvmax (21)

Zv =
ì
í
î

0           || I < Ith

Zvmax    || I ³ Ith

(22)

where Zv is the virtual impedance; Zvmax is the maximum vir‐
tual impedance that can be determined considering the level 
of the accepted fault current; U *

c  and U ′c are the reference 
equivalent potential vector of the VSC and the equivalent po‐
tential vector without limitation, respectively; and Ith is the 
current threshold that triggers the virtual impedance.

The voltage phasor limiter is used to reduce the fault cur‐
rent of the VSC via controlling the difference between the 
inner potential of the VSC and the inner potential of the grid 
under the dq-axis reference frame. The d-axis coincides with 
the magnitude of the inner potential of the VSC E, and Vq=
0. The limiter is shown in Fig. 5, whose outputs Vd

* and Vq
* 

are the original dq-axis components of the output voltage ref‐
erence of the VSC.

The inner potential of the VSC is confined in the safety 
zone.

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

Ucdmax =Utd +ωVSC Xc Iqmax

Ucdmin =Utd -ωVSC Xc Iqmax

Ucqmax =Utq +ωVSC Xc Idmax

Ucqmin =Utq -ωVSC Xc Idmax

(23)

where Ucdmax and Ucqmax are the d-axis and q-axis compo‐
nents of the maximum potential of the VSC Ucmax; Ucdmin and 
Ucqmin are the d-axis and q-axis components of the minimum 

potential of the VSC Ucmin; Idmax and Iqmax are the d-axis and 
q-axis components of the maximum permissible current of 
the VSC, respectively; and ωVSC is the angular frequency of 
the VSC. The relationship of Idmax and Iqmax is as follows:

ì

í

î

ï
ïï
ï

ï
ïï
ï

-Idmax £ Id £ Idmax

-Iqmax £ Iq £ Iqmax

I 2
dmax + I 2

qmax £ Imax

(24)

where Imax is the maximum permissible current of the VSC.

IV. CONTROL DESIGN AND STABILITY ANALYSIS IN WEAK 
GRID 

The control design and stability analysis are discussed in 
this section based on the small-signal models and linearized 
analysis method, and the model of the VSC connected with 
the grid is established, as shown in Fig. 6.

A. Small-signal Model

The linearized model of the controller based on the pro‐
posed strategy is deduced by (3), (17), and (18).

é
ë
êêêê ù

û
úúúúDδ

DE
=

é

ë

ê
êê
ê ù

û

ú
úú
úGP( )s 0

0 GQ( )s

é

ë

ê
êê
ê ù

û

ú
úú
úDPs -DPe

DQeref -DQe
(25)

where GP(s) = 2ω0

Cdc s2
+

2KD

Cdc s
; and GQ(s) = KQ

s
.

The output active power and reactive power of the VSC 
are injected into the point of common coupling (PCC) as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Pe =
EUg

X
sin δ

Qe =
E2

X
-

EUg cos δ

X

(26)

where X is the impedance of the transmission line and the 
filter.

The linearized model of the network based on the output 
power of the VSC is deduced by (26).

é

ë
ê
êê
ê ù

û
ú
úú
úDPe

DQe

= é
ë
êêêê ù

û
úúúúGPδ GPE

GQδ GQE

é
ë
êêêê ù

û
úúúúDδ

DE
(27)

where GQE =
2E0 -Ug0cosδ0

X
; GPδ =

E0Ug0

X
cos δ0; GPE =

Ug0

X
sin δ0; GQδ =

E0Ug0

X
sin δ0; and the subscript 0 represents 

the initial value.
Combine the controller (25) and the network (27) to ob‐

tain the linearized closed-loop system of the power transmis‐
sion, as shown in Fig. 7.

VSC Grid

DCVSynC

Reactive power control

E?δ

Xc

X

Xg

Ut Ug?0°
Uc

Fig. 6.　Small-signal system for control design and stability analysis of pro‐
posed strategy.
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B. Control Design

In this subsection, the impact of the main parameters on 
the dynamic response of the VSC is analyzed by the frequen‐
cy-domain Bode diagram of the closed-loop transfer function 
of the VSC and the corresponding time-domain simulations, 
as shown in Fig. 8 and Fig. 9.

As observed from Fig. 8(a), with the increase of KD from 
3 to 20, the close-loop control bandwidth of the proposed 
strategy in the VSC increases from 19.3 Hz to 58.4 Hz. The 
higher the close-loop control bandwidth, the faster the dy‐
namic response. Therefore, the dynamic response of the ac‐
tive power of the VSC is faster with the increase of the 
close-loop control bandwidth, as shown in Fig. 8(b), and the 
fluctuation of the DC-link voltage is reduced. Moreover, the 

corresponding time-domain simulation results illustrate that 
the damping ratio of the active power control of the VSC is 
enhanced with the increase of KD. With the increase of KD, 
the oscillations of the active power and DC-link voltage are 
suppressed more significantly.

As observed from Fig. 9(a), with the increase of Cdc from 
0.12 p. u. to 0.48 p. u., the close-loop control bandwidth of 
the proposed strategy in the VSC decreases from 22 Hz to 
9.4 Hz, while the dynamic response of the active power of 
the VSC is slow down, as shown Fig. 9(b). With the in‐
crease of Cdc, the fluctuation of the DC-link voltage is obvi‐
ously reduced under disturbance. But the damping ratio is 
weakened and the frequency of oscillation is increased as ob‐
served from Fig. 9(b).

C. Stability Analysis

The small-signal stability of the VSC based on the pro‐
posed strategy is analyzed by the locus root of eigenvalues. 
The complex eigenvalues characterize the dynamics of the 
system, with the imaginary part indicating the oscillation 
characteristics and the real part indicating the damping ratio. 
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domain Bode diagram.. (b) Time-domain simulation results..
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Combining (25) and (27), we can obtain (28), and the de‐
tailed derivation process is presented in Appendix A.

DPe

DPs

=
GPδGδ( )s +GPδGP( )s GQEGQ( )s -

1 +GQE +GPδGδ( )s +GPδGP( )s GQEGQ( )s -
®

¬
GPEGQ( )s GQδGP( )s

GPEGQ( )s GQδGP( )s
(28)

With the decrease of the SCR from 3 to 1.2, as shown by 
the arrow direction in Fig. 10, i.e., the grid is weakened, the 
locus root of eigenvalues of the VSC based on the tradition‐
al and proposed strategies are presented in Fig. 10(a) and 
(b), respectively.

When SCR = 2.5, all the eigenvalues of the traditional and 
proposed strategies are located at the left half plane. The de‐
tails of the main eigenvalues are presented in Table I. Both 
the traditional and proposed strategies are able to work 
steadily as shown by the solid line in Fig. 10(c). With the de‐
crease of the SCR, all the eigenvalues move towards the 
right half plane. When SCR = 1.4, the eigenvalues (λ1,2) of 
the traditional strategy are located in the right half plane, 
whereas all the eigenvalues of the proposed strategy are still 

located in the left half plane. As presented by the dashed 
line in Fig. 10(c), when SCR = 1.4, the VSC based on the tra‐
ditional strategy works in the state of instability and the out‐
put power shows obvious oscillatory divergence. However, 
the VSC based on the proposed strategy works stably, and 
the output power shows oscillatory convergence. It is con‐
cluded that the proposed strategy is more stable than the tra‐
ditional strategy in the weak grid with a low SCR.

V. SIMULATION VALIDATION AND DISCUSSION 

A. Simulation System Setup

A simulation system is established by MATLAB/Simulink 
to study the dynamic performance of the proposed strategy. 
In the simulation system, there are two SGs connected to 
Buses 1, 5 and a VSC connected to Bus 8, as shown in 
Fig. 11.

Moreover, there are three loads connected to Buses 3, 6, 
and 7, respectively. The SCR at the connected point of the 
VSC is about 2. Based on the simulation system, the dynam‐
ic support capability of the frequency and voltage is studied. 
The disturbance occurs at Bus 9 by switching on and off of 
a load. The detailed parameters of the simulation system are 
presented in Appendix B. The proposed and traditional strate‐
gies are comparatively studied. A power source is connected 
to the DC-link of the VSC, and the output static active pow‐
er reference of the VSC is set to be 0.8 p.u..

In the simulation, the primary frequency regulation is only 
equipped in the SGs (SG 1 and SG 2) as:

DPmSGi =-RGiGmi(s)DωSGi    i = 12 (29)

where RGi is the control gain of the primary frequency regu‐

Disturbance

SG2

Bus 5 Bus 1Bus 4 Bus 2
Line 2 Line 1
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Load 3
Line 3 Line 5

Bus 6 Bus 7

Line 4Load 1 Load 2
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Line 6

SG1

Bus 8

DCVSynC-based VSC/

PLL-based VSC

Power source

Fig. 11.　Topology of small-scale power system for simulation studies.
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TABLE I
MAIN EIGENVALUES OF VSC BASED ON TRADITIONAL AND 

PROPOSED STRATEGIES

Strategy

Traditional

Proposed

Eigenvalue

λ1,2

λ3,4

λ5

λ1,2

λ3

SCR = 2.5

-1.68 ± i3.27

-36.24 ± i23.58

-56.2

-19.83 ± i43.56

-42.76

SCR = 1.4

1.37 ± i5.72

-27.85 ± i14.64

-42.13

-1.63 ± i32.42

-35.16
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lation for the ith SG; ΔPmSGi is the active power deviation in‐
duced by the primary frequency regulation; Gmi(s) is the sim‐
plified transfer function of prime movers; and DωSGi is the 
rotating speed change of the ith SG. For the thermal power 
generator, the transfer function of the prime mover can be 
expressed as:

Gmi(s) = 1 +FHPTRH s

( )1 + TCH s ( )1 + TRH s
(30)

where FHP, TRH, and TCH are the parameters of the prime mover.
The voltage is regulated by the Q-V droop control 

equipped in the VSC, which produces the reactive power ref‐
erence for the VSC as:

Qeref =KDV(Um -Umref ) 1
1 + sTm

(31)

where Um and Umref are the measured and reference values of 
the terminal voltage of the VSC, respectively; KDV is the con‐
trol coefficient of the voltage regulation control; and Tm is 
the time constant of the detection unit. The simplified detec‐
tion unit is used to measure the terminal voltage of the VSC.

B. Dynamic Frequency Support Capability

When the active power of the load is increased by 0.1 p.u. 
at 5 s, the dynamic responses of the system with the tradi‐
tional PLL and proposed strategies are shown in Fig. 12.

The rate of change of the frequency (ROCOF) is reduced 
and the nadir of grid frequency is increased with the pro‐
posed strategy, as shown in Fig. 12(a). Under disturbance, 
the proposed strategy is able to naturally provide active pow‐
er to support grid frequency with almost no time delay, but 

the traditional PLL strategy will not provide any active pow‐
er support for the grid frequency, as shown in Fig. 12(b). 
Thus, the proposed strategy is positive to improve the grid 
frequency dynamics. Moreover, after disturbance, the grid 
frequency (i. e., the rotating speed of the SG) is changed to 
0.99 p.u.. With the change of grid frequency, the DC-link volt‐
age with the traditional PLL strategy is the same as before the 
disturbance. However, after disturbance, the DC-link voltage 
with the proposed strategy is the deviation from the steady-
state value before the disturbance, as shown in Fig. 12(c), due 
to that it is in analogy with the rotating speed of the SG, 
which will change with grid frequency deviations.

The impact of the proposed strategy on the grid frequency 
and the active power and DC-link voltage of the VSC with 
the increase of the DC capacitor (Cdc) from 0.24 p.u. to 0.48 
p.u. is analyzed, and the simulation results are shown in Fig. 
13. With the increase of Cdc, the equivalent inertia is in‐
creased. The ROCOF is reduced and the nadir of the grid 
frequency is increased with the increase of Cdc, as shown in 
Fig. 13(a). Moreover, the proposed strategy provides more 
dynamic support of the active power during a longer time pe‐
riod with the increase of Cdc, as shown in Fig. 13(b). The de‐
cline rate of the DC-link voltage (Vdc) is gradually reduced 
with larger Cdc, as shown in Fig. 13(c).

C. Dynamic Voltage Support Capability

When the reactive power of the load is increased by 0.1 p.u. 
at 5 s, the dynamic responses of the reactive power of the 
VSC and the grid voltage with the traditional Q-V droop and 
proposed strategies are shown in Fig. 14. In the simulation, 
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the voltage control is set with the same structure and parame‐
ters. Thus, the steady-state reactive power of both control 
strategies is the same, as shown in Fig. 14(a). However, the 
maximum voltage deviation is reduced and the dynamic per‐
formance of grid voltage with the proposed strategy is better 
than that with the traditional Q-V droop strategy, as shown 
in Fig. 14(b). Because the proposed strategy is equivalent to 
a voltage source and is able to spontaneously provide dynam‐
ic reactive power support for the grid prior to the function‐
ing of the voltage control, as shown in Fig. 14(a), the dy‐
namic voltage support capability of the proposed strategy is 
better than that of the traditional Q-V droop strategy.

The impact of the proposed strategy on the reactive power 
of the VSC and the grid voltage with the increase of KQ 
from 0.8 to 1.5 is analyzed, and the simulation results are 
presented in Fig. 15. With the increase of KQ, the reactive 
power from the proposed strategy is decreased, as shown in 
Fig. 15(a). Moreover, the voltage deviation is increased with 
the increase of KQ, as shown in Fig. 15(b). Thus, the dynam‐
ic voltage support capability of the proposed strategy is 
weakened with the increase of KQ.

VI. CONCLUSION 

This paper presents a control strategy for grid-connected 
VSC with the functions of the grid synchronization and pow‐
er regulation. The mechanism, control design, stability analy‐
sis, and dynamic support capability of the proposed strategy 
are analyzed. Moreover, simulations are implemented to vali‐
date the correctness and effectiveness of the proposed strate‐
gy on the dynamic support capability of the grid frequency 
and voltage as well as stability enhancement in weak grids. 
Some conclusions are drawn as follows.

1) The proposed strategy can improve the stability by 
combining the synchronization with the grid and the active 
power regulation of the VSC according to the dynamic of 
the DC capacitor.

2) The proposed strategy can enhance the dynamic sup‐
port capability of the grid frequency and voltage by remov‐
ing the PLL and inner-current loop to avoid the interaction 
between them.

3) The proposed strategy makes the inner potential have 
the inertia characteristic and have a natural response to grid 
frequency and voltage dynamics.

APPENDIX A 

The derivation process of the small-signal model is as fol‐
lows.

Substitute (25) into (27) to eliminate intermediate variables 
ΔE and Δδ. Make DQeref = 0, and we can obtain:

ì
í
î

ïï

ïï

DPe =GPδGP( )s ( )DPs -DPe -GPEGQ( )s DQe

DQe =GQδGP( )s ( )DPs -DPe -GQEGQ( )s DQe

(A1)

The reactive power can be calculated by transforming the re‐
active power formula in (A1).

DQe =
GQδGP( )s ( )DPs -DPe

1 +GQEGQ( )s
(A2)

The active power can be calculated by substituting (A2) in‐
to (A1).

DPe=GPδGP(s) (DPs-DPe ) -GPEGQ( )s
GQδGP( )s ( )DPs-DPe

1+GQEGQ( )s

(A3)

The transfer function of single input and single output of ac‐
tive power (28) can be obtained by modifying (A3).

APPENDIX B

The detailed parameters of the simulation system in Fig. 11 
are as follows.

1) Parameters of the main circuit of the VSC: the base value 
of power SB is 100 MVA; the frequency fB is 50 Hz; the phase 
to phase voltage VB is 0.96 kV; the DC-link capital voltage 
VB-dc is 1.2 kV; the impedance of the transmission line Xg is 
0.19 p. u.; the impedance of the filter Xc is 0.05 p. u.; the re‐
ferred DC-link voltage Vdcref is 1.0 p.u.; and the capacitance of 
the DC-link capacitor Cdc is 0.12 p.u..

2) Control parameters of the proposed DCVSynC: the damp‐
ing coefficient KD is 10 and the reactive voltage control factor 
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Fig. 15.　Dynamic responses of reactive power of VSC and grid voltage with 
proposed strategy under different KQ. (a) Reactive power. (b) Grid voltage.
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KQ is 0.5.
3) Control parameters of traditional control based on PLL: 

the control parameters of the AC current controller Kpc and Kic 
are 3 and 20, respectively; the control parameters of the DC 
voltage control Kpdc and Kidc are 7 and 500, respectively; and 
the control parameters of the reactive power control Kpr and Kir 
are 0.1 and 5, respectively.
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