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Transient Stability Analysis and Coordinated
Control Strategy of DC-link Voltage for

PLL-based Grid-connected DFIG System
During Asymmetrical Grid Faults
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Abstract—The transient behavior of DC-link voltage
(DCYV) significantly affects the low-voltage ride-through
for phase-locked loop (PLL)-based grid-connected dou-
bly-fed induction generator (DFIG) systems. This study
investigates the DCV transient behavior of a PLL-based
DFIG system under asymmetrical grid faults. First, by
considering the coupling characteristics of positive and
negative sequence (PNS) components, a nonlinear
large-signal model of DCV is developed. Furthermore, the
transient characteristics of DCV under varying parame-
ters are analyzed using phase trajectory diagrams. In
addition, the transient stability (TS) mechanism of DCV
during asymmetrical faults is examined through an en-
ergy function approach. The analysis indicates that the
transient instability of DCV is primarily associated with
the control characteristics of PNS PLLs, while the TS
level of DCV is mainly determined by the power coordi-
nation control between the rotor side converter and grid
side converter. Moreover, a coordinated control strategy
is proposed to enhance the TS of DCV under asymmet-
rical grid faults. Finally, both simulation and experi-
mental results are presented to validate the theoretical
analysis and the effectiveness of the proposed strategy.

Index Terms—Transient stability, DC-link voltage,
doubly-fed induction generator, asymmetrical grid faults,
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NOMENCLATURE

A. Abbreviations

PLL phase-locked loop

DFIG doubly-fed induction generator
DCV DC-link voltage

RSC rotor side converter

GSC grid side converter

REPF renewable energy power farm
PS positive sequence

NS negative sequence

B. Variables

U, vectors of faulted grid voltage
U, stator voltage
1 output current of DFIG
R, L, stator resistance and inductance
R.,L rotor resistance and inductance
L, mutual inductance
o' output angle of positive-sequence PLL
A output angle of negative-sequence PLL
o output angular frequency of posi-
ol tive-sequence PLL
- output angular frequency of nega-
pll :
tive-sequence PLL
U, DC-link voltage of DFIG
S angle difference between U, and U,
S angle difference between U_ and U,

C. Subscripts

d+, g+ d +/q + axis component

IS, g rotor, stator, and grid-side converter

f values during low voltage ride through
D. Superscripts

+ PS and NS component

* reference value
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I. INTRODUCTION

Recently, renewable energy generation technologies,
particularly wind power, have grown rapidly
worldwide due to their wide availability, extensive
distribution, and environmental friendliness [1]. How-
ever, many renewable energy power farms (REPFs) are
located in remote areas, where grid voltages are sus-
ceptible to asymmetrical drops caused by unbalanced
three-phase loads or short-circuit faults. Given the lim-
ited anti-interference capability of power electronic
devices, the complex voltage characteristics during
faults can substantially affect the transient stability (TS)
of REPF systems [2]. In particular, phase-locked loop
(PLL)-based doubly-fed induction generator (DFIG)
systems, whose stator is directly connected to the grid,
are prone to rotor over-current, DC-link over-voltage,
and even the loss of synchronous phenomenon [3], [4].
Therefore, it is important to further investigate the
transient behavior of PLL-based DFIG systems under
asymmetrical grid faults.

TS of PLL-based DFIG systems under grid faults has
been investigated. References [5]-[7] examine the
transient synchronization characteristics of REPF dur-
ing various stages of grid faults and outline the physical
mechanisms that allow REPF systems to maintain tran-
sient synchronism with the grid. However, the impact of
the transient behavior for DC-link voltage (DCV) on the
TS characteristics of REPF systems has not been ad-
dressed in the studies. Since the DC-link capacitance in
DFIG systems serves as a key energy storage element
between the rotor side converter (RSC) and grid side
converter (GSC) [8], [9], DCV may increase or decrease
due to energy change in the DC capacitance during
asymmetrical faults. Moreover, given that the control
bandwidth of DCV is close to that of PLL [10], the
dynamic behavior of DCV may further influence the TS
of the PLL. Consequently, the instability of DCV can
also induce transient instability for REPF systems.

To investigate the transient behavior of DCV in
REPF during grid faults, references [11]-[13] explore
the dynamic characteristics of DCV under grid fault
conditions. However, these studies mainly focus on
DCYV behavior under symmetrical grid faults, whereas
under asymmetrical grid faults, positive and negative
sequence (PNS) components appear simultaneously in
the DFIG system [14]. In addition, since the PNS net-
works are interconnected, the PNS components are
coupled under asymmetrical faults [15]. Therefore, the
transient characteristics for DCV in DFIG systems un-
der asymmetrical grid faults are considerably more
complex than symmetrical faults. Although previous
work [16] has investigated the dynamic behavior of
PNS components of REPF in PLL on the control time-
scale during asymmetrical faults, it did not consider the

transient behavior of DCV. As a result, the transient
response of the system during asymmetrical faults re-
quires further investigation.

Furthermore, several control strategies have been
proposed to improve the TS of DCV in REPF during
grid faults. References [17]-[19] introduce adaptive
control methods to mitigate DCV fluctuations under
both asymmetrical and symmetric grid voltage faults.
However, these strategies do not incorporate a du-
al-sequence PLL, making it difficult to accurately
identify the dominant factors affecting the TS of DCV
and thereby limiting the suppression of their effects. In
addition, the role of the integrator is not addressed in
these methods, which further limits the transient per-
formance of DCV [20], [21]. Particularly, under severe
grid faults, the ability of DCV to maintain TS is weak.
Therefore, it is essential to further study the effect of the
integrator on the transient characteristics of DCV and
develop an effective control strategy that enhances the
TS of DCV in DFIG systems under asymmetrical grid
faults.

To address the gaps mentioned above, this paper
further investigates the transient instability forms and
the TS mechanism of DCV for the PLL-based
grid-connected DFIG system under asymmetrical faults.
Based on this analysis, a coordinated control strategy is
proposed to enhance the TS of PLL-based DFIG sys-
tems during asymmetrical grid faults. The main con-
tributions are summarized as follows.

1) A novel transient modeling method of DCV for
DFIG systems during asymmetrical faults is presented,
which takes into account the transient characteristics of
DCYV, the dynamic behaviors of PNS components, and
their coupling relationships.

2) The instability mechanism for DCV during asym-
metrical grid faults is revealed. In addition, the dominant
factors that influence the TS level of DCV are identified
through the use of the phase trajectory diagram.

3) Considering the latest grid codes and the current
capacity limits of converters, this paper proposes a
novel TS control strategy to enhance both the response
characteristics and TS level of DCV during asymmet-
rical grid faults. This is achieved through power coor-
dination control between the RSC and GSC.

The organization of the rest of the paper is as follows.
Section II establishes the nonlinear transient model in
the DCV control timescale, while Section III presents
the TS mechanism of DCV during asymmetrical grid
faults. Section IV introduced a coordinated control
strategy of DCV during symmetrical grid faults, and
Section V verifies the analysis through simulation and
experimental results. Finally, Section VI provides the
conclusions of the study.
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II. MODELING OF GRID-CONNECTED DFIG SYSTEM IN
DCV CONTROL TIME SCALE

During low-voltage ride-through (LVRT), to provide
fast PNS reactive currents support to the system ac-
cording to grid codes [22]-[24], the RSC of the DFIG
system adopts the single current loop control strategy.
Figure 1 illustrates the typical control diagram of a
grid-connected PLL-based DFIG system during
asymmetrical grid faults [15].

As shown in Fig. 1, the PLL-based DFIG system

contains several physical energy storage components,
including the rotor, the DC capacitance, and the AC
inductance. Since the transient response of DCV is
considerably slower than that of the inner current, most
studies [6], [12], [24] disregard the influence of the
dynamic characteristics of the current loop on system
TS. Therefore, this paper assumes that the output cur-
rent vectors of the GSC and RSC can instantaneously
follow their reference values. In addition, the dynamic
characteristics of the stator and rotor flux, as well as the
power loss of the DFIG system, are also neglected [14].
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Fig. 1. Typical control structure of a PLL-based DFIG system during asymmetrical faults.

To further investigate the dynamic coupling behav-
iors of the PNS components [25] in the DFIG system
within the DCV control timescale under asymmetrical
faults, this paper establishes a dual-sequence synchro-
nization large signal model in the PNS synchronous
reference frames (dgt), as shown as Fig. 2.

ﬂll

q 44

/ : d

/

L g+ |

']

Fig. 2. PNS synchronous reference frames.

To ensure accurate tracking of the PNS voltage of the
system, the PNS dual-sequence PLL control scheme
proposed in [16] is adopted. Furthermore, the method
introduced in [26] is applied to extract the PNS voltage

components separately. According to [16], the voltage
and flux equations of the DFIG system in dg * are:

U, =—RI, +—"+jo,¥..
+ + d Tl‘:; + . + +
Urdq+ = Rr Irdq+ + dtq + J(a)pll - a)r )Tm'q+ 1
) v, O]
sdg— = _Rs Isdq— + ¢ + .]a)pllylsdq—
, L . _
Urdq— =Rr1rdq—+ dtq +J(a)pll_a)r)97rdq—
Yjs;qu = _LsIstiq+ + Lml;;q+
Tl‘;qu = _Lml;lq+ + LrIrtIqu (2)
Ts;q— = _LsIs;iq— + LmIr;iq—
o =Ll + L1y,

A. Dual-sequence Synchronous Model of the DFIG
System

During the pre-fault stage, the DFIG system operates
under maximum power point tracking (MPPT) and
unity power factor mode. When an asymmetrical

short-circuit fault occurs, the voltage of the stator U, is
given as:
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U, t<t
U =" ‘ 3)

U'e™ +U e = ,
where U, represents the rated stator voltage; while
U; and U;
voltage during faults, respectively.

are the PNS components of the stator

By neglecting the stator resistance R, and combining

(1)—(3), the relationships between stator and rotor cur-
rent can be obtained as:
I+ — Lm I+

sd+ rd+
LS

1 UL
Isq+ = LS [Lmlr(fr + J

pll

. “4
I;d*_Lr:I;d*
r =L 1Y
! Ls ! wpll

Similarly, the mathematical model of the GSC under
asymmetrical faults can be delivered as:

dIer +
)
Upe =V (0L, + R )T, +1 oy
w- = V- + (Ol L

B. Transient Model in the DCV Control Timescale

In Fig. 1, the governing equation of the DCV can be
expressed as:
P
C_dUdc _ L B (6)
de U, U,
where P is the active power absorbed by GSC; while

P is the active power released by RSC; and C is the
value of DC-link capacitor.

According to [11], the relationship between F, and
P is:

E+ :slps+
P =sP_

5=(0p - 0,) /o @
( Pll )/ pll

The stator power of the DFIG system is:
S _ ( quJr J’U uf+U qut) (I::jqu Jay ut - J“’uf) (8)

Based on (8),

P can be written as:

S

+ _
usd+ sd+ +usd lsd +M Tu +

sq+ Sq+ Sq Sq*

ug iy, )cos(9*+6”)+
sd+ sq— )Sln(0++07)

_> + - .+
I)s - 2 (usd—lsd+ +usq—lsq+ +usd+ sd—

R -
(usq—lsd+ _usd—lsq+ sq+ sd

()]
Substituting (4) into (9) yields:
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u Lty cos 9 +9
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><sllrdJr
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ug, tul cos 49*+0
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sm(& +9

\lfl

]st
e

sd+ m pll

(10
Similarly, F, is derived as:

+
sd+ gd+

TR -
+
+ Ltg{ﬁlqur ngilsqi +

3 | (ug iy, tu, i + .
P =5 el e ><cos(0++0 )+
us i, tu

u +u_

sd— gd—

(11)
l

+ .
sd+"gd— sq+"gg—

- 4+
u,l —-u, l - . _
sq %d+ sd— .g:1+ XSIH(9+ +0 )
ul i 7+u 1

sq+ gd sd+"gq—

where u, is equal to u,.

Combined with (7)—(11), equation (6) can be ex-
pressed as:

2CLU, dU,,
3L dt

m

{uw-tu cos(9++t9) }
x| 2

U, 7Sln(6’+ +6~ )

u ++uS _cos(@"+0 . ) *
o ( ) J{ii* —(i;,ﬁ N Jsl}r

u, d?sm(@ +0 )
A e A
Lm - nﬁ Lma)pll 2
(12)

u, +usd+cos(9 +0~ )
sm(ﬁ+ +6~ )
ug, _tu, cos(@ +6~ )
Considering that the presence of the integrator limits
the transient performance of the PLL-based DFIG sys-
tem during grid faults [20], [21], i; can be obtained

sq+

sm(6’+ +0° )

sd+

through proportional control of the DCV deviation [11],
described as:

ivy, =k (Ui ~Uy,) (13)
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Substituting (13) into (12) yields:

J %:_PD—FPSO _Bio

C

L
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3L

m

B, =D,x(U,,~Uy,)
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S
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m

where B, is the equivalent damping power; P_ is the

50
equivalent static stable power; and P, is the equivalent
dynamic stable power; J, denotes the equivalent iner-
tia coefficient; and D, denotes the equivalent damping
coefficient of the DCV.

In (14), P, represents the influence of the PLL con-
trol characteristics on DCV transient response, while
F, and P, denote the influence of the power coordi-

nation control characteristics between the RSC and
GSC on DCV transient behavior. In addition, equation
(14) shows that the DCV transient characteristics are

also influenced by the control parameter £k, , the
DC-link capacitance C, s,, and s,. Accordingly, the
phase trajectories of the DCV under different control
parameters are illustrated in Figs. 3 and 4, where 4" and
A~ are the initial points of the system.
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Fig. 3. Influence of the proportional coefficient in the DCV

control loop. (a) Phase trajectories of DCV and PS equivalent
power angle. (b) Phase trajectories of DCV and negative se-
quence (NS) equivalent power angle. (c) Phase trajectories of
DCV and active power. (d) Phase trajectories of DCV and reac-
tive power.

1.10 — 1.10
_ L = BN —_
= \ =
= [ A .
= LOo0t = 1.00
X g =

0.90 0,90

T-20-1.5-1.0-05 0 051.0 -10-050 05 101520
4" (rad) d” (rad)
(a) (b)

14 0.2
[ ) A

~ l ~ 0
5 10] 3 Ve
o o
= 06} =0z .
" b & S =

02} ~04

0.90 1.00 1.10 0.90 1.00 1.10
, (pou.) i, (pu)
(c) (d)

Fig. 4. Influence of s,. (a) Phase trajectories of DCV and PS

equivalent power angle. (b) Phase trajectories of DCV and NS
equivalent power angle. (c) Phase trajectories of DCV and active
power. (d) Phase trajectories of DCV and reactive power.

In Figs. 3 and 4, the LVRT current references of the
RSC and GSC are 0.15 p.u.,, —0.35 p.u., —0.05 p.u,,
—0.45 p.u., 0, 0, and 0. The results show that although
the DCV transient characteristics are significantly in-

fluenced by k,, and s,, the DCV cannot be restored to

U,, solely by adjusting the system control parameters.

Furthermore, the dynamic behavior of the DCV has a
considerable impact on the power output of the DFIG
system, which cannot be overlooked.

Figure 5 illustrates the phase trajectories diagram of
DCV under different DC-link capacitance values. Alt-
hough increasing the DC-link capacitance allows the
DCV to reach a transiently stable state more quickly, the
DCV cannot be restored to U,,, simply by adjusting the

capacitance value. Similarly, as demonstrated in Figs. 6-9,
by increasing the proportional coefficient or decreasing
the integration coefficient of the PNS PLL, the PNS
equivalent power angles, and the DCV can return to
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transiently stable states more quickly, yet the DCV still
cannot be restored to U,,. Therefore, it is essential to
further analyze the transient behavior of the DCV dur-
ing asymmetrical faults, identify the dominant factors
that influence the TS of the DCV, and study the control
strategy aimed at enhancing the TS of the DCV.
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Fig. 5. Influence of DC-link capacitance. (a) Phase trajectories of
DCV and PS equivalent power angle. (b) Phase trajectories of
DCYV and NS equivalent power angle.
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Fig. 6. Influence of the proportional coefficient of PS PLL. (a) Phase
trajectories diagram of 6" and d&"/dz. (b) Phase trajectories of
6~ and dd /dt. (c) Phase trajectories of DCV and PS equiva-

lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.
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Fig. 7. Influence of the integration coefficient of PS PLL. (a) Phase
trajectories diagram of §* and dS§*/dt. (b) Phase trajectories of
6~ and dJ /de. (c) Phase trajectories of DCV and PS equiva-
lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.
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Fig. 8. Influence of the proportional coefficient of NS PLL. (a)
Phase trajectories diagram of & and d§*/d¢. (b) Phase trajec-
tories of 6~ and dd™ /dt. (c) Phase trajectories of DCV and PS

equivalent power angle. (d) Phase trajectories of DCV and NS
equivalent power angle.
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Fig. 9. Influence of the integration coefficient of the NS PLL.
(a) Phase trajectories diagram of 6" and d&* /d¢. (b) Phase trajec-

tories of 8~ and dJ&~ /dt. (c) Phase trajectories of DCV and PS
equivalent power angle. (d) Phase trajectories of DCV and NS
equivalent power angle.

II. ANALYSIS OF TRANSIENT STABILITY IN THE DCV
CONTROL TIME SCALE

Combining (1)—(14), the dynamic DCV control block
diagram under asymmetrical faults can be obtained as
shown in Fig. 10. The TS of DCV in the DFIG system is
primarily influenced by the control characteristics of
PLL, the coupling characteristics between the PNS
components, and the coordinated power control be-
tween the RSC and GSC on the TS of DCV. Therefore,
the mechanism of how these factors affecting the TS
process and stability level of DCV will be further ana-
lyzed in this section.
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Fig. 10. Dynamic control block diagram of the DCV during asymmetrical faults.

A. Transient Stability Process of the DCV 1) The Disturbance of P,, Cannot Be Eliminated
According to Fig. 10, when an asymmetrical grid From Fig. 10 and (14), if ], and u,_ cannot be

short-circuit fault occurs, the DFIG system switches to
the LVRT control mode and adopts the single current
loop control strategy. This results in a significant
change in the output angular frequency of the PLL,

completely regulated to 0 by the PLL, the DCV will be
unstable. Furthermore, since the PLL control charac-
teristics are closely related to the dynamic behavior of
the PNS equivalent power angles 6" and &, in the
system, the DCV transient characteristics are also af-
this situation, based on (14), P,, is no longer equal to 0,  fected by the dynamic behavior of the PNS equivalent
power angles. Therefore, it is necessary to analyze the
relationship between the dynamic behaviors of the
equivalent power angles and the transient process of
U, . At the same time, the PLL suppresses the fluctua-  DCV during asymmetrical grid faults. Equation (14) can
be further written as:

which further leads to fluctuation in u_

g and ug, . In

and consequently, the power balance of the DC-link
capacitance is disrupted, causing U, to deviate from

tion of u;{+ and u, to eliminate the interference F,.

In addition, under the influence of AU, , a signal will 2CU, L XdU de __ DCX(Udc_U;c) +P _P +P _P

be generated by the DCV control loop to compensate for 3L, dr e e e
the unbalanced power caused by P, and prevent U, P =5t 4l c os( 0"+ ‘9){ L i;;_ _S2ird*—j +
from diverging from U, . Ultimately, the DCV can be L
restored to a new stable state provided that the equilib- u:d+sin(t9* +9’)>< i i~ l-r—*_ " U, | s,
rium point of the DFIG system exists. L, " Lo,
From the above analysis, D, acts in a manner similar (L . . B LN e
. . S . By =gy | —lgq = Solyy _usd—cos(g +0 )Sllrd+_
to damping by preventing variation in DCV, while J, L.
influences the rate of change of DCV and can be re- - sin( 0+ 0,))( L L U/ | §
garded as the inertia coefficient. Therefore, the transient sd- s Lo, !
process of DCV in the DFIG system is comparable to I U
that of a SG. Furthermore, as shown in Fig. 10, the PNS P =uj | =iy —[;ﬁ —s+]s1 -
PLL mainly influences the power balance of the DC L, L@,
capacitor by regulating the terminal voltages u, , and u;ﬁsin(Q* +.9*)>< iig’;_ —s,i |+
uy, - The RSC and GSC primarily affect the power Lm U]
balance of the DC-link capacitor by controlling the u:q+cos(6*+€){ LS oy _[’}qﬁﬁ}z]
output PNS currents. " mpll
L | |U;

B. Transient Stability Mechanism of the DCV P :qu_[Ls gy _Lqu_ +%]32}L

+ m m ™~ pll

Based on the above analysis, if u_, and u__ cannot

sq+
be fully regulated to 0 by the PLL, the disturbance of
P, will not be removed, thereby making the DCV I U
unstable. Therefore, the main factors that cause insta- US}COS(@ +97)>< LS ig+q+ —[l}} +ﬁ]51

bility of the DCV in the system can be classified as mpl

follows. (15)

L
_ . + _ s tH et
usq_sm(ﬁ +6 )>< lygs —Silge [+

m

m
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Multiplying (15) by dt yields:

2L 4,

A =-D,x(U,, —Uy, )dt +

(16)
(P, =P, +B,_—P, )dt

so+ do+ 50—

Since 0~ and &~ can be expressed as [23]:

do =a)b(a);ll —a)g)
Tzwb(wp” +o )

Substitution of (17) into (16), followed by integration,
yields:

,CL,
S

m

(a)p” +@, )(a)p“ @,

(U2 U;co) (a) +a))

pll

I“l)

d5 (a)pn+a) )J?(PW—PW)dé'*+ (18)
N

AE;, AEp,

)ds™

where AE, represents the equivalent kinetic energy of
the DC-link capacitor during the transient process of
DCV; U,, is the initial voltage of U, ; AE,, and
AE,_ denote the equivalent potential energy generated
by the PS and NS operating points during asymmetrical
faults, respectively; and AE} is the equivalent damping
energy consumed by the DC-link capacitor.

According to the dynamic behaviors of 6" and &~
[11], two transient instability types of DCV can occur.
When 6° or 6~
faults, P,, and P, will always exist. In this case, if
AE <0(AE=AE, +AE, —AE,), the DC-link capac-

itor releases kinetic energy to compensate for AE,

increases monotonically during the

which results in a continuous decrease of DCV. If
AE <0, the DC-link capacitor reduces the excessive
AE by increasing kinetic energy, leading to a contin-
uous rise of DC voltage. However, when " or §~
decreases monotonically, if AE <0, the DC capacitor
absorbs the excessive AE , which results in a continu-
ous increase of DCV. Conversely, when AE >0, the

DC-link capacitor releases kinetic energy to compensate
for AE , which leads to a continuous decrease of DCV.
Based on the above analysis, the DCV can maintain

TS only when P, is eliminated. Therefore, the neces-
sary condition for the DCV to maintain TS during

asymmetrical grid faults is that both u_, and u,_ are

effectively regulated to 0, which requires the PS PLL
and NS PLL to accurately track the PNS grid voltage of
the DFIG system [23].

2) The Unbalanced Power Between P and F, Cannot
Be Eliminated

As illustrated in Fig. 10, although the existence of an
equilibrium point in the DFIG system is the prerequisite
for the DCV to remain TS during the asymmetrical grid
faults, the TS level of the DCV is also affected by the
power coordinated control characteristics between the
RSC and GSC. Therefore, it is necessary to further
investigate the influencing mechanism of the power
coordinated control characteristics between the RSC
and GSC on the TS level of the DCV.

Integrating both sides of (16) yields:

LSC(UjC ~Us,) +j (Uge—Uy, )de=

AW AW,

(19)
r SO dt J‘ I)dodt
%,_/
AW,
where £, is the initial moment of the fault; and ¢, is the
moment when the fault recovers; AW. denotes the

energy accumulated or released by the DC capacitor
during asymmetrical grid faults; AW, AW,, and AW,

represent the energy produced by A and P,

so’

respectively.
From (14) and (19), under the condition that u_, and

u,  can be controlled to 0,

asymmetrical grid faults, and no energy conversion
caused by

P,, will remain 0 during

P,, will occur. Moreover, according to [11],

if ug,

and u,,_ can be controlled to 0, this implies that

the equilibrium point of the system exists, and the neg-
ative D, will not lead to DCV instability. Therefore, the

DCV TS level during asymmetrical faults primarily
depends on AW,. By analyzing the interaction between

and P

gso r_so?

be identified.
Case 1: When P,

g_so

the following two DCV TS levels can

is greater than P

- the energy
absorbed by the GSC exceeds the energy released by the
RSC during the faults, resulting in AW, >0. In this
case, the DC capacitor will be charged to balance the

unbalanced energy AW, which causes U, to be greater
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than U, during asymmetrical grid faults. Throughout
this process, AW, always remains greater than 0.

Case 2: During asymmetrical grid faults, if F,  is

S0

less than P

) s AW, will be less than 0. In this case, the
DC-link capacitor will discharge energy to offset the

imbalance between the RSC and GSC, which leads to
U, being less than U,,. Similarly, in this process,

AW, always remains greater than 0.

Based on the above analysis, the transient instability
of the DCV in the DFIG system is primarily determined
by the control characteristics of PLL during asymmet-
rical grid faults, while the DCV TS level is mainly in-
fluenced by the power coordinated control characteris-
tics between the RSC and GSC.

IV. TRANSIENT STABILITY COORDINATED CONTROL
STRATEGY OF THE DCV

According to the analysis in Section 111, the necessary
condition for the DCV to remain in TS during asym-

metrical grid faults is that ug, and u,_can be con-

trolled to 0. However, if this condition is satisfied, the
unbalanced power coordinated control between the RSC
and GSC can still affect the TS of the DCV. Therefore,
to improve the DCV TS level and the TS of the DFIG,
this section investigates the influence of different RSC
active and reactive currents on the transient character-
istics of the PNS equivalent power angles and DCV.
Figures 11-14 illustrate the phase trajectories diagram
of the DCV under different rotor PNS active and reac-
tive current references.

As observed in Figs. 11-14, although the DCV TS
level is not influenced by the PNS reactive current
output by th RSC, the transient component of the DCV
and the PS equivalent power angle increase progres-
sively with the rise of the output PNS reactive current.
This weakens the TS margin of the PS power angle and
deteriorates the transient characteristics of DCV.

Furthermore, while a moderate increase in the PNS
active current output by the RSC causes the DCV to
exhibit different TS levels, the TS margin of the PNS
equivalent power angle gradually improves, which en-
hances the overall TS margin of the system. However,
an excessive PNS active current will reduce the TS
margin of the system and may even result in system
instability. Therefore, it is essential to properly coor-
dinate the PNS active and reactive current of output by
the RSC and GSC during asymmetrical grid faults.
Otherwise, transient instability of the DCV and the
system can occur.
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Fig. 11. Influence of rotor PS reactive current references. (a) Phase
trajectories diagram of §* and d&” /ds. (b) Phase trajectories of
6~ and do /dt. (c) Phase trajectories of DCV and PS equiva-

lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.
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Fig. 12. Influence of rotor PS active current references. (a) Phase
trajectories diagram of 6" and do"/dt. (b) Phase trajectories of
6~ and do /dt. (c) Phase trajectories of DCV and PS equiva-

lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.
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Fig. 13. Influence of rotor NS reactive current references. (a) Phase
trajectories diagram of §* and dS” /dt. (b) Phase trajectories of
6~ and do/dt. (c) Phase trajectories of DCV and PS equiva-

lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.
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Fig. 14. Influence of rotor NS active current references. (a) Phase
trajectories diagram of 6" and do" /dt. (b) Phase trajectories of
6~ and dJ /dt. (c) phase trajectories of DCV and PS equiva-

lent power angle. (d) Phase trajectories of DCV and NS equiva-
lent power angle.

Considering the requirement of the latest grid codes
[18] the output PNS reactive power currents

. andi_ during asymmetrical grid faults must satisfy

the followings:

i, ==K (0.9-U;)I, 0.6<U; <09

S

(20)
==KU_I

where K" is the PS reactive current proportional coef-
ficient of the REPF; K~
proportional coefficient of the REPF; and I

rated current of the REPF.
According to (14), to restore the DCV to a stable state,
the equivalent damping power F, must compensate for

is the NS reactive current
is the

the fluctuations generated by the static stable power
P, . Since P, is produced by AU, , while neither u_,,

nor u_, equals O during asymmetrical grid faults, the

DCV fluctuation caused by P, can only be eliminated

by coordinating LVRT current references (zrdq+ , lrdq—

i ., and i;;qf) of the RSC and GSC. Therefore, the

gdq+ >

following equation can be obtained:

LS * LS _k o

7 kg, (Udc U, ) + L_lgd -5 lrd+ Sy =0
Si s | i, —=—1=0 (21)
m . ( ! mepllj

As a result, the coordinated control method of the
PNS reactive currents for the RSC and GSC under
asymmetrical grid faults is expressed as:

. KH(09-ul)nL, U
Lo+ = )
7 L, (l +5, ) Loy,

- KUILL U

S

0.6<U,<0.9

T (1s) Loy, )
o sK(09-U] )1

st 1+s,

- KU

B 4,

Considering that the grid codes [21]-[23] do not re-
quire the NS active current (7,_) for the REPF, i, is set
to 0 in this paper.

By substituting (22) into (19), the PNS active current
under asymmetrical faults can be obtained on the con-
dition that the equilibrium point of the system exists. In
this situation, the optimal distribution strategy of the
PNS active currents for the RSC and GSC during
asymmetrical faults can be expressed as:

- Li,.

T (L)

+* * .+
lgd+ - kdc (Udc - Udc ) + S lrd+
. Li,

(23)

fra- = L, (1+s,)

o Syl
-

1+,

Since the rotor may experience overvoltage or over-
current during faults, the rotor current reference values
should meet the constraints [27] given as:

irmax=max(\/(ir§)2 ( )+21r+zrfcos(5 -5 -6"— H)J
)

0" =tan” (rq+/lrd+)
A

0 =tan"'(i,_/i,_)

(24)

If the proposed optimal PNS active and reactive
currents distribution strategy does not satisfy (25), it
further limits the NS voltage components of the rotor
during asymmetrical grid faults. To eliminate the NS
components in the stator flux and to prevent rotor
overvoltage [28], the NS rotor current should be set as:
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. Lmu;r
lrdf = -
O'Lera)p" 25)
s Loug
& o, oLL,

where o=1-L, /L L. .
Under these conditions, the coordinated distribution

strategy of the PNS active and reactive currents between
the RSC and GSC should be modified as:

K (09-U)I L, U?

o

0.6<U;<0.9

T L) Loy S
" s K (0.9-U] )1y

et I+s,

ing =k (Uie~Usc)

. LU

i =
T wyoLlL (26)

o Ss,UC L,
o L
Lo LLo

s pll
kel
lrd+_ ( de dc)

1m
_x
i, =0
ok
lgd7=0

It should be noted that under different asymmetrical
grid fault conditions, the corresponding optimal PNS
active and reactive currents of the RSC and GSC for the
DFIG system can be automatically calculated, provided
that the grid fault information required in (19)—(26) is
available. Therefore, the proposed strategy is applicable
to different types of asymmetrical grid faults. Further-
more, according to the energy equation in (18), the
variation boundaries of the DCV can be determined
when the equilibrium point of the system does not exist,
while under the condition that the equilibrium point of
the DFIG system exists, the variation boundaries of the
DCV can be obtained using (19). Therefore, the varia-
tion boundaries of the DCV for the DFIG system during
asymmetrical grid faults can be determined.

V. SIMULATION AND EXPERIMENT VALIDATION

A. Simulation Validation

A simulation model is built in MATLAB/Simulink to
verify the correctness of the above analysis and the
proposed coordinated distribution strategy. Figure 1
illustrates the simulated system configuration, while
Table Al in Appendix A provides the detailed parame-
ters of the system, with the transmission line param-
eters converted to 690 V low-voltage side. Before
the occurrence of the fault, the DFIG system oper-
ates in MPPT mode, and the DCV is controlled using
the PI control strategy. On the AC grid side, a

two-phase-to-ground short-circuit fault occurs at 1.6 s.
At 1.7 s, the RSC is instantly blocked and adopts a sin-
gle current loop control strategy. At the same time, the
integrator in the DCV control loop is blocked. In Fig. 15,
the LVRT current references of the RSC and GSC are
assigned according to the values presented in the cases
of Table All in Appendix.

Figure 15 presents the simulation case of the insta-
bility phenomenon for the DCV caused by the loss of
synchronism of the PNS PLL during angular frequency

rise. When U, decreases to 0.15 p.u., and the current
references of the RSC and GSC are set accordingly to
Case 1 in Table AII, u

«+ and u,,  remain greater than 0.

Consequently, both P,

>0« and P, continuously exist,
resulting in DC voltage instability. At the same time, as
shown in Figs. 15(c) and (f), the output active and re-
active power of the DFIG stator and rotor also become

unstable.
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Fig. 15. Case 1: instability of the DCV caused by the lack of an
equilibrium point. (a) Three-phase stator voltage of the system.
(b) Three-phase fault voltage Uy,,.. (¢) DCV of the DFIG system.

(d) Output frequency of the PNS PLL. (e) Output power of the
rotor P.. (f) Output power of the stator P..

Figures 16-18 display the simulation results of the
DFIG system when U, decreases to 0.6 p.u., 0.4 p.u., and

0.2 p.u., respectively. As seen, when the LVRT current
references of the RSC and GSC are configured ac-
cording to Cases 2 to 4 in Table All, the disturbances of
P, and P,

>, can be effectively eliminated using the
proposed strategy. As a result, the DCV is rapidly re-
stored to a new stable condition. This demonstrates that
the proposed coordinated control strategy can signifi-
cantly enhance the DCV TS under various levels of grid
voltage sags. The simulation outcomes align well with

the previous analysis.



134 PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 11, NO. 1, JANUARY 2026

Stage 1: conventional positive and negative sequence reactive support strategy

Stage 2: proposed positive and negative sequence active and reactive support strategy
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Fig. 16. Case 2: simulation results of the DFIG system when
U,, drops to 0.6 p.u. (a) Three-phase voltage of the fault point.

(b) Amplitude of the PNS fault voltage. (¢) DCV of the DFIG
system. (d) PNS equivalent power angles. (¢) PNS d-axis voltage
components. (f) Output frequency of the PNS PLL.
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Fig. 17. Case 3: simulation results of the DFIG system when
U,,, drops to 0.4 p.u. (a) Three-phase voltage at the fault point.
(b) Amplitude of the PNS fault voltage. (¢) DCV of the DFIG

system. (d) PNS equivalent power angles. (¢) PNS d-axis voltage
components. (f) Output frequency of the PNS PLL.
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Fig. 18. Case 4: simulation results of the DFIG system when
U,,, drops to 0.2 p.u. (a) Three-phase voltage at the fault point.
(b) Amplitude of the PNS fault voltage. (¢) DCV of the DFIG

system. (d) PNS equivalent power angles. (¢) PNS d-axis voltage
components. (f) Output frequency of the PNS PLL.

Figure 19 compares the simulation results under
different control strategies. When U,, decreases to

0.4 p.u., the DCV deviates from U, without applying

the proposed strategy during asymmetrical grid faults.
Moreover, when the conventional strategy based on
PNSC [28] is used, although the DCV can still be

controlled to U, , both the DCV and the output fre-

quency of the PLL reach the new stable conditions more
rapidly with the proposed strategy. In addition, compared
with the method in [28], the PNS equivalent power angles
remain closer to 0, which applies a greater system TS
margin. Therefore, the coordinated current control strategy
proposed in this paper can enhance the DCV TS and re-
duce the risk of transient instability in the DFIG system.
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Fig. 19. comparison of simulation results under a two-phase-to-ground
fault with different control strategies. (a) DCV of the DFIG system.
(b) Output frequency of the PNS PLL (c) PS equivalent power
angles. (d) NS equivalent power angles. (e) PS stator voltage g +

axis components. (f) NS stator voltage ¢ — axis components. (g) PS

stator voltage d + axis components. (h) NS stator voltage d —
axis components.

The simulation results of the DCV transient behav-
iors in the DFIG system under single-line-to-ground
fault and phase-to-phase-fault are displayed in Figs. 20
and 21, respectively. The RSC and GSC current refer-
ences are configured according to Cases 5 and 6 in
Table AIL From Figs. 20 and 21, for both asymmetrical
faults, the proposed strategy effectively eliminates
AW,. Consequently, the DCV is restored to a new sta-

ble condition. Therefore, the proposed control strategy
effectively improves both the TS level of the DCV and
the transient performance of the DFIG system under
different types of asymmetrical grid faults.
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Stage 2: proposed positive and negative sequence active and reactive support strategy
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Fig. 20. Case 5: simulation results of the proposed strategy under
a single-line-to-ground fault. (a) Three-phase voltage of the fault
point. (b) Amplitude of the PNS fault voltage. (c) DCV of the
DFIG system. (d) PNS equivalent power angles. (¢) PNS d-axis
voltage components. (f) Output frequency of the PNS PLL.
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Fig. 21. Case 6: simulation results of the proposed strategy under
a phase-to-phase fault. (a) Three-phase voltage of the fault point.
(b) Amplitude of the PNS fault voltage. (¢) DCV of the DFIG
system. (d) PNS equivalent power angles. (¢) PNS d-axis voltage
components. (f) Output frequency of the PNS PLL.

Figure 22 presents the simulation results of the system
with the proposed strategy under a three-phase fault. It
can be observed that by adjusting the RSC and GSC
active and reactive current references in accordance with
the control characteristics of the DCV, the DCV can also
be effectively regulated to U,,. Therefore, the control

strategy proposed in this work can also be extended to
symmetrical grid faults with proper modifications.
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Fig. 22. Simulation results of the proposed strategy under a
three-phase fault. (a) Three-phase voltage of the fault point.
(b) Amplitude of the fault voltage. (c) DCV of the DFIG
system. (d) Output frequency of the PLL.

B. Experimental Validation

Experiments are conducted on a PLL-based DFIG
system to further confirm the validity of the theoret-
ical analysis and the proposed strategy. The experi-
mental schematic diagram of the DFIG system is
shown in Fig. 23, and Table AIII in Appendix A lists
the detailed parameters of the experimental setup. A DC



136

motor is employed to drive the DFIG system, while the
transmission line is simulated using reactors. Data col-
lection is performed using an oscilloscope. Due to the

DC motor
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limitation of the experimental setup, only tests under
phase-to-phase fault are carried out, implemented using
a voltage divider in the AC grid.
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line
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Fig. 23. Experimental detail diagram of the system.

Figure 24 shows the experimental instability results
of the DFIG system. The grid fault occurs at 1.5 s,
causing U, to decrease to 0.5 p.u. The RSC is in-
stantly blocked at 1.6 s and adopts the single current
loop control strategy. During the fault, the PNS current
references of the RSC are set to —0.8 p.u., 0.2 p.u., 0, and
0.3 p.u., while the PNS current references of GSC are
setto 0.12 p.u., 0, and 0.1 p.u., respectively. In this case,

: cannot be controlled to 0, and according

sq+
to (19), the disturbance of P, and P,

eliminated. As shown in Fig. 24(b), the DC-link capac-
itor releases kinetic energy to balance AE, leading to
transient instability of the DCV. In addition, the output
active and reactive power of the DFIG stator and rotor
also become unstable, as shown in Figs. 24(d) and (e).
These experimental results are consistent with the the-
oretical analysis.
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Fig. 24. Instability experimental results of the DFIG system. (a)
Three-phase voltage of the DFIG stator. (b) The DC-link capac-
itor voltage. (c) Output frequency of the PNS PLL. (d) The output
active and reactive power of the DFIG rotor. (¢) The output active
and reactive power of the DFIG stator.

Figures 25(a) and (b) illustrate the experimental re-
sults of the DFIG system under a phase-to-phase fault,
with and without the application of the proposed control

strategy, respectively. In Fig. 25, when U, decreases
to 0.64 p.u. and the PNS active and reactive currents are
solely provided by the RSC, as shown in Fig. 25 (a), the
DCV diverges from U,,. By contrast, when the pro-
posed strategy is applied, the disturbance of P, and the
imbalance between B, and P, are completely elimi-
nated. As a result, the DCV is promptly restored to a
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new stable state. Moreover, the positive and negative
PLLs are also quickly restored to synchronous operation
under the proposed method, which indicates that the
system has a stronger capability to maintain transient
synchronization with the grid during faults. Therefore,
the transient response of the DCV and the TS of the
DFIG system are effectively improved by the proposed
control strategy.
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VI. CONCLUSION

This paper thoroughly investigates the transient be-
havior and stability control strategy of DCV in
PLL-based DFIG systems during asymmetrical grid
faults. The findings can effectively prevent wind farms
from disconnecting from the grid and avoid large-scale
economic losses. The conclusions are summarized as
follows.

1) Based on the dual-sequence synchronization non-
linear transient model, the equivalent damping power, the
equivalent static stable power, and the equivalent dynamic
stable power are the key factors that affect the transient
behavior of the DCV. These components are influenced by
the control characteristics of the PNS PLL and by the
power coordination between the RSC and GSC.

2) The impact of different parameters on the DCV TS
is analyzed, and the TS process of the DCV under
asymmetrical grid faults is described. The findings
show that if dynamic stable power cannot be eliminated,
the DCV will exhibit different instability phenomena.
Furthermore, when the imbalance between the static
stable power and damping power cannot be mitigated,
the DCV will display different levels of TS during
asymmetrical faults. Therefore, the influence of the
transient behavior among converters on the TS of smart
grids with high renewable energy penetration cannot be
overlooked, and it should be considered when designing
LVRT control strategies.

3) A control strategy is introduced to enhance the TS
of the DCV during asymmetrical grid faults. Through
the coordination of the LVRT current references of the
RSC and GSC, the strategy effectively improves the TS
level of the DCV under such faults. It should be noted
that the effectiveness of this approach relies on the rapid
acquisition of fault information, and further investiga-
tion is needed on how to obtain this information
promptly in a real-world grid-connected DFIG systems.

APPENDIX A

A. Simulation Parameters

TABLE Al
PARAMETERS OF THE SIMULATION DFIG SYSTEM

Symbol

Description

Value

Current (p.u.)

Current (p.u.)
=)
n
o~
-3

12 13 14 15 le 17 18 19 20 2122
Time (s)
(b)
Fig. 25. Experimental comparison of the DFIG system. (a) Re-
sults without the proposed method. (b) Results with the proposed
method.

Sy MW)
Uy (V/kV)
Up (V)
R,L (pu)
R,L (pu.)
Z; (pu.)
P
C (uF)
L, (mH)
Z;=Z (pu)
Z; (pu)
Z ¢ (p-u.)

Rated power
Rated voltage

DC-link voltage

Stator resistance and
inductance

Rotor resistance and inductance
Fault impedance
Pole pair
DC-link capacitor
Mutual inductance
Line impedance

Line zero sequence impedance

Phase-phase impedance

200
690/35/220
1200

0.0189, 2.68

0.016, 2.54
0.009

2
18

16.5
0.059+j0.963
0.123+j0.899

0.0397
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B. Current References

TABLE AIl
CURRENT REFERENCES OF SIMULATION CASES
(p-u)
L - T R
1 0.95 -0.2 0 -0.15 0.2 0 0

2 035 -031 0.5 -035 0.2 -0.1 0.11
3 023 -0.38 0.11 -042 022 -0.07 0.21
4 0.12 -045 005 -043 028 -0.05 0.25
5 025 -036 0.12 -039 021 -0.09 0.18
6 039 -0.14 0.18 -027 0.13 -0.13 0.15

C. Experimental Parameters

TABLE AIll
PARAMETERS OF THE EXPERIMENTAL DFIG SYSTEM

Symbol Description Value
1.5
. (kW
Sy (kW) Rated power (1 pw)
220
U, (V) Rated voltage
. ¢ (1pu)
. 400
U, (V DC-link voltage
w V) g (1 pu)
f. (Hz) Frequency 30
o ' (Ipu)
L, (mH), R, () Stator md}lctance and re- 66.6,1.09
sistance
L, (mH) Mutual inductance 64.6
L.(mH), R () Rotor md}lctance and re- 66.6.1.5
sistance
L (mH), R (©) Transmission l?ne inductance 21,15
and resistance
C (uF) DC-link capacitor 30
P Pole pair 2
kptpllil'aul > . .
A PI gains of the positive PLL 0.04, 0.005
i pll_faut
k;  pll_faut > . .
B PI gains of the negative PLL 0.065, 0.015
kiipllil'zml _
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