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Abstract—Voltage source converter based high-voltage direct
current (VSC-HVDC) transmission technology has been exten-
sively employed in power systems with a high penetration of re-
newable energy resources. However, connecting a voltage source
converter (VSC) to an AC weak grid may cause the converter
system to become unstable. In this paper, a phase-shift phase-
locked loop (PS-PLL) is proposed wherein a back electromotive
force (BEMF) observer is added to the conventional phase-
locked loop (PLL). The BEMF observer is used to observe the
voltage of the infinite grid in the stationary af frame, which
avoids the problem of inaccurate observations of the grid volt-
age in the dg frame that are caused by the output phase angle
errors of the PLL. The VSC using the PS-PLL can operate as if
it is facing a strong grid, thus enhancing the stability of the
VSC-HVDC system. The proposed PS-PLL only needs to be
properly modified on the basis of a traditional PLL, which
makes it easy to implement. In addition, because it is difficult
to obtain the exact impedance of the grid, the influence of short-
circuit ratio (SCR) estimation errors on the performance of the
PS-PLL is also studied. The effectiveness of the proposed PS-
PLL is verified by the small-signal stability analysis and time-
domain simulation.

Index Terms—Phase-locked loop (PLL), small-signal model,
stability improvement, voltage source converter based high-volt-
age direct current (VSC-HVDC), weak grid.

I. INTRODUCTION

ITH the rapid development of wind power, photovol-
taic and other renewable energy power generation
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technologies, voltage source converter based high-voltage di-
rect current (VSC-HVDC) transmission has been widely ap-
plied in modern power systems and attracted the attention of
researchers [1]-[3]. As the main active components in the
VSC-HVDC system are power electronic devices, a potential
oscillation problem may be induced and intensified due to
their fast response [4], [5]. Several studies have revealed
that the system stability is closely related to the dynamics of
the phase-locked loop (PLL), especially when the AC sys-
tem connected to VSC-HVDC is weak [6]-[10].

In voltage source converters (VSCs), the PLL is usually
used to quickly and accurately obtain the grid voltage infor-
mation such as phase angle and frequency to achieve syn-
chronization with the AC grid [11]. Then the control system
uses the output angle of the PLL to perform a dg transforma-
tion of the system voltage and current, thereby conducting
vector control on the system. However, as analyzed in [7],
when small-signal perturbations are added into the grid volt-
age, the controller dg frame is no longer aligned with the
system dgq frame because of the dynamic characteristics of
the PLL and an angle deviation will appear between the two
dg frames. When the grid impedance is high, the angle devi-
ation introduced by the inaccurate phase lock will become
unignorable and will make the control variables such as the
voltage, current, and duty cycle in the controller have a cer-
tain deviation from the actual values. After being amplified
by the inner- and outer-loop proportional-integral (PI) regula-
tors, the voltage and current deviations from the actual val-
ues will affect the output voltage, current, and equivalent im-
pedance of the converter. Eventually, it may cause oscilla-
tion and lead to system instability.

To address the stability problem introduced by a PLL in
weak grids, researchers have proposed the corresponding fea-
sible solutions. These solutions can be categorized into three
types: (D optimizing the parameters of control system; )
improving the design of controller structure; 3 modifying
the PLL structure. The first category focuses on the impacts
of the PLL and other control parameters on the stability of
the VSC system [7], [12]-[15]. References [12] and [13] ef-
fectively improved system stability by reducing the PLL con-
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trol bandwidth when the grid condition is fixed or known.
Reference [14] proposed to improve the parameters of the
current controller by considering the influence of the PLL so
as to effectively reduce the negative influence of the PLL on
the current control. Reference [15] proposed an improved
vector current control method with an automatically adjust-
able outer-loop gain. However, these solutions are a trade-
off between system stability and system dynamic response
speed. The second category is to mitigate the impacts of the
angle deviation between the two dg frames in the control
channel by improving the design of the controller structure
[16]-[18]. Reference [16] reshaped the g-axis impedance by
inserting a notch filter into the PLL control loop. Reference
[17] proposed an impedance controller directly linking the g-
axis voltage to the g-axis current reference, thus improving
the system stability by reshaping the g-axis impedance. Ref-
erence [ 18] proposed an improved vector control with a feed-
forward branch, which promoted a faster reactive power re-
sponse and thus enhanced the stability of the VSC-HVDC
system. However, such solutions are more complicated to im-
plement to a certain extent, and may not be applicable to dif-
ferent operation modes.

The former two categories partially mitigate the negative
effect caused by the PLL. The third category pays attention
to the PLL structure [19]-[21]. In [19], a symmetrical PLL
was proposed, which can utilize the classical single-input sin-
gle-output (SISO) impedance shaping to cancel the negative
resistor behaviors caused by the PLL, thus enhancing the
grid synchronization stability under weak grid conditions. In
[20], an impedance-compensated PLL was proposed to in-
crease the small-signal stability range towards the static pow-
er transfer capability limit. However, these solutions have a
certain impact on the response speed and transient perfor-
mance of the PLL. In addition, a method of referring the
PLL measurement to an infinite artificial bus was proposed
in [22], but the specific implementation method was not
clearly explained.

Based on the aforementioned considerations, this paper
proposes the phase-shift phase-locked loop (PS-PLL) based
on the back electromotive force (BEMF) observer to im-
prove system stability by approximately synchronizing with
the infinite grid voltage. It allows a view that the VSC-
HVDC system can operate as if it is facing a strong AC sys-
tem even if the real AC system connected with the VSC-
HVDC system is very weak. The proposed PS-PLL possess-
es good operation performance even when the observed grid
voltage is inaccurate.

The rest of the paper is organized as follows. Section II
describes the VSC-HVDC system and analyzes its steady-
state operation characteristics. Sections III presents the small-
signal model of the VSC-HVDC system and proposes the
PS-PLL. Section IV analyzes the small-signal stability and il-
lustrates the improvement of system stability by the PS-PLL.
Section V verifies the effectiveness of the proposed PS-PLL
through time-domain simulation results. Finally, the conclu-
sions are given in Section VI.

II. DESCRIPTION OF VSC-HVDC SYSTEM AND ANALYSIS OF
ITS STEADY-STATE OPERATION CHARACTERISTICS

Before analyzing the influence of the PLL on the stability
of the VSC-HVDC system, the steady-state operation charac-
teristics of the VSC-HVDC system under AC weak grids are
first studied.

A. System Description

Figure 1 shows a schematic diagram of the classical VSC-
HVDC system.
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Fig. 1. Schematic diagram of classical VSC-HVDC system.

In Fig. 1, PWM stands for pluse width modulation; C,, is
the capacitance of the DC side; R, and L, are the equivalent
resistance of the converter and the filter inductance of the fil-
ter, respectively; R, and C, are the damping resistance and ca-
pacitance of the filter, respectively; R, and L, are the equiva-
lent resistance and inductance of the grid, respectively; £, ,
U, U, and V, are the grid voltage, the voltage of the
damping capacitance of the filter, the voltage of the point of
common coupling (PCC), and the output voltage of the con-
verter, respectively; i, is the current of the VSC flowing to-
wards PCC; i, is the current flowing from the PCC to the
grid; V7, is the DC-side voltage; i,, and i,, are the DC-side
currents; P, and Q, are the output active and reactive power
of the VSC flowing towards PCC, respectively; P and Q are
the active and reactive power flowing from the PCC to the
grid, respectively; u, and u, are the voltages of the PCC in
the dg frame; i, and i, are the currents of the VSC flowing
towards PCC in the dg frame; 6 and @’ are the synchronous
phase angle and angle frequency of the grid, respectively;
u,; is the voltage of the PCC in the stationary af frame; i,

is the current flowing from the PCC to the grid in the sta-
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tionary off frame; e, and e, are the grid voltages in the sta-
tionary off frame obtained by the BEMF observer; e, and ¢,
are the grid voltages in the dg frame obtained by the PS-
PLL; V,.,. is the DC-side reference voltage; U and U, are
the magnitude of PCC voltage and its reference value, re-
spectively; i, and i, are the reference currents of the VSC
flowing towards PCC in the dg frame; and V,; and V, are
the reference output voltages of the converter in the dg
frame.

The control system of the classical VSC-HVDC system in
the dg frame is also shown in Fig. 1, which includes the out-
er-loop voltage control, inner-loop current control, and PLL.
The PLL supplies a synchronous phase angle of the grid for
the control system; the outer-loop voltage control produces
current references in the dg frame for the inner-loop current
control; and the inner-loop current control controls the actual
active and reactive current tracking of the current reference
value. The outer-loop voltage control consists of the DC volt-
age control and AC voltage control. In this paper, the aver-
age model is used in the frequency-domain analysis and the
time-domain simulation to ignore the high-frequency dynam-
ic process of the converter system including switching har-
monics and small time delays.

B. Steady-state Operation Range Analysis

From Fig. 1, by using the grid voltage as the reference
vector, it can be derived that [18]:

UEsin0,,=Pw'L,~OR, (1)
UEcos0,,=U?~PR,—Qw’L, )

where E is the magnitude of grid voltage; and 6, is the
phase angle of PCC voltage.

By exploiting sin’@,, +cos’d,,=1 and simplifying
(UEsin@,,. )’ +(UEcos 0, )’, we can obtain:

(%)~ (2PR,+200’ L+ E*)U*+
3)

To ensure that there exist real roots in (3) for U, the fol-
lowing formula needs to be satisfied.

(PR,+0w'L,) + (Po'L,~OR,) =0

2
A=(2PR +200 L+ E*) -

4[(PRg+ Qa)SLg)2+(Pang—QRg)2] >0 (4

Formula (4) is a constraint to ensure the existence of equi-
librium in the VSC-HVDC system under a certain AC sys-
tem operation condition.

However, for practical VSC-HVDC projects, some other
constraints should also be included [23]. For the voltage con-
straint, it could be generalized based on the modulation in-
dex m as:

Vo
= <1
V.2

0<m 5)
where V, is the amplitude of the converter output voltage,
which can be obtained according to the Kirchhoff’s voltage
law.

For the current constraint, the main consideration is to
keep the current requested by the control system within the
rated current of the VSC. It could be generalized based on
the VSC output voltage and power as:

P +j0. <1,
Uz0,,

abs

(6)

where 7, is the rated current on AC side of the VSC; and
abs(’) is the function to take the absolute value.

Based on the constraints mentioned above, the steady-
state operation range of the VSC-HVDC system can be ob-
tained. In order to analyze the influence of different AC sys-
tem strengths on the operation range of the VSC-HVDC sys-
tem, the short-circuit ratio (SCR) is introduced, which can
be expressed by (7) in per unit.

1 1

|z, ) R+’ L,|

where Z is the equivalent impedance of the grid.

With variations of SCR, by solving 4=0 in (4), the mini-
mum required reactive power can be obtained and is illustrat-
ed in Fig. 2. As shown in Fig. 2, the operation range of the
VSC-HVDC system is closely related to SCRs. When the
AC system is strong (e.g., SCR=5, 10), the VSC-HVDC sys-
tem could always transmit a maximum active power of 1 p.u.
without an extra reactive power demand. When the AC sys-
tem is weak (e.g., SCR=1), because the VSC is not capable
of providing excessive reactive power to the AC system due
to its limited capacity, it is difficult for the VSC-HVDC sys-
tem to transmit an active power of 1 p.u.. From Fig. 2, it
can also be observed that when the value of the SCR is
large, the minimum required reactive power changes little
with active power. When the SCR is small, the minimum re-
quired reactive power changes greatly with active power,
and the minimum required reactive power is high when the
active power approaches the rated power.
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Fig. 2.
SCRs.

Steady-state operation range of VSC-HVDC system with different

On this basis, it is essential to further explore the small-
signal stability of the VSC-HVDC system whose operation
point is in the steady-state range. Firstly, the small-signal
modeling of the VSC-HVDC system and eigenvalue analysis
are required when analyzing the small-signal stability with
different SCRs [6].
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III. SMALL-SIGNAL MODEL OF VSC-HVDC SYSTEM AND
PROPOSED PS-PLL

A. Dynamic Modeling of VSC-HVDC System

Figure 1 shows the main circuit and control structure of a
typical VSC-HVDC system from which the dynamic model
can be derived.

1) AC System Equations

Using the equal-amplitude dg rotation transformation, the

dynamic model of the AC system can be derived as:

.5 vs uS .5 _'S
el e e 3 % i
Tdt I, v, u, L, Ly

Lgd[é;d}:[”« : Ed,]_Rg[ézd]_wng[—fzq] ©
dr L ”j] E; ley Led

dlu Iy i —u’

AT wel 2]
fdt[u;'q L;J T R ) (10
s s l'S .5

FiRI T

uq qu lL] lgq

where u}, and u;, are the capacitor voltages of the AC filter
in the dg frame; v;; and v; are the output voltages of the con-
verter in the dq frame; i}, and i}, are the grid currents in the
dq frame flowing from the PCC to the grid; E; and E; are
the grid voltages in the dg frame; and the superscript s repre-
sents the variables in the system dg frame.
2) DC-link Power Balance Equations

The DC-link power balance equations can be developed

as:
dVrIc . .
Cae dr " laer T lae
i _ in
del — Vdc (12)
o 3(vidutviiy)  3(wiisruiy)
dc2 ™ ~
‘ 2V, 2V,

where P, is the input power of the VSC on the DC side,
and the loss of the converter is ignored here to facilitate lat-
er calculations.
3) PLL Control Equations

The block diagram of the PLL is depicted in Fig. 3, where
the superscript ¢ represents the variables in the controller dg
frame; 6° and w° are the synchronous phase angle and angle
frequency of the grid obtained by the PLL, respectively; K,
and K, , are the PI control parameters of the PLL; and o, is
the rated angular frequency of the grid.

u, ue
—> abc d
u, - >
u 9 K ipll
c dgq + P
— ppll s

f

Block diagram of PLL.

Fig. 3.

The dynamic equations of the PLL are illustrated as:
dx

pll c
=u
dt q
do¢ (13)
7 = Kpp,,u; + KXt 0

where x,, is the state variable in the PLL.
4) Outer-loop Voltage Control Equations

The deviation between the DC/AC voltage and its refer-
ence value is expressed as:

dx,
— =y, —V )
dt dc de,ref
&, (14)
E = uac - uaa, ref

where x, and x, are the state variables in outer-loop voltage
control; v, . and u,,,, are the DC-side reference voltage
and the reference voltage at the PCC point, respectively; and
u,, is the voltage at the PCC point, which can be derived as:

U, = (u2)2+ (u;)z (15)

Then, the reference values of the current in the dg frame
are developed as:

id, re{f: vam ( Vae— vdc, re{f) + Kivm Xy (1 6)

iq.ref: K[mm ( Upe™ uac. ref) + Kium X,

K, and K

puy?

where K

PV’
for the outer-loop DC voltage control and AC voltage con-
trol, respectively.

5) Inner-loop Current Control Equations
The current deviation of the inner-loop current control can
be written as:

K., are the PI control parameters

dx; . .
d =g~ la
e,
d¢ Slorg Iy

a7

where x; and x, are the state variables in the inner-loop cur-
rent control.

Then, the output voltages of the converter in the dg frame
can be described as:

vj,:Kp,.(id_,ef— i;) +Kxy+ug— L,
(18)
ve=K

= 15) + K+ s+ o L
where K, and K, are the PI control parameters for the inner-
loop current control.

B. Relationship Between System and Controller dq Frames

As mentioned before, when small-signal perturbations ex-
ist, the controller dg frame will not align with the system dg
frame due to the dynamic process of PLL, and an angle devi-
ation named A# will appear between the two dg frames. The
relationship between the variables in the system dg frame
and controller dg frame is expressed as:
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{X;+Ax;] . { cos(Af) sin(AH)}[X;JFAx;} .

Xe+Axe] | =sin(A0) cos(AQ) LX) +Ax)]
1 A0 X;+ij,]
[—AH 1 }[X;+Axf1 1

where A@=6°—6°; and X and Ax are the steady-state vari-
ables and the small-signal perturbation variables, respectively.

In the steady state, X;=X; and X=X/ By eliminating
the steady-state variables and ignoring the high-order terms,
the small-signal representations of two dg frames can be ex-

pressed as:
(]l (3]
Ax, -X; Ax;,
C. PS-PLL

Previous studies have reached the conclusion that the sta-
bility of VSC-HVDC system will be enhanced by improving
the design of the controller and the control parameters of
PLL. However, it is difficult to eliminate the negative influ-
ences caused by the PLL by designing the structure of the
controller and to balance the system response speed and sta-
bility by designing the control parameters. This difficulty
motivates the research for a new solution that attempts to im-
prove the system stability based on the nature of the prob-
lem. If the PLL can approximately synchronize with the infi-
nite grid voltage, a converter connected with a stiff grid will
be obtained. Consequently, the system would no longer face
a weak grid and the angle deviation caused by the dynamic
response of the PLL would not deteriorate the system stabili-
ty.

In order to allow the converter to obtain the information
of the infinite grid voltage, the BEMF observer technology
in electric motors is adapted as [24] and [25]. Unlike the
need of electric machines to utilize the transient impedance
when calculating the BEMF, the PS-PLL will not need the
transient impedances of fast electromagnetic processes under
disturbance conditions. The grid operation is regarded as a
quasi-steady-state process, and the change of the equivalent
grid impedance is small. The rapid change of the grid imped-
ance in the transient process is not the main concern. The
proposed PS-PLL may allow the system to restore stability
even if the system is unstable. The grid impedance can be re-
garded as a continuously varying steady-state impedance,
and the PS-PLL only needs to regularly readjust the estima-
tion of grid impedance according to the new steady state of
the system.

According to the mathematical model of the transmission
line in (8)-(11), under the conditions of known PCC voltage
and current, the infinite grid voltage can be observed
through the BEMF observer. Then the infinite grid voltage
obtained by the BEMF observer is used as the input of the
traditional PLL, and the infinite grid voltage information
such as the phase angle and frequency can be obtained.
Since the dg transformation requires the output phase angle
of the PLL, the BEMF observer observes the infinite grid
voltage in the of frame to avoid an inaccurate observation
for the grid voltage in the dq frame caused by the output

(20)
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phase angle error of the PLL.

Reference [20] proposes an impedance-conditioned PLL
that makes the PLL introduce an impedance-conditioning
term, and then the VSC control system can be virtually syn-
chronized to the infinite grid. This approach is similar to
that proposed in this paper based on the principle of improv-
ing system stability. However, the impedance conditioning in
[20] is obtained by subtracting the quasi-stationary voltage
drop on the virtual impedance from the local voltage mea-
surement of the PLL input, which ignores the differential
term of inductance. Since the PLL is a dynamic component,
ignoring the differential term is not conducive to the tran-
sient response speed of the PLL. Therefore, different from
the impedance-conditioned PLL, the PS-PLL proposed in
this paper considers the inductance differential term and re-
places it with an integral link, avoiding the large error that
may be caused by the actual uneven current differential.

It should also be noted that it is difficult to obtain the ex-
act impedance of the grid. Thus, it may be impractical to ac-
curately observe the grid voltage. In this paper, it will be
demonstrated that an inaccurately estimated grid impedance
can also improve the stability to a certain extent. Further-
more, the proposed PS-PLL can be combined with the meth-
od of estimating the equivalent grid impedance [26], [27],
which will be our future research work.

The block diagram of the proposed PS-PLL is shown in
Fig. 4. The BEMF observer uses a PI controller to control
the AC component in a closed loop, instead of a proportion
resonant (PR) controller. Although the PR controller can
achieve an error-free adjustment, it may introduce additional
high-order stability problems in the VSC-HVDC system. In
addition, the closed-loop control system of the BEMF ob-
server using the PI controller is stable, and the tracking error
of the AC component can be reduced by increasing the pa-
rameters of the PI controller, so the BEMF observer also has
good control performance.

Fig. 4. Block diagram of proposed PS-PLL.

From Fig. 4, we can obtain:

. . KiBEMF
(’géaﬂ_lgaﬂ)(KpBEMFJ’_ = iﬂ
e2y)
—e4 —R"78 |— =38
(”aﬂ Cap Rg'gaﬂ)L'S =loap
4

where u,, and i, are the PCC voltage and current observed
by the BEMF observer in the stationary of frame, respective-
ly; ef; and if,, are the grid voltage and current observed by
the BEMF observer in the stationary off frame, respectively;
R} and L are the estimated grid resistance and inductance,
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respectively; and K ., and K, are the parameters of the
PI controller for the BEMF observer.

Eliminating the intermediate variables if;, it can be de-
rived that:

K pBEMFS T Kispur

[uaﬂ— (L}:,s+R;,)igaﬁ}

(22)

To facilitate the analysis and calculation later, the pole-ze-
ro cancellation method is used to simplify (22). We set:

g _
O e (R K K
&St K ppmr ) S K ippyr

KpBEMF = th;i’
' (23)
Kipenr= thg
Substituting (23) into (22), we can obtain:
w, ' ’) .
e |:uaﬁ— (LgS+Rg)lgaﬁ] (24)

where o, is the control bandwidth of the BEMF observer.

Then, by transforming the variables in (24) into the dg
frame, the dynamic equations of the BEMF observer can be
expressed as:

de? di¢
d _ _.c,g g __ c_ ! gd cririe ! -c
o ? es+wef=wu;—oL, ar + 0,0 L, —o R,
7de§ +wel+w,eS=wu’—w,L! diy, —w,wLi¢,—w, R
dt d g itg e dt t g'ed t"rglgq
(25)

Equations (13) and (24) give out the dynamic equations of
the PS-PLL.

IV. SMALL-SIGNAL STABILITY ANALYSIS AND IMPROVEMENT
OF SYSTEM STABILITY BY PS-PLL

A. Small-signal Model of VSC-HVDC System

A nonlinear state-space model of the VSC-HVDC system
including the AC system, VSC main circuit, and VSC con-
trol system is developed. In Lyapunov linearization theory,
the general nonlinear system shown in (25) can be linearized
near the steady-state operation point x, to get the small-sig-
nal model (26).

x=f(x)+u (26)
A¥=AAx 7
where f(x) is the function of x; u is the input vector;
1%} +Ax
and A= M
ox s

Based on the state equations of the AC system, controller,
and PLL, the state variables of the VSC system are:

T
— LAY A s s Ay »5 g g
xX= I:ld, Lo U Uy Ly zgq,vdc,(ed, eq),xp,,, Q,x,,xz,xyxd

The VSC-HVDC system using a conventional PLL is
equivalent to a 13"™-order system, where the first 6 variables
are actual circuit parameters in the system dg frame. After
using the proposed PS-PLL, the system is equivalent to a
15"-order system.
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B. Influence of SCR on Stability of VSC-HVDC System

1) Eigenvalue Locus Analysis of System Using Conventional
PLL

The parameters of a VSC-HVDC system is shown in Ta-
ble I. This paper mainly focuses on the influence mechanism
of the PLL on the stability of the VSC-HVDC system. There-
fore, a set of controller parameters is adjusted here. On one
hand, it can demonstrate the influence of the PLL on the sta-
bility of the VSC-HVDC system under a weak grid. On the
other hand, it can improve the control effect of other control
links.

TABLE I
PARAMETERS OF VSC-HVDC SYSTEM

Symbol Description Value
V. DC-side rated voltage 1200 V
E Rated voltage of AC system 690 V
P Rated active power of AC system 1 MW
[0} Line frequency of AC system 1007 rad/s
C, DC-side capacitance 20 mF
R, Equivalent resistance of AC system 0.01 Q
L, Equivalent inductance of AC system 0.3 mH
R, Equivalent resistance of VSC 0Q
L, Filter inductance 0.5 mH
R, Filter damping resistance 0.5Q
G Filter capacitance 500 pF

K, Proportional gain of PLL 0.2
Ko Integral gain of PLL 20
K, Proportional gain of DC voltage control 0.2
K, Integral gain DC voltage control 20
K. Proportional gain of AC voltage control 0.2
K., Integral gain of AC voltage control 20
K, Proportional gain of current loop 2
K, Integral gain of current loop 20

Using the parameters listed in Table I, the eigenvalue anal-
ysis method based on the small-signal model is utilized to as-
sess the system stability. Figure 5 depicts the eigenvalue lo-
cus of the VSC-HVDC system using a conventional PLL
when the SCR of the system changes from 5 to 1. The red
arrows in Fig. 5 represent how the eigenvalues move when
the SCR changes from 5 to 1. In order to observe the locus
near the imaginary axis clearly, only parts of the eigenvalues
are intercepted. From Fig. 5, it can be observed that a de-
creasing SCR drives a pair of dominant poles (4,,4,) toward
the unstable region, while the other poles stay stable, and
the system becomes unstable when the SCR becomes less
than 1.38. Since the eigenvalue corresponding to the critical
SCR is 0.062+j21.195, it can be inferred that the oscillation
frequency is w/(2m)=3.37 Hz. Their modal participation fac-
tors are calculated, as shown in Table II. For poles 4, and 4,,
it can be observed from Table II that the state variables of
the PLL (x,, and 0) have the largest modal participation fac-
tors. Therefore, it can be concluded that the PLL mainly
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leads to the positive eigenvalue or instability, which indi-
cates that the improvement of PLL can improve the stability
of the system under weak grid conditions.
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Fig. 5. Eigenvalue locus of VSC-HVDC system using conventional PLL

when SCR changes from 5 to 1.

TABLE I
MODAL PARTICIPATION FACTORS

S Modal participation S Modal participation
WE] factor when 4,,= tgtgl factor when 4, =
variable 0.062+21.195 vanapie 0.062+21.195
o 0 x, 0.4954
i 0 0 0.4769
“, 0 X, 0.0067
, 0 X, 0.0034
i, 0 , 0.0056
i, 0 X, 0.0112
Vi 0.0007

2) Eigenvalue Locus Analysis of System Using PS-PLL

The eigenvalue locus of the VSC-HVDC system using the
proposed PS-PLL without SCR estimation errors when the
SCR changes from 5 to 1 is shown in Fig. 6.

It can be observed that all the eigenvalues are on the left
half plane, which means that the VSC-HVDC system can op-
erate stably using the proposed PS-PLL under the condition
of an accurate grid impedance estimation. Therefore, by ap-
proximately synchronizing to an infinite grid voltage, the in-
teraction between the controller and the angle deviation
caused by the dynamic response of PLL is mitigated. In addi-
tion, the eigenvalue locus performs similarly to the situation
using the PLL in a strong AC system.

C. Comparison of Stability Improvement

By keeping U=1 p.u., the Q-P curve when SCR=1 is il-
lustrated by the blue line in Fig. 7. The red dotted line repre-
sents the corresponding reactive power of the VSC-HVDC
system under different AC system operation conditions when
A=0, which also means the minimum reactive power re-
quired for the existence of equilibrium in the VSC-HVDC sys-
tem when SCR=1. 4=0 represents the critical situation of the
existence of equilibrium in the VSC-HVDC system.
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Fig. 6. Eigenvalue locus of VSC-HVDC system using proposed PS-PLL
without SCR estimation errors when SCR changes from 5 to 1.
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Fig. 7. Steady operation range of VSC-HVDC system with U=1 p.u.
when SCR=1.

The active power area pointed by the green and orange ar-
rows are the actual steady operation range of the VSC-
HVDC system using the previously-developed small-signal
model. It can be observed that the power transfer capability
of the system using the PLL is —0.623-0.72 p.u.. However,
the power transfer capability using the proposed PS-PLL
without SCR estimation errors is —1.086-1.138 p.u., which
effectively moves the steady operation range towards the the-
oretical steady operation range limitation of the system. This
occurs inherently without modifying any PI controller gains
of the PLL. The result indicates that approximately synchro-
nizing with the infinite grid voltage in the PS-PLL imple-
mentation does significantly improve the stability of the sys-
tem.

D. Influence of Estimation Errors of Grid Impedance

As previously mentioned, the accurate estimation of the
grid impedance is difficult to obtain. Therefore, the influence
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of the estimation errors of the grid impedance on the pro-
posed PS-PLL is studied here. Figure 8 shows the eigenval-
ue locus of the VSC-HVDC system using the proposed PS-
PLL with SCR=1 when SCR estimation errors vary from
—30% to 30%. It can be observed that no eigenvalue crosses
the right half plane, which demonstrates that a partially inac-
curate estimated grid impedance including both negative esti-
mation errors and positive estimation errors can also im-
prove the system stability. In addition, the eigenvalue closest
to the right half plane corresponds to positive estimation er-
rors; the system will be closer to the stability limit and will
have a relatively poor dynamic response in comparison with
negative estimation errors.
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Fig. 8. Eigenvalue locus of VSC-HVDC system using proposed PS-PLL
with SCR=1 when SCR estimation errors vary from —30% to 30%.

V. SIMULATION VERIFICATION

In order to verify the effectiveness of the proposed PS-
PLL, the simulation model of the VSC-HVDC system
shown in Fig. 1 is developed in the MATLAB/Simulink envi-
ronment. The relevant system and control parameter values
can be found in Table I. The simulation results of the VSC-
HVDC system using the conventional PLL and proposed PS-
PLL without SCR estimation errors are shown in Fig. 9.

As shown in Fig. 9(a) and (b), when the SCR of the sys-
tem changes from 5 to 1.38 at r=5 s, the DC voltage and
transmission power of the system using the conventional
PLL exhibit oscillations. It can also be observed from Fig. 9(a)
that the time for 10 oscillation cycles is 3.0002 s, which can
infer that the simulated oscillation frequency is about 3.33
Hz. The results validate the theoretical analysis of Fig. 5. Af-
ter the introduction of the proposed PS-PLL at simulation
time t=10 s, the system becomes stable. Figure 9(c) pres-
ents both the actual grid voltage and the grid voltage ob-
served by the BEMF observer in the stationary af frame. It
can be observed that the BEMF observer displays good per-
formance as the estimated SCR coincides with the real SCR.
All the results show that the small-signal stability analysis is
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correct and the proposed PS-PLL based on BEMF observer
has the ability to improve the stability of the system.
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Fig. 9. Simulation results of VSC-HVDC system using conventional PLL
and proposed PS-PLL without SCR estimation errors. (a) DC voltage. (b)
Transmission power. (c¢) Actual and observed grid voltage in stationary af
frame.

To test the influence of an inaccurate SCR estimation on
the performance of the PS-PLL, Fig. 10 and Fig. 11 show
the simulation results of the VSC-HVDC system using the
proposed PS-PLL with 30% SCR estimation errors and with
-30% SCR estimation errors, respectively. It can be ob-
served that the system can remain stable under both condi-
tions. In addition, as shown in Fig. 10(b) and Fig. 11(b), af-
ter introducing the PS-PLL, the system using the PS-PLL
with positive SCR estimation errors becomes stable after 1.6
s; however, the time required for the system using the PS-
PLL with negative SCR estimation errors is 1.2 s. It can be
concluded that the PS-PLL with positive estimation errors
has a relatively poor dynamic response, which validates the
analytical results of Fig. 8. It can be also observed from Fig.
10(c) and Fig. 11(c) that the BEMF observer can approxi-
mately observe the infinite grid voltage in the case of partial
inaccurate SCR estimation, and the error is within an accept-
able level. Therefore, although the proposed PS-PLL may
not synchronize the infinite grid voltage exactly, the VSC-
HVDC system can also operate as expected as if it is facing
a strong grid. The results indicate that a partially inaccurate
estimation of the SCR will not have too much influence on
the performance of the PS-PLL, and it is more advantageous
to estimate a smaller SCR the SCR of a system is uncertain.
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Fig. 10. Simulation results of VSC-HVDC system using conventional PLL
and proposed PS-PLL with 30% SCR estimation errors. (a) DC voltage. (b)
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Fig. 11. Simulation results of VSC-HVDC system using conventional PLL
and proposed PS-PLL with —30% SCR estimation errors. (a) DC voltage.
(b) Transmission power. (c) Actual and observed grid voltage in stationary
of frame.

VI. CONCLUSION

In this paper, a PS-PLL based on a BEMF observer is pro-
posed to address the oscillations caused by the PLL of a
VSC-HVDC system under weak grid conditions. The pro-
posed PS-PLL can approximately synchronize with the infi-
nite grid voltage; thus, the VSC can operate as if it is facing
a strong grid. It can be easily implemented and applied to
various system operation conditions. Since the output phase
angle error of the PLL may cause an inaccurate observation
of the grid voltage in the dg frame, the BEMF observer ob-
serves the grid voltage in the of frame. The small-signal sta-
bility analysis demonstrates that the proposed PS-PLL can
significantly improve the stability of the system.

Furthermore, the PS-PLL possesses good operation perfor-
mance under the condition of a partially inaccurate SCR esti-
mation. However, the positive estimation errors of SCR give
a relatively poor dynamic response. Hence, the negative esti-
mation errors of the SCR are more advantageous when we
estimate the SCR of a system. Simulation results verify the
analytical results and the effectiveness of the proposed PS-
PLL.
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