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PLL Synchronization Stability Analysis of MMC-
Connected Wind Farms under High-Impedance AC
Faults

Yingbiao Li, Member, IEEE, Xiongfei Wang, Senior Member, IEEE, Jianbo Guo, Senior Member, IEEE, Heng
Wu, Student Member, Bing Zhao, Shanshan Wang, Guanglu Wu, Tiezhu Wang

Abstract—This paper analyzes the transient stability of an
offshore wind farm connected via modular multilevel converter
(MMC)-based high-voltage direct-current transmission system.
The wind farm is composed by full-scale type-4 wind turbines,
whereas short-circuit faults occurring in between the MMC and
wind farm are considered. The MMC tends to be switched to the
current limiting mode or the overmodulation mode during the
ac-side fault, which further interacts with the control systems of
wind turbines, complicating the transient stability problem of
the system. Hence, in this work the parametric impacts of the
phase-locked loop of wind turbine converters and over-current/-
modulation limiters of the MMC are revealed analytically, and
further corroborated by time-domain simulations.

Keywords—Modular Multilevel Converter, transient stability,
wind power plant, short-circuit faults, equilibrium points

l. INTRODUCTION

M odular multilevel converter (MMC) based high-voltage
direct current (HVDC) transmission systems have been
increasingly deployed to interconnect offshore wind farms to
the power grid [1]. In order to guarantee the reliable operation
of the system, the fault ride through (FRT) capability of wind
turbines is specified by grid codes [2]. As the precondition of
the successful FRT, the synchronization stability (i.e. transient
stability) of wind turbines under grid faults has to be assured.

The MMC is operating as an ac voltage source for the wind
farm, forming the system voltage and frequency [3], [4]. In
contrast, wind turbines, which are generally type-4 in offshore
applications, are synchronized with the MMC via the phase-
locked loop (PLL) used with their grid-side converters (GSC),
and inject active and reactive power through the vector current
control [5]. And the grid-side converter is based on the 2-
Level Voltage-Source Converter (2L-VSC). The small-signal
stability of the MMC-connected wind farms have been
analyzed in [6], [7]. It is found that the PLL has a significant
effect on the system stability. However, what remains unclear
is the transient stability of such a system subjected to large
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disturbances, e.g. whether the wind farm is loss of
synchronization (LOS) under the short-circuit faults in
between the wind farm and MMC [8].

There have been increasing research efforts spent on the
transient stability of the grid-connected converters [9]-[11]. It
is found out that transient instability is more likely to happen
during severe short-circuit faults in weak ac grids [11]. A
necessary condition for the stable operation is the existence of
equilibrium points for the PLL-synchronized converters.
However, considering the second-order nonlinear dynamic of
the PLL, the LOS may still arise even with equilibrium points
[12]. There are mainly two approaches to investigate the
transient stability, including: Lyapunov’s method and phase
portrait. For Lyapunov’s method, a Lyapunov function is
necessary to investigate the transient stability [13]. Equal Area
Criterion (EAC) is a special case of Lyapunov’s method.
Ignoring the proportional gain of the proportional- integral (PI)
controller of PLL, the LOS mechanism of grid-connected
converters is analyzed with EAC in [12]. Yet, the P controller
cannot be ignored in practice. As shown in [9], how to develop
an appropriate Lyapunov function and how to apply it to
analyze LOS of MMC-connected converters is still an
unresolved challenge interior to the field of direct methods of
synchronization stability for 2L-VSCs. Based on phase
portrait, a design-oriented analysis approach to the transient
stability of grid-connected converters is introduced in [14]-
[16]. The obvious advantage of this approach is the parametric
impacts of PLL and the grid impedance can be identified, and
thus provides clear insight into the controller design. On the
grid side, the LOS is related to the impedance of the
transmission line and the voltage of the grid-connected point
after faults. On the converter side, the output current and the
PLL parameters can both destabilize the system [16]-[18]. To
address the instability, an adaptive PLL is thus reported [16].
However, all those studies only consider the scenario that the
converter is connected to an infinite bus with different line
impedances. This assumption no longer holds in the MMC-
connected wind farms.

Due to the limited overcurrent capability of MMC, proper
current limiting control schemes are always required [19]. In
the presence of severe faults at the ac side of MMC, the MMC
is switched to the current limiting mode, and the MMC is
equivalent to a current source [20]. Further, in the presence of
high-impedance ac faults, the fault current may be within the
overcurrent limit of MMC, and then the MMC can still operate
as a voltage source, yet may trigger the overmodulation mode.
Therefore, the MMC tends to be equivalent to a current source
or a voltage source during the ac-side fault complicating the
transient stability problem of the system. Furthermore,
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different from the infinite bus, the initial phase of MMC can
be controlled during the fault and has an impact on the
transient stability. Hence, the high-impedance fault can lead
to a more complex transient stability characteristic of the
MMC-connected wind farms system. The interaction between
the MMC and wind farm during ac-side faults is the focus of
this work. To investigate the stability, phase portrait method
is used to analyze the transient stability of power system.
This paper thus aims to investigate the transient stability of
the MMC-connected wind farm under the high-impedance ac
fault and the 2L-VSCs are equivalent to one converter in the
paper. First, the possible operation modes of the MMC after
the fault are identified. Second, the conditions for the
existence of equilibrium points are analyzed in different MMC
operation modes. Then, the parametric impacts of the PLL of
2L-VSC of wind turbines, and the current/modulation signal
limiters of MMC on transient stability is revealed. Lastly,
time-domain simulations validate the theoretical analysis.

Il.  OPERATION MODES OF MMC

A. System Description

Fig. 1 (a) illustrates the single-line diagram of the MMC-
connected wind turbines in the dg frame. To limit the fault
current, a dual-loop control including the outer voltage loop
control and the inner current loop control is used. Without loss
of generality, the 2L-VSCs are equivalent to one converter
using an aggregated model [21]. The control diagram of 2L-
VSC is shown as Fig. 1 (b), where the PLL is used to detect
the voltage phase at the grid-connected point, and thus
synchronized the 2L-VSC with the MMC. A constant dc-link
voltage of the MMC is assumed, while wind turbines are
simplified as a converter with a constant DC current [6] as
shown in Fig. 1 (c). The transient stability of the system under
ac-side symmetrical faults, as shown in Fig. 1 (a), is studied in
this work.

In Fig. 1, ums denotes the voltage at the point of common
connection (PCC), umc is the output voltage of MMC, inis the
current injected into MMC, uys is the voltage at the grid-
connected point of 2L-VSC, iy is the output current of wind
turbine, Zeq is the equivalent inductance of MMC, Zji is the
equivalent inductance of transmission line and the
transformers of 2L-VSC, Ls and Cy are the output filter of
2L-VSC and “*” represents the reference of the current and
voltage. Through decoupling control, the active power can be
controlled by iwqs and reactive power can be controlled by iwg.
Therefore, iwd iS named active-current and iwg iS named
reactive-current. When there is a high-impedance ac fault, the
2L-VSC can inject both active-current and reactive-current
based on the grid codes [2].

B. Post-Fault Characteristics of the System

1) Equivalent Circuit

When there is no fault, the MMC can be equivalent to a
voltage source and the 2L-VSC can be equivalent to a current
source as shown in Fig. 2 (a). The current injected into MMC
is equal to the current of 2L-VSC. However, when there is a
short circuit fault, as shown in Fig. 1 (a), the equivalent circuit
is changed as Fig. 2 (b), and the current flowing into the MMC
will be changed. Based on the circuit, the fault current of the
MMC can be calculated as

Uws Ty MMCUdC
/L
current
limiter Imdg
T T T ”7 | T I
iurﬁsd | } i
| ! | .
;Umsd i ! : Modulation
' u 1 module
| ms | } }
| [Pl |
' Umsg ¥ !
' Outer loop 1| Innerloop | modulation signal
L controller _ 1 __ controller __| limiter
(@)

Offshore
Station

Offshore station

wind farm

(©

Fig. 1. Control block diagram and circuit topology. (a) Single-line diagram
of MMC with dual-loop voltage control. (b) Single-line diagram of 2L-VSC
of wind turbine. (c) Equivalent Circuit of the system.
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Fig. 2. Single-line diagram of the MMC-connected wind turbine system. (a)
Equivalent circuit before the fault. (b) Equivalent circuit after the fault.

i - Uy — i, Z; )
Z,+Z;+2Z,

where Z; is the impedance of the fault and the controller effect

is ignored because only the characteristics of the circuit is

investigated in this part.

From (1) it can be seen that the current of MMC is increased
from iy t0 im and ums is decreased when there is a fault. The
value of iy is dependent on the output voltage of MMC, the
fault impedance Zs, the fault location and the current of 2L-
VSC.

2) Impacts of Controllers

0885-8950 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 01,2020 at 13:01:25 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2020.3025917, IEEE

Transactions on Power Systems

The changes of voltage and current after the fault have an
effect on the controller. The mathematical model of the outer
voltage loop is obtained as

i;d = va '(umsd _u:nsd) + Kiv '.[(umsd _u;'lsd)dt
i;q = va '(umsq _u;sq) + Kiv 'j(umsq _u;sq)dt

where Ky and Kjy are the proportional gain and integral gain
of the outer loop PI regulator.

When there is a short circuit fault, the voltage of ums is
smaller than the reference value u,,. The current reference
generated by the outer loop regulator may reach the lower
limit of the current limiter according (2). The mathematical
model of the inner current loop is obtained as

Ugpr = Kpi ‘(i;d _imd)+ Kii 'I(i;d _imd)dt

)

3)
quI = I'<pi '(imq _imq)+ Kii 'I(imq _imq)dt
and the output voltage of MMC can be obtained as
{umcd =Upgg —Ugey imqueq (4)
umcq = umsq - quI - imdeeq

where Kp; and Kj; are the proportional gain and integral gain of
the inner PI regulator, ugei and uge are the output value of the
inner Pl regulators, w is the angular frequency.

C. Operation Modes of MMC

Focusing on the interaction between the MMC and 2L-VSC
during ac-side faults, only the cases where the current or
voltage triggers the limiter after the fault are investigated.
Based on the fault current calculated by (1) and the effect of
the controller, two operation modes can be obtained, which
are elaborated as follows:

1) Current Limiting Mode

In this case, the fault current calculated by (1) violates the
current limit. The PCC voltage is lower than the reference
value as shown in Fig. 3 (a) and the current reference reaches
the lower limit of the current limiter which is shown in Fig. 3
(b). Then there will be a positive input error into the inner
current loop as shown in Fig. 3 (b). Consequently, the output
voltage of MMC is reduced based on (4) as shown in Fig. 3
(@), and the fault current is limited to the limit value Immax as
shown in Fig. 3 (b). The MMC is operated in current limiting
mode as a current source which is shown as Fig. 4 (a).

It should be noted that, when there is a low-impedance ac
faults, the Z¢ is much smaller and the fault current calculated
by (1) always violates the current limit. Therefore, the MMC
can only be operated in current limiting mode as a current
source under low-impedance AC faults.

2) Overmodulation Mode

In another case, the amplitude of fault current calculated by
(1) is lower than the amplitude of limit value, while the current
reference reaches the lower limit of the current limiter which
is shown in Fig. 5 (b). Consequently, there will be a negative

input error in the inner current controller, as shown in Fig. 5(b).

Based on (4), the output voltage of MMC is increased, yet its
maximum value is limited by the modulation signal limiter.

u V/—— pre-fault i V/—— pre-fault

Umcf=---+ post-fault . post-fault
Uﬁ]s —_ Imo — — Im
Uy i
e Ums positive error t
ms

t LT — ‘—/AV——

@) (b)
Fig. 3. Current and voltage dynamics of MMC in current limiting mode. (a)
MMC voltage and voltage reference. (b) Current and current reference.

Zy imZp

2L-VSsC MMC
(@ (b
Fig. 4. Single-line diagram of the MMC-connected wind turbine system. (a)
Current limiting mode of MMC. (b) Overmodulation mode of MMC.
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Fig. 5. Currentand voltage dynamics of MMC in the overmodulation mode.
(a) MMC voltage and voltage reference. (b) Current and current reference.

When the voltage of umc reaches the maximum value Umemax,
as shown in Fig. 5 (a), the output voltage of MMC is saturated
at the limit of modulation signal and the error between the real
current and the reference current cannot be eliminated. The
MMC is operated in overmodulation mode as a voltage source
which is shown in Fig. 4 (b).

I1l.  EXISTENCE OF EQUILIBRIUM POINTS

A. Mathematical Model of PLL

The block diagram of PLL is shown in Fig. 6, where 0p..
can be obtained as

HPLL = Ia)ldt (%)
where
o, = Ao+ o,
(6)
Aw =Ko “Upq KipLL 'J-uwsth

and g is the nominal grid frequency, w: is output frequency
of PLL, KppeL and Kipo are the proportional gain and integral
gain of PI controller.

The constant frequency control is implemented in the
voltage-controlled MMC. The phase of PCC voltage of MMC
can be calculated as

Oume = _[wodt @)

0 is defined as the difference between the dg frames of
MMC and 2L-VSC which can be obtained as (8).
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Fig. 6. Block diagram of PLL.
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Fig. 7. Angle difference between the frames of 2L-VSC and MMC.

6= epl_l_ - QMMC = J.( KPPLL “Upgg KF’PLL ~IUWSth)dt (8)

which can be regarded as the power angle between MMC and
2L-VSC. The synchronous stability can be analyzed based on
the dynamic of 4.

As shown in Fig. 7, the mark “M” represents the dq frame
of MMC and “W” represents the dq frame of 2L-VSC.
According to Fig. 7, the relationship between the two frames
can be seen as

f' =1 coss+ " sing
f'=f"coss—f"sins
where f can be either the voltage or current.

©)

B. Existence of Equilibrium Points
1) Current Limiting Mode

When the MMC is operated in current limiting mode, the
equivalent circuit is shown in Fig. 4 (a), from which, uwsq can
be calculated as

uwsq = a)lLfimd + a)lLfiwd + wlLlin (10)
where the parasitic resistance is ignored and w: is output
frequency of PLL.

Based on (9), in the dgq frame of 2L-VSC, uwsg Can be
derived as

uwsq:a)lLfImmaxSin(§+¢0)+a)l(Lf+L1)iwd (11)
where

1M
d_lim
@Oy = arctan v +Nn-7

Iq_Iim (12)
Immax = (I(:\flim)z +(Ic:\ﬂlim)2

s im and 13, are the current limit values of d-axis and g-axis

in dq frame of MMC, Immax is the maximum output current of

MMC, n is an integer.

From Fig. 6, the condition for the existence of equilibrium
points of PLL can be defined as uwsq= 0 [16], which leads to

DLt SIN(S+ )+ (L + Ly )iy =0 (19)

The existence of the solution of (13) requires

(Lf+L1)de:_LflmmaxSIn(§+¢0)£Lflmmax (14)
which indicates that the existence of equilibrium points is
affected by both the injected d-axis current of 2L-VSC and the
maximum output current of MMC. In order to avoid the LOS,
(14) needs to be satisfied.

2) Overmodulation Mode
When the MMC is operated in overmodulation mode, the

equivalent circuit is shown in Fig. 4 (b), based on which, the
Uwsq Can be calculated as

_ K lyg +umcq Lt

= L)

u (15)

where

Ly =L, + Ly,

K=a (LU + 5L + L)
and the resistance is ignored.

Then, based on (9), uwsq can be derived in the dqg frame of
2L-VSC, which is given by

K 'in ~Umemax Sin(5_¢1) Lf

(16)

Uysqg = * a7
(L+L)
where
uM
@, = arctan =™ 4.7
umcdflim (18)

2 2
M M
Uncmax = \/(umcq_lim ) + (umcd_lim )

Unea 1im @Nd Unq i are the modulation signal limit values of d-
and g-axis in dg frame of MMC. Umcmax IS the maximum output
voltage of MMC.

Considering the condition for the existence of equilibrium
points of PLL, i.e. uwsg=0, which leads to

K'iwd_umcmax Sin(a_%)Lf =0 (19)
The existence of the solution of (19) requires

K- iwd = qumcmax sin (5_¢1) < qumcmax (20)

It is known from (20) that the existence of equilibrium
points is affected by the injected d-axis current of 2L-VSC and
the maximum output voltage of MMC. The LOS will be
inevitable if (20) is not satisfied.

IV. TRANSIENT STABILITY ANALYSIS

When there are no equilibrium points, the LOS is inevitable.
However, when there are equilibrium points, the LOS can also
arise [16]. In this section, the transient stability is analyzed by
using the phase portrait approach.

A. Transient Stability Analysis in Current Limiting Mode

When the MMC is operated in current limiting mode, based
on (11), the uwsq can be calculated as

Unsg = @1 (L + Ly )ig = [ Lt Ly SIN (=6 = ) |

21
o (F-F) )

where
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Fo=(L + L)
F = Lt | Sin(_5_¢0) (22)

The curves of the two functions are expressed in the same
frame. By comparing the size of F; and F, the value of Uwsq
can be judged as shown in Fig.8 where d is the initial angle.
It can be clearly seen from Fig.8 that F1 < F,above the red
dotted line and uwsq < 0. Below the red dotted line, F1 > F; and
Uwsq > 0.

From Point a to Point b, uwsq> 0 and Aw > 0 result in the
output frequency of 2L-VSC higher than wo based on (6), and
thus J is increased. When it reaches Point b, where uwsg = 0,
considering the integrator of PLL, Aw is still larger than 0.
From Point b to Paint ¢, uwsg < 0 and Aw starts to decrease.
When Aw = 0, § will not be increased anymore and begins
returning to Point b. It is noted that uwsq> 0 when the operation
point exceeds Point c. If Aw is still higher than 0 at Point c,
then Aw will always be higher than 0 and ¢ will continue to be
increased, leading to the LOS. Therefore, Point b is a stable
point while Point c is an unstable point [16].

Substituting (11) into (8), considering the relationship of

X.= (5 +wo)L, the phase portrait of PLL can be obtained as
(24) in the bottom of this page, which can describe the
dynamic of . From (24), it can be seen that the transient
stability is affected by the parameters Kppir ,KipLL, iwd, Immax,
and ¢o.

1) Parametric Effect of PLL
Generally, the PLL is characterized by two important

parameters, i.e. damping ratio () and settling time (ts), which
can be expressed by the controller parameters of the PLL as

é: _ KpPLL Vgn
2 KiF’LL
9.2 (@)
t=—o0
Vgn KpPLL

where Vg, is the nominal grid voltage.

Substituting (23) into (24), the parametric effect of PLL can
be obtained. Under the condition of lmmax = 6 KA, iwa=0.13p.u.,
@o=0.5 &, the phase portraits are shown in Fig. 9. In Fig. 9 (a),
ts= 0.3, when = 0.5 or 0.3, the operating point is converged
to Point b, which is the stable equilibrium point (SEP) from
the initial Point a. But the phase portrait is diverged when { =
0.1 which means the 2L-VVSC and MMC are asynchronous. In
Fig. 9 (b) , the effect of t; on the stability is revealed when (=
0.2. It can be seen that the synchronization stability is
guaranteed when t;= 0.2 or 0.1. On the contrary, the system is
unstable when t;=0.02. Therefore, the transient stability of the
system can be enhanced by increasing damping ratio and
settling time of PLL of 2L-VSC.

Lt lnmaxsin(-6-go ) | F
Uwsq<<O
(Ls+L1)iwg C
Uwsq>0 o
(00)

Fig. 8. Current-angle curve of MMC-connected 2L-VSC in the Current
Limiting Mode.

p—£=0.02
— ,=0.1

= ,=0.2
0 1 2 3 45 6 7
¢ (rad)

@ (b)

Fig. 9. Phase portraits of PLL in current limiting mode, lmmax = 6 KA, iwa=
0.13 p.u., po=0.5 z. (a) t;= 0.3, { = 0.5 (stable), { = 0.3 (stable), = 0.1
(unstable). (b) {=0.2, t;= 0.2 (stable), t;= 0.1 (stable), t;= 0.02 (unstable).

6 4
o N2
T2 L
,;Q’O o 0

2 -2

0

(b)

Fig. 10. Phase portraits of PLL in current limiting mode ,t;= 0.3, {= 0.5, ¢
=0.57. (@) Immax = 6 KA, iwg=0.27 p.u. (unstable), iwg= 0.2 p.u. (stable), iwa
= 0.13 p.u. (stable). (b) iwa=0.13 p.u., Inmax = 5 KA (stable), lmmax = 4 KA
(stable), Immax = 3 KA (unstable).

2) Effects of 2L-VSC Current and MMC Current

The effects of iwg and Immax ON the transient stability are
illustrated in Fig. 10, considering that t;= 0.3, {= 0.5, po=0.5
7. Fig. 10 (a) shows the phase portraits with different iwg and
Fig. 10 (b) shows the phase portraits with different lmmax. It is
clear that the system is stable when the phase portrait
converges, as shown by the dashed lines, and is unstable when
the phase portrait diverges, as shown by solid lines. Therefore,
the synchronization stability can be enhanced by reducing iwq
and increasing Immax Which means increasing the regulation
range from Point b to Point ¢ in Fig.8.

(KpPLLLf | mmax @ COS (8 + )+ Kippi Lt lmay SIN (8 + 29 ) + Kipy (L + Li)iwd)5+

2
KpPLL COS&Lf Immax (5j + KiF’LLa)O (Lf Immax Sin(5+(p0)+(|—f + Ll)lwd)

(24)

1_KpPLL(LfImmaxSin(§+¢0)+(Lf +L1)iwd)
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3)  Effect of po.

@o has an effect on the initial phase of the current of MMC
and is affected by the current limit value in d- and g-axis
during the fault as (12). In order to ensure that the 6 can be
converged to Point b, the length from Point a to b should be
shortened and the length from Point b to Point ¢ should be
increased, as shown in Fig.8, which can be realized by
controlling gobased on (12). From Fig. 11 (a) and (b) it can be
seen that the length from Point a to Point b is shortened when
@o> 0 and increased when @< 0. Therefore, ¢o should be set
as higher than 0. Furthermore, do is always in the range
between 0 and #/2. Since the Point ¢ is an unstable point, to
ensure that the initial Point a doesn’t exceed Point c, the
condition needs to be met as (25).

Oy +@, <157 (25)

Consequently, @o < 7 should be required. Otherwise, the
system becomes unstable, as shown in Fig. 11 (d), when ¢o =
1.5 . Under the condition that ts= 0.3, = 0.5, Immax = 6 KA,
iwa= 0.13 p.u., phase portraits are shown in Fig. 12 and it can
be seen that the transient stability is enhanced when ¢o= 7.

Therefore, ¢o should be set as z during the fault shown in
Fig. 11 (c), which leads to

M —

Id_lim =0

1M =—1
q_lim — mamx

B. Transient Stability Analysis in Overmodulation mode

When MMC is operated in overmodulation mode, based on
(17), the voltage-angle curve of 2L-VSC is shown as Fig. 13,
where dy is initial angle. Substituting (17) into (8), the phase
portrait of PLL can be obtained as (27) in the bottom of this
page, which can describe the dynamic of . From (27), it can
be seen that the transient stability is affected by the parameters
KppLL ,KipLL, iwd, Umcmax, and Q1.

1) Parametric Effect of PLL

Considering that Uemax= 1.3 p.U., iwa = 0.4 p.u., p1=1.57 rad,
the effect of {'and ts on transient stability are revealed as Fig.
14. 1t is clear that the system is stable when the phase portrait
converges, as shown by the dashed lines, and is unstable when
the phase portrait diverges, as shown by solid lines. Therefore,
the transient stability is enhanced by increasing {and ts.

2) Impacts of 2L-VSC Current and MMC Voltage

The effect of iwg and Umemax ON Stability are shown in Fig. 15
under the condition of t;= 0.3, { = 0.2, ¢1 = 1.57 rad. Fig. 15
(a) shows the phase portraits with different iwg and Fig. 15 (b)
shows the phase portraits with different Umcmax. From Fig. 15,
it can be seen that the transient stability is enhanced by
reducing iwqs and increasing Umemax Which means enlarging the
regulation range from Point b to Point ¢ in Fig. 13.

(26)

(Lf?m

Lf ImmaxSin('d‘(PO)
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Fig. 11. Current-angle curves of MMC-connected 2L-VSC in the current
limiting mode. (a) po< 0. (b) @0 > 0. () po=m. (d) po=1.57

™ I/ N
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Fig. 12. Phase portraits in different ¢o, t;= 0.3, = 0.5, lnmax = 6 KA, iwa =

0.13 p.u., go=-0.78 rad (unstable), po= 0 rad (stable), po=1.57 rad (stable),
@o=3.14 rad (stable).

Lf LalmcmaxSi n(5'(P1)

K iwd

Fig. 13. Voltage-angle curve of MMC-connected 2L-VSC in the
overmodulation mode.

3) Effect of 1.

@1 has an effect on the initial phase of the output voltage of
MMC and is affected by the modulation signal limit values in
d-axis and g-axis during the fault as (18). Also, the range of
0o is from 0 to n/2. To ensure that the initial Point a doesn’t

(_KpPLLumcmafo COS(5_¢1)+ KiPLL ('—1'—2 + LZLf + LiLf )iwd )5_ KiPLLumcmax sin (5_%) Lf

é‘:

o +KiPLLa)O(L:LL;+L;Lf +L1Lf)in

(27)

(5 + L )= Koo (L + L + LiLy Jing
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Fig. 14. Phase portraits of ¢ in overmodulation mode, Ucmax= 1.3 p.U., Iwg =
0.4 p.u.,, 1 =157 rad. (a) t;= 0.2, {= 0.5 (stable), { = 0.3 (stable), {=0.1
(unstable). (b) {=0.2, t;= 0.3 (stable), t;= 0.2 (stable), t;= 0.1 (unstable).
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Fig. 15. Phase portraits of ¢ in overmodulation mode, t;= 0.3, {= 0.2, 1 =
1.57 rad. () Uemax=1.3 p.U., iwa= 0.5 p.u. (unstable), iwa= 0.4 p.u. (stable) Twd
= 0.3 p.u. (stable). (b) iwdz 0.4 p.U., Umemax =1.1 p.u. (unstable), Umemax = 1.3
p.u. (stable), Umemax = 1.5 p.u. (stable).

exceed Point ¢, the condition needs to be met as
S~ <7/2 (28)
Therefore, ¢1> 0 should be required. As shown in Fig. 16
(@), when ¢1 < 0, the initial Point a may exceed Point ¢ and the
system becomes unstable. When ¢, > 0, the length from Point
a to Point b is increased as shown in Fig. 16 (b), which has a
negative impact on transient stability. The phase portraits are
shown in Fig. 17 and it can be seen that the transient stability
is enhanced when ¢1=0. So the @1 should be set as 0 during the
fault, which leads to

M
Unned_tim = Umemax (29)
M
Uneg_tlim = 0
V. SIMULATIONS
To validate the theoretical analysis, time-domain

simulations are carried out in the PSCAD. The MMC and 2L-
VSC are equivalent to Thévenin’s equivalent model 0 and the
2L-VSCs are equivalent to one convertor using an aggregated
model. A constant dc-link voltage of the MMC and a constant
dc current of 2L-VSC are assumed as shown in Fig. 1 (c). The
parameters are given in Table I. The output frequency of PLL
of 2L-VSC is limited from 45 Hz to 55 Hz.

In the first case, iwa= 0.3 p.u., Ly=0.04 H, L, =0.08 H and
L,=0.02 H are set, as shown in Fig. 4, under the condition of
@o = 0.5 7. According to (1), the fault current calculated is
higher than 1.1 p.u., so the MMC is operated in current
limiting mode. From Fig. 18 (a) and Fig. 19 (a) it can be seen
that the output current of MMC is limited to 1.1 p.u. during
the fault. When t; = 0.5, = 0.1 are set, the simulation results
are shown in Fig. 18 and the LOS arises. It can be seen that
the voltage of MMC is unstable, the frequency of 2L-VSC
reaches 55 Hz, and the J continues to be increased. When ¢ =
1, under the same condition, the 2L-VSC can be synchronized

L¢ UmmaxSin(6-¢1) L¢ ummaxSin(a' (Pl)

Kigg | 2poX

~ 1<0

(@) (b)
Fig. 16. Voltage-angle curves of MMC-connected 2L-VSC in the
overmodulation mode. (a) ¢; < 0, Point a exceeds Point c. (b) 1> 0, length
from Point a to Point b is increased.
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Fig. 17. Phase portraits in different ¢, t;= 0.3, {=0.2, iwg= 0.4 p.U., Umcmax
=1.3 p.u., p1=0 rad (stable), ;= 0.78 rad (stable), ¢, = 1.57 rad (unstable)

TABLE |
MAIN CIRCUIT PARAMETERS USED IN SIMULATIONS
SYMBOL DESCRIPTION VALUE
Ums Rated ac voltage of MMC 230 kv
u The maximum value of output 1.2 pu
memax voltage of MMC < p-u.
Uge DC voltage of MMC +500kV
Pm Rated power of the MMC 1500 MW
lmmax The limit value of current limiter 11p.u.
Uws Rated ac voltage of wind turhine 0.69 kv
Pw Rated power of the wind turbine 1500 MW
Leg Equivalent inductance of MMC 0.16 p.u.
fo Rated frequency 50 Hz

with MMC and the system is stable as shown in Fig. 19.
Comparing Fig. 18 and Fig. 19, it can be seen that increasing
¢ can enhance the transient stability of the system.

To verify the effect of t; on transient stability, the
simulations are carried out under the condition of = 1. From
Fig. 20 (a) it can be seen that 2L-VSC is synchronized with
MMC when t;= 0.2 and asynchronous when t; = 0.02. The
effect of t; on transient stability is validated and transient
stability can be enhanced by increasing ts. The effect of iwg on
transient stability is simulated under the condition of =1, t;
= 0.2 and the results are shown as Fig. 20 (b). When iwg = 0.3
p.u., the 2L-VSC is synchronized with MMC and
asynchronous when iwq = 0.45 p.u. which clearly demonstrates
that the transient stability can be enhanced by reducing iwa.

To validate the effect of ¢o, four different distribution
methods of d-axis and g-axis currents of MMC during the fault
are simulated, as shown in Fig. 20 (c), under the condition =
0.5,t:=0.5. When img=-1.1 p.u. and imqg=0 p.u. (i.e. po=-1/2)
are set, the power angle continues to be increased which
means the LOS. When ¢o > 0 is set, the 2L-VSC can be
synchronized with MMC, and the stability is enhanced when
imd =0 and img=-1.1 p.u. (i.e. po= m). The calculation results
based on (24) are shown as Fig. 20 (d). Comparing Fig. 20 (c)
and (d), it can be seen that the equilibrium points in
simulations are the same with calculation results which
verifies the correctness of the theoretical analysis.

0885-8950 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 01,2020 at 13:01:25 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2020.3025917, IEEE

Transactions on Power Systems

124 — | 12 % B 20
S8 | ;. g'g £ 52 210
Ega4 current limijt valye 35_0:6 - 48 = /
00 A2 44 — °
00 02 04 06 08 10 00 02 04 06 08 10 0 02 04 06 08 10 00 02 04 06 08 10
Time/s Time/s Time/s Timels
(a) (b) (©) (d)

Fig. 18. Simulation results when MMC works in current limiting mode ,iw=0.3 p.u., t= 0.5, o= 0.5%, { = 0.1 ,unstable. (a) Output current of MMC. (b)
Output voltage of MMC. (c) Output frequency of 2L-VSC. (d) Power angle between 2L-VSC and MMC.
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Fig. 19. Simulation results when MMC works in current limiting mode, iws= 0.3 p.u., t;= 0.5, po= 0.5%, { =1 ,stable. (a) Output current of MMC. (b) Output
voltage of MMC. (c) Output frequency of 2L-VSC. (d) Power angle between 2L-VSC and MMC.
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Fig. 20. Simulation results when MMC works in current limiting mode. (a) {=1, iwg = 0.3 p.u., t; = 0.2 (stable), t; = 0.02 (unstable). (b) =1, t;= 0.2 iwg = 0.3
p.u. (stable), iwg = 0.45 p.u. (unstable). (c) Simulation curves of power angle with different ¢ in Pscad. (d) Calculation curves of power angle with different ¢,

in MATLAB.
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Fig. 21. Simulation results when MMC works in Overmodulation mode, ¢, = 0, iwg = 0.65 p.u.. (a) Voltage curves of MMC. (b) Current curves of MMC. (c)
Power angle, t; = 0.3, {= 0.6 (stable), { = 0.3 (unstable). (d) Power angle, {= 0.6, t; = 0.3 (stable), t; = 0.03 (unstable). (e) Power angle, {=0.3, t; =0.3, iwqg =
0.65 p.u. (unstable), iwq = 0.5 p.u. (stable). (f) £=0.45, t; = 0.2, ¢, = 0 (stable). (g) {= 0.45, t; =0.2, ¢, = /2, (unstable).

In the second case, iwa=0.65p.u., Ly=0.04 H, L;=0.02 H
and L, =0.08 H are set. According to (1), the fault current
calculated is lower than 1.1 p.u., so the MMC is operated in
overmodulation mode. umsg is smaller than reference value
during the fault as shown in Fig. 21 (a). The current reference
reaches the lower limit and there is an error between i, and
ima s shown in Fig. 21 (b). It results in the output voltage of
MMC reaching the higher limit as shown in Fig. 21 (a) and
theMMC is operated in overmodulation mode. The parametric
impact of PLL on transient stability is simulated and shown in
Fig. 21 (c) and (d) under the condition of ¢1 = 0, iwg = 0.65
p.u.. From Fig. 21 (c) and (d) it can be seen that the transient

stability can be enhanced by increasing ¢ and ts. The effect of
iwa ON transient stability is simulated under the condition of {
= 0.3, ts = 0.3 and the results are shown in Fig. 21 (e). It can
be seen that decreasing iwg can enhance the transient stability.
The effect of initial phase g1 on transient stability is simulated
under the condition of {=0.45, t; = 0.2. The d-axis and g-axis
voltage are set as Umsg = 1.2 p.u. and Umsq = 0 (i.e. p1=0) shown
in Fig. 21 (f), while Umsg= 0 and Umsq = 1.2 p.u. (i.e.p1= 1/2)
are set shown in Fig. 21 (g) during the fault. It can be seen that
the 2L-VSC is synchronized with MMC when ¢1 = 0 and the
LOS arises when ¢; = #/2. Therefore, the correctness of the
theoretical analysis is verified when MMC is operated in
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overmodulation mode.

VI. CONCLUSIONS

This paper discusses the transient stability of MMC-
connected wind turbine under the high-impedance faults. The
MMC may switch to the current limiting mode or
overmodulation mode depending on the fault location, fault
impedance and current limit value of MMC. In different
operation modes of MMC, the conditions of presence of
equilibrium points are different. If there is no equilibrium
point, LOS is inevitable during the fault. When there is
equilibrium point, the transient stability impact of distribution
of current and modulation signal limit values in d and q axes
of the MMC and parameters of the PLL are revealed.
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