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Dynamic Stability Analysis and Improved LVRT
Schemes of DFIG-Based Wind Turbines During a
Symmetrical Fault in a Weak Grid

Ruikuo Liu ", Jun Yao

and Jiabing Hu

Abstract—With the increasing penetration of the wind power,
the stability issues of the weak AC grid-connected doubly fed in-
duction generator (DFIG)-based wind turbines during low-voltage
ride through (LVRT) cannot be neglected. In order to explore the
instability mechanism of DFIG system during weak grid fault, the
small signal state-space model is established in this paper. The re-
sults of the modal analysis show that the dominant unstable poles
are mainly impacted by the phase-locked loop (PLL), rotor cur-
rent control loop, and terminal voltage during the fault, where the
PLL is the dominant factor. Furthermore, the impact of each fac-
tor on the system dynamic stability is comprehensively evaluated,
which indicates that the controller bandwidth under normal grid
condition is no longer applicable to the fault condition due to the
interaction between the controller and grid. Then, the optimal cur-
rent proportion which can significantly improve the system stability
is deduced. Finally, based on the analysis, this paper proposes the
improved LVRT control schemes from two aspects of either inject-
ing active current or decreasing PLL bandwidth to enhance the
small signal stability of the system. The effectiveness of the pro-
posed LVRT control strategies is validated by the simulation and
experiments.

Index Terms—Doubly fed induction generator (DFIG), im-
proved control schemes, low-voltage ride through (LVRT), phase-
locked loop (PLL), rotor current control loop (RCCL), small signal
stability, weak grid.

NOMENCLATURE

UIL9Y Voltage, current, and flux linkage vectors.

We, Wy Synchronous and rotor angular frequency.

Ry, R, Stator and rotor resistances of DFIG.

Lg, L., L, Stator, rotor, and mutual inductances of DFIG.
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Ry, Ly, Equivalent resistance and inductance of the
transmission lines.

Ct Filter capacitor.

Op11, Wplt Output angle and angular frequency of PLL.

Subscripts

d,q Dg-axis components in PLL reference frame.
s, r  Stator- and rotor-side quantities.
b, 0 Basic value and initial value.

Superscripts
x Reference value.

I. INTRODUCTION

ITH the rapid development of the wind power industry,
W the wind power generation system has been widely in-
stalled in the world [1], [2]. Moreover, due to the distribution of
the wind energy, the large-scale wind farms are usually located
in the remote areas, which connect grid via long transmission
lines with high impedance. Consequently, the short-circuit ratio
(SCR) of the system is lower [3], [4]. When the far-end fault
occurs in the weak grid, affected by the high impedance of the
transmission line, there is a risk that the typical low-voltage ride
through (LVRT) control strategy of the wind turbines may not
work [5]. Especially, since the stator of the doubly fed induction
generator (DFIG)-based wind turbine is directly coupled to the
grid and the rating of the back-to-back converter is limited, the
DFIG system is very sensitive to the grid fault [6], [7]. The dips
of the voltage in the weak grid will bring undesirable dynam-
ics to the controller of the DFIG-based wind turbines and may
cause the small signal instability of the system [8], [9]. In ad-
dition, the small signal instability may further trigger the large
signal instability issues when the system loses the equilibrium
point. Therefore, the stability issues of the DFIG-based wind
turbines under symmetrical faults in the weak grid should be
further investigated.

Recently, some studies about the stability issues of the
DFIG system have been carried out. In [10], the DFIG system
impedance considering the phase-locked loop (PLL) is estab-
lished and it is indicated that the PLL with fast control dynamics
may result in the occurrence of the middle frequency resonance.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Wang et al. [11] analyzed the relationship between the PI pa-
rameters of the PLL and the low-frequency oscillation of the
DFIG system. Xi et al. [12] proposed an enhanced model of
the DFIG-based wind farm and analyzed the influence of the
PLL and the rotor current control loop (RCCL) on the small
signal stability of the weak power system involving the DFIG-
based wind turbines. In [13], the small signal behavior of the
DFIG system is studied under DC-link voltage timescale and
the dynamics of the current controller is omitted. However, the
above researches on stability issues are based on the condition
of the normal power grid voltage, which cannot explain the dy-
namic instability mechanism of the DFIG system under large
disturbance. In [14], the improved PLL structure is proposed
to enhance the LVRT capability of the DFIG system, but the
relationship between the PLL and the dynamic stability of the
system under weak grid fault is not involved. Ye et al. [15] and
Alsmadi et al. [16] study the influence of the rotor dynamic and
the different fault types on the small signal behavior of the DFIG
system, respectively, but due to the omitting of the dynamic of
the PLL and the grid resistance, the analysis results of the influ-
ence on the dynamic stability of the DFIG system during LVRT
may not be accurate. In [17], the impacts of controller bandwidth
and active current reference on the dynamic stability of the DFIG
system under the far-end severe fault of the weak grid are an-
alyzed by using the method of the complex phase coefficients.
Liu et al. [18] analyzed the influence of the voltage dips degree
and controller bandwidth on the dynamic stability of the DFIG
system by adopting the state-space equation-based eigenvalue
analysis method. However, the influence of the fault position on
the small signal stability is not researched in [17], [18] and there
is no effective oscillation suppression strategy proposed. More-
over, in [17], the grid fault is simulated by injecting disturbance
in PLL, which is not a real voltage sag. Therefore, the results
of the paper cannot truly reflect the oscillation modality of the
system during weak grid fault and explore the influence of
the voltage dips degree, control parameters, and other factors
on the dynamic stability of the DFIG system.

From the above, the small signal stability of the DFIG sys-
tem under the weak grid fault has not been fully investigated.
To fill in the gaps in existing literature and solve the aforemen-
tioned problems, this paper established the small signal state-
space equation to more comprehensively evaluate the dynamic
instability risk of the DFIG system during symmetrical fault in
a weak grid. Based on the evaluation results, there are two main
contributions in this paper as follows: (1) According to the small
signal state-space equation and the vector relationship between
terminal voltage and grid voltage, this paper points out from the
mechanism that the damping ratio of the dominant poles for the
DFIG system can be significantly improved by injecting reason-
able active current into the grid during the fault. Based on this,
anovel optimal active and reactive current proportion scheme is
proposed, which can minimize the instability risk of the system
during LVRT while meeting the requirements of the grid code.
(2) Based on the eigenvalues locus analysis, a PLL bandwidth
selection method during grid fault is proposed, which takes into
account the controllers’ interaction and can effectively improve
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Fig. 1.

Block diagram of DFIG-based wind turbine during LVRT.

the dynamic stability of the system without changing the control
structure.

The correctness of the theoretical analysis and the effective-
ness of the proposed two control strategies are validated by the
time-domain simulation and the laboratory-scale DFIG rig. The
paper is organized as follows. In Section II, the detailed small
signal state-space model is established. In Section III, the influ-
ence of the dominant factors on the small signal stability of the
DFIG system is investigated. In Section IV, the improved LVRT
control schemes are proposed. Section V presents the simula-
tion and experimental results. Finally, the conclusion is drawn
in Section VI.

II. SMALL SIGNAL STATE-SPACE MODEL

The configuration diagram and typical LVRT strategy of the
DFIG-based wind turbine under grid faults are shown in Fig. 1.
Based on the Thevenin theorem, the power grid is equivalent to a
voltage source U ¢ and impedance Z1, in series. Z71, is composed
of the transmission line impedance and step-up transformers
impedance between the fault point and terminal of the DFIG-
based wind turbines.

According to the grid code [19], the DFIG-based wind tur-
bines are required to inject reactive current in proportion to the
voltage dips degree during the fault. However, under the weak
grid, due to the increased coupling between the power grid and
the controller of the wind turbines, the traditional LVRT strat-
egy may cause the small signal instability of the system, which
is omitted by the grid code. In order to investigate the stability
issues of the weak grid-connected DFIG system during LVRT, a
detailed small signal state-space model needs to be established.

A. DFIG Model

According to the motor convention, the per unit voltage and
flux equations of DFIG in the PLL reference frame can be written
as [20]

Usdq = RsIsdq + !psdq/wb + jwpll'(psdq

. (1)
Urdq = RrIrdq + Wrdq/wb + j(wpll - Wr)"prdq



LIU et al.: DYNAMIC STABILITY ANALYSIS AND IMPROVED LVRT SCHEMES OF DFIG-BASED WIND TURBINES 305

(2
zprdq = LrIrdq + LrnIsdq~

Based on (1) and (2), the dynamics of the DFIG can be
expressed as

{ ¢qu - LsIsdq + LmIrdq

° wp Ry L2
Isdq = [_ ;L .]wb (Wpll + — oL.L. ) Isdq
WbLmRr .WbLm Wh oJbLm
_ ) L + U — g

+< oL.L, " oL, w) da + 07 Usda = 77 Urda
(3a)

d wam Rs . wam Wh Rr .

Ir - T Is -

da ( oL.L, oL, “) da = |G, T
Wr W Lm w
(wpll - O') Irdq - O'IbziL sdq + O_TbUrdq (Sb)

where 0 = 1 — L2 /(LsL,).

B. PLL Model

The PLL is an automatic closed-loop control system that can
synchronize the dq frame of controller with the AC grid. The
typical PLL is shown in Fig. 1, which can be depicted as

71 = Uy
Wpll = kplUsq + kilxl (4)
Opll = Whwpll
where k1 and kj; are proportional coefficient and integration
coefficient of the PLL’s PI controller, respectively.

C. RCCL Model

During LVRT, the rotor-side converter (RSC) of DFIG-based
wind turbine is controlled to inject reactive current into the power
grid according to the grid code and the remaining current ca-
pacity of RSC can be used to output active current to alleviate
mechanical stress [21], as shown in Fig. 1. Adopting the stator
voltage orientation, the RCCL can be described as

‘%2 = I* — 1rd
rd - ]{;p2$2 + k12$2 + M sd
(wpu — wr)aL [rq + R e (5)
23 = I, — Iq

Urq = kp33.33 + kiszs + (wpn

- wr)ULrIrd + RrIrq

where k2 and k; are the parameters of the d-axis current control
loop’s PI controller, respectively; k3 and ki3 are the parameters
of the g-axis current control loop’s PI controller, respectively.

D. Power Grid Model

Generally, the task of injecting reactive current is undertaken
by the RSC, and GSC is only responsible for maintaining the
DC-link voltage and dealing with the slip power. Moreover, the

|
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Fig. 2. Coupling relationship of DFIG system under the weak grid fault.

modal analysis in [18] and [22] also indicates that the GSC
controller rarely affects the system stability. The dynamics of
a given GSC are actually conducted by the RSC which plays
a fundamental role in the dynamic behavior of DFIG system.
Therefore, in order to reduce the dimension of the small signal
state-space equation and simplify the analysis, the GSC’s impact
is omitted in the following analysis.

Based on the above explanation, the per unit line current in
the PLL reference frame can be simplified as

Iqu = Isdq + CfUqu/Wb + jwpllchsdq (6)

According to Fig. 1, the relationship between the terminal
voltage and grid voltage in the PLL reference frame can be de-
scribed as

— (Ry, + jwpnLi)IGaq — Liulgaq/ws  (7)

Based on (3)—(7), the coupling relationship of the DFIG sys-
tem during the weak grid faults can be represented in Fig. 2. It
can be seen that due to the high impedance of the lines, the unde-
sirable dynamics of the controller caused by the dips of the grid
voltage will seriously affect the terminal voltage of the DFIG-
based wind turbine according to the transitive relation, which
will affect the controller of the system again. The interaction
may deteriorate the small signal stability of the DFIG system
during LVRT.

To carry out the analysis of the dynamic stability of the DFIG
system, the small signal state-space model should be obtained
first. Linearizing (3)—(7) at steady-state operating point, the
small signal state-space model during the weak grid fault can
be expressed as

Usdq = Uqu

Ax = AAx + BA

0=CAx + DAu

where Ax is the state variable; Au is the control variable; Ax =
[Alsd, Albq, AI rds A rqs A.’L‘Q, Al‘3, AIGd, AIGq, AUsd,
AUsq, Aa:l, Aepu] cAu = [AUrd, AUrq, Awpn}T. The de-
tailed derivation of the small signal state-space model is given
in Appendix Al. The small signal stability of the investigated
DFIG system will be explored further in Section III.

III. STABILITY ANALYSIS OF DFIG SYSTEM DURING LVRT

From (8), the small signal state-space model of DFIG system
is a twelve-order model which has six oscillation modes. The
oscillation modes will be changed greatly with the varying of
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TABLE I
EIGENVALUES ANALYSIS RESULTS UNDER DIFFERENT VOLTAGE DIP DEGREES

Eigenvalue Dominated state variables Damping
Us ratio
p.u. A2 Abp Aly Al AUg AUy S
0.3 -59+1205i  0.3602 0.1198  0.129  0.1977 0.1065 0.0492
025 5.6+14891 0.3463 0.1132 0.1469 0.1845 0.1236  -0.00376
0.2  67.6+1551i 0.3314 0.1078 0.1665 0.1679 0.1417  -0.0435

voltage dips degree, fault position, controller parameters of the
DFIG-based wind turbine, etc. The variation of the modes may
resultin the LVRT failure of the DFIG-based wind turbine. Thus,
the influence of different factors on the small signal stability of
the DFIG system during LVRT in the weak AC grid will be
analyzed in this section. The circuit and controller parameters
are given in Appendix A1l. The SCR is normally used to evaluate
the strength of the system. Generally, the smaller the SCR, the
weaker the AC grid and the more unstable the system [23], [24].
Based on [23], a strong grid is known with the SCR higher than
3, and in a weak grid, the SCR would be between 2 and 3. The
SCR is defined as [24]

2
Urated/ ZL
Prated

SCR — Spcc _

Prated

C))

where the Spc is the short-circuit capacity at the point of com-
mon coupling (PCC), P;ateq is the rated power of the DFIG,
and Ulateq 1s the AC-rated voltage. The Spcc is about 7 kVA
and Pyateq 18 3 kW of the investigated system. Therefore, based
on (9), the SCR in this paper is about 2.3, which belongs to the
weak grid.

To find out the dominant state variables that affect the unstable
eigenvalues, the modal analysis is carried out. The participation
factors of the dominant state variables and the damping ratio of
the unstable eigenvalues are shown in Table I. It is indicated that
the unstable eigenvalues are mainly impacted by the PLL, the
RCCL, and the terminal voltage, where the PLL is the dominant
factor. Combining with Fig. 2, the instability of DFIG system
during the severe weak grid fault is essentially the oscillation in-
stability caused by the interaction of the controllers under high
transmission lines impedance. Additionally, it can also be seen
from Table I that with the deepening of the voltage dips degree,
the damping ratio of this oscillation mode is changed from posi-
tive to negative, which means that the system becomes unstable.

According to (6) and (7), the terminal voltage is closely related
to the current of the DFIG system injected into the power grid and
the transmission lines impedance. In other words, the terminal
voltage is affected by the grid voltage dips degree and the fault
position. Thus, the influence of voltage dips degree, the fault
position, RCCL, and PLL on the small signal stability of the
system will be analyzed as follows.

A. Influence of the Voltage Dips Degree

When the far-end fault occurs in the weak grid, as depicted
in Fig. 1, the DFIG system injects the required reactive current
according to the grid code [19]. Fig. 3 shows the eigenvalues
varying with the voltage dips degree. It is observed that there
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are a pair of eigenvalues moved to the right half-plane of s-plane
under the severe grid fault, which indicates the small signal in-
stability of the DFIG system and consistent with modal analysis.
Without special statement, the severe grid fault refers to the fault
point voltage dropping to 0.2 p.u.

B. Influence of the Fault Position

Assuming the fault position moves from point A to B, as
shown in Fig. 4, then the short-circuit capacity at the PCC during
severe grid fault can be expressed as

Ugl? Ugl?
S = | B}L — Us| - (10)
ZLl + RfiZsz ‘ZLl + Rf/Zi2+1

where Ugp is the fault voltage of point B; Ry is the transition
resistance.

It can be seen from (10), under the severe grid fault, when the
fault position is close to the PCC, the short-circuit capacity at the
PCC will increase, which means that the SCR is increased and
the small signal stability of the DFIG system could be enhanced.
Fig. 5 shows the eigenvalues locus of the different fault positions
under the severe gird fault. The controller parameters are given
in Appendix Al.

It can be seen that the dominant unstable poles move to the
left half-plane as the fault position continues close to the PCC,
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which also indicates that the small signal stability of the DFIG
system is improved and consistent with analysis of (10).

Combining Figs. 3 and 5, it can be concluded that the farther
the fault position away from PCC and the deeper the voltage
dips degree, the easier the small signal instability of the DFIG
system.

C. Influence of the RCCL Parameters

In this part, the influence of the active current reference and
RCCL bandwidth on the system stability during LVRT will be
investigated.

Generally, under the weak grid severe fault, the active current
reference of RSC is set to zero. However, it was found in the
experiments that the DFIG system injecting proper active current
into the power grid during LVRT is beneficial to the small signal
stability of system. Thus, in order to explain this phenomenon,
the influence of the active current injection on the dominant
unstable poles is further analyzed. Fig. 6 shows the eigenvalues
locus of the different active current references of the RSC during
the severe grid fault. The other parameters are the same with
part A.

According to Fig. 6, with the increasing of the active current
reference of the RSC, the dominant unstable poles move to the
left and then move to the right. It is indicated that the DFIG-
based wind turbine should inject active current into the grid
for the small signal stability of the system. However, the active
current reference has a certain range, which will be investigated
as follows.

Assuming the voltage amplitude at the fault point will not
change during the fault, the vector diagram of the terminal volt-
age and fault point voltage is given in Fig. 7.

During the weak grid fault, according to Fig. 7, g-axis voltage
in PLL frame can be derived as

Usq = Ua sin§ — I Zy, sin(6; + 6y) (1)

where 0 and 6 are the phase angles of the power grid current
and power grid impedance in the PLL reference frame, respec-
tively. d is the angle difference between the terminal voltage and
fault point voltage.

Based on Fig. 7, (4) can be rewritten as

5;1 = Usq
Wpll = kplUsq + kilxl (12)

L]
)= Wg — Wpll-

qg

Fig. 7. Vector diagram of the terminal voltage and fault point voltage during
grid fault. (a) and (b) The DFIG only output reactive current under different
voltage dips degree. (c) The DFIG simultaneously output active and reactive
current.

Assuming the feedback value of the current loop can fol-
low the reference, when the fault location is determined, the
second term of (11) can be regarded as constant. Therefore,
combined with (11) and (12), the small signal state-space equa-
tions and characteristic function can be shown as (13) and (14),

respectively.
Az |0 Ug cos &g Az 4 Axq
A | |~k —kpUgcosdy | |A8 |~ 7| AS
(13)

|sT — Ay| = s + skp1Ug cos 8 + kinUg cosdp = 0. (14)

Equation (14) shows that when the || < /2, the charac-
teristic roots have negative real parts, which indicates the small
signal stability in the DFIG system. According to (14), the damp-
ing ratio can be expressed as

- kp1Ug cos dg _ @ /UGcoséol
2vVknUgcosdy 2 ki

It can be seen from (15) that the damping ratio reaches the
maximum value when §y = 0. That is, during the grid fault, if
0 is in the range of [—x/2, 7/2], the small signal stability of the
system can be guaranteed, especially, when 6 = 0, the small sig-
nal stability of the system can be significantly improved, which
is also consistent with the analysis in Fig. 6. In addition, it can
be seen from (15) that as Ug decreases, the damping ratio de-
creases. Moreover, Fig. 7(a) and (b) also shows that with the
deepening of the voltage dips degree, the DFIG system is re-
quired to increase the reactive current, leading to increase in ¢
and the instability risk of the system, which is consistent with
Section III-A.

Therefore, in order to improve the stability of the system, it is
necessary toreduce §. Combined with Fig. 7(a) and (¢), the DFIG
system injecting active current into the power grid can decrease
0, which means that the PLL can easily trace the phase angle

15)
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of the grid voltage under such condition. As a consequence,
the undesirable dynamics of the PLL caused by the terminal
voltage dip might be reduced and the small signal stability of
the system could be improved. Based on (11), when § = 0, the
relationship between the dq-axis components of the grid current
can be expressed as

Icq/Ica = —X1./ Ry

Based on (2), (6), and (16), the optimal d-axis current refer-
ence of the RSC can be deduced as
+ Usd )
Xt

LsRL wsq - Lm]:q

LmX L < Ls
where Uy, could be obtained by the flux observer. When the
DFIG system injects the active current into the power grid ac-
cording to (17), the small signal stability of the system will be
significantly improved. In addition, it is worth noting that if the
active current continues to increase, § will enter the fourth quad-
rant and keep increasing, which may cause the system unstable
again.

On the other hand, the bandwidth of the RCCL also influences
the dominant unstable poles. Fig. 8 shows the eigenvalues locus
with the varying of the RCCL bandwidth during the severe grid
fault. As shown in Fig. 8, the dominant unstable poles move
to the left half-plane of the s-plane with the increasing of the
RCCL bandwidth from 366 to 482 Hz. It is indicated that the
small signal stability of the DFIG system during LVRT can
be enhanced by increasing the RCCL bandwidth.

(16)

* j—
]rd -

a7

D. Influence of the PLL Bandwidth

The typical block diagram of PLL can be seen in Fig. 1. Based
on (4), the dynamic of the PLL directly impacts the phase angle
o. If the PLL bandwidth is inappropriate during the weak grid
fault, small signal instability may occur in the DFIG system. In
order to investigate the influence of the PLL bandwidth on the
system stability during LVRT, kp1/v/ki1 is assumed constant
based on (15). Then, Fig. 9 shows the eigenvalues locus of the
different PLL bandwidths during the severe grid fault. Other
parameters are the same with part A.

As shown in Fig. 9, the dominant unstable poles move to the
right half-plane of s-plane with the increasing of PLL bandwidth
from 11.3 to 22.6 Hz. It is indicated that appropriately reducing
the PLL bandwidth during LVRT is favorable to the small signal
stability of the DFIG system. However, the dynamic response of
the PLL will be deteriorated with decreasing of the bandwidth.
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Therefore, under weak grid fault, the coordination between the
small signal stability of system and the dynamic response of
PLL should be noticed.

E. Influence of the Rotor Speed

According to the small signal state-space equations, the wind
speed has influence on the initial state of the DFIG system at
the power grid fault occurrence. Thus, the variation of the rotor
speed may cause the dynamic instability of the DFIG system
during LVRT. Due to the effect of the emergent pitch control
and the large electromechanical time constant of the DFIG-based
wind turbines, assuming the change of rotor speed is not sharp
during gird fault and it is treated as constant [17].

In order to show the dominant poles passing through the imag-
inary axis when the rotor speed changes, the bandwidth of PLL
is intentionally reduced to 15.6 Hz during the grid fault. Fig. 10
shows the eigenvalues locus with the varying of the rotor speed
when the fault point voltage drops to 0.2 p.u. It can be seen
from Fig. 10 that the dominant unstable poles move to the right
half-plane of s-plane with the rotor speed increasing, which is in-
dicated by the small signal instability of the DFIG system. That
is, the weak grid fault that occurs at a higher rotor speed will
bring higher risk for the dynamic stability of the DFIG system.

As a result, according to the above analysis, the mechanism
of the small signal instability of the DFIG system can be sum-
marized as that the interaction between the PLL and the RCCL
during the weak grid fault causes the controller bandwidth un-
der normal grid condition no longer applicable. The small signal
stability of the DFIG system during LVRT can be improved by
injecting appropriate active current, increasing the RCCL band-
width or reducing the PLL bandwidth. It should be pointed out
that the RCCL bandwidth is limited by the converter switch-
ing frequency. Hence, in practical applications, the method of
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Fig. 11.  Equivalent network of two terminal power supply.
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(a) Pre-fault equivalent network. (b) Fault component equivalent

increasing the RCCL bandwidth to improve the small signal
stability in the system during LVRT is not recommended.

IV. IMPROVED CONTROL SCHEME DURING LVRT

The impact of the dominant factors on the small signal sta-
bility of the DFIG system has been investigated in Section III.
In this section, the improved LVRT control schemes under the
weak grid fault will be proposed from two aspects of either active
current injection or decreasing PLL bandwidth.

A. Optimal Active and Reactive Current Proportion Scheme

When considering the impedance of the collecting power lines
and step-up transformers, the Ry, /X7, of (17) is related to the
fault position. That is, the determination of the fault position can
provide a basis for the calculation of the active current reference.
Thus, the fault location will be introduced in this paper. In [25]
and [26], combining filtering and compensating, an improved
single-terminal impedance fault location (IFL) algorithm was
proposed. The maximum error of the algorithm is about 1% and
the time of calculation is within milliseconds, which can meet
the fault location requirements in this paper. Since fault location
is not the focus of this paper, the algorithm proposed in [25] and
[26] will be adopted directly in the proposed control strategy.

Now we use the equivalent network of two-terminal power
supply to briefly introduce the calculation method of IFL. As
shown in Fig. 11, the short-circuit fault occurs at point F where
the distance from measurement point A is p. Fig. 12(a) and
(b) shows the pre-fault equivalent network and the fault com-
ponent equivalent network, respectively. When the parameters
are linear, Fig. 11 can be regarded as the superposition of
Fig. 12(a) and (b).

Based on Fig. 11, the impedance measured from A terminal
can be written as

Za=Ux/Ia=2Z11+1IpRp/14 (18)

where U 4 and I 4 are the voltage and current of measuring point
A during fault, respectively; Z1,; is the line impedances from A

to the fault point; I'r is the fault component current flowing
through transition resistance Ry.

The current of measuring point A during fault can be ex-
pressed as

Zip+Zp
Zoa+ Ziap+ Zep |

Iy =1y, + Ipy = Iy, +

= I + KIge (19)

where Iy, is the pre-fault current of line AB; I'pp is the fault
component current of A-side system; Z.n and Z g are the
equivalent impedances of A- and B-side system, respectively;
Z1,5 is the line impedances from B to the fault point respec-
tively; Zpas = Z11 + Z12; K is the fault component current
distribution coefficient of A side; y is the phase angle between
the fault current of A side and the fault current of the transition
resistance Rp.
Based on (18) and (19), the line reactance and resistance from
A to the fault point can be described as
{Xm = X, —bRp/K

20
RLliRA*aRF/K ( )

where a = Re(IFA/IAEijFY)7 b= Im(IFA/IAej'V), XA and RA
are the reactance and resistance measured from A terminal, re-
spectively. In order to eliminate the influence of Ry, combined
line impedance angle, K/ Ry, can be described as

K/Rp = (atanpr,; — b)/ (Ratanpr; — X4) 21

where (1,1 is the line impedance angle.
Based on (20) and (21), X1,; and Ry,; can be described as

X11=Xa—(Ratanpr; —Xa)/[tan ¢r cot(8 —v) — 1]
Ri1 =Ra— (Ratanpry — X4)/[tan o1 — tan(8 — v)]
(22)

where 5 = arg[(Ix — I,)/IA]. Based on Fig. 11 and (21), the
fault location information can be deduced as
{XL = Xp1 + Xea (23)
Ry, = Rp1 + Rea
where X .a and R.a are the inductance and resistance between
the DFIG and the measurement point, respectively, which are
constants. According to the information of the fault location,
the rotor active current reference during the grid fault can be
calculated by (17). The control block diagram of the optimal
current proportion scheme during LVRT is shown in Fig. 13(a).
I is the maximum current output capacity of the RSC. Dur-
ing the weak grid fault, I, is calculated according to the grid
code requirements, and I; should be selected on the basis of
the constraint of the RSC maximum current capacity. When the
constraint of I}§ + I'2 > I is met, channel 1 will be selected;
otherwise, channel 2 will be selected to inject the optimal active
current to the power grid.

B. Decreasing PLL Bandwidth Scheme

It can be seen from the analysis of Section III that the small sig-
nal stability of the DFIG system can be enhanced by decreasing
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Fig. 13.  Control block diagram of the proposed schemes for DFIG-based wind
turbine.

the PLL bandwidth during the grid fault. Moreover, according
to Figs. 3, 5, and 10, the dominant eigenvalues are monotoni-
cally related to the fault position, the voltage dips degree, and
the rotor speed, respectively, i.e., the dominant eigenvalues will
move to the left half-plane of the s-plane as the fault position
moves toward the PCC and the voltage dips degree and rotor
speed reduce. Therefore, it is only necessary to determine the
PLL bandwidth of DFIG-based wind turbine running at super-
synchronous speed during far-end severe fault of the weak grid,
which can guarantee the small signal stability of system during
LVRT. Considering the dynamic response of the PLL and the
dynamic stability of the DFIG system, the PLL bandwidth dur-
ing the grid fault is selected to be 11.3 Hz in this paper. This
bandwidth can ensure the small signal stability of the system
when the fault occurs at different positions and different rotor
speeds, which will be also demonstrated by the experimental
results in Section V. The control block diagram of decreasing
PLL bandwidth scheme is given in Fig. 13(b). Under normal
grid condition, the conventional PLL bandwidth of channel 1
will be selected to maintain the normal operating performance
of the DFIG system. Otherwise, when the grid fault occurs, i.e.,
Us <0.9p.u. [19], the PI controller of channel 2 will be uti-
lized to ensure the dynamic stability of the DFIG system during
LVRT.

V. SIMULATION AND EXPERIMENTAL VALIDATIONS
A. Simulation Validations

In order to verify the correctness of the proposed control
schemes, the simulation model is built in MATLAB/Simulink
according to the IEEE 3-bus test system in [23], as shown in
Fig. 14, in which the synchronous generator at bus 1 is re-
placed by a DFIG-based wind farm. The wind farm consists of
75 x 2 MW DFIG-based wind turbines, which are aggregated
into a single DFIG [27]. It is connected to the power grid via a
step-up transformer and high-voltage cable. The DFIG system
parameters are given in Appendix A2.
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Fig. 15(A) shows the simulation results of the traditional
LVRT control scheme when the grid voltage drops to 0.2 p.u.
It can be seen that the DFIG system has oscillation instability
during the weak grid severe faults, which is consistent with anal-
ysis results. The oscillation frequency in dq frame is 215 Hz, as
shown in Fig. 15(a) and (b). Fig. 15(c) shows that the stator
three-phase voltage also contains the oscillation components.
According to the FFT analysis results, as shown in Fig. 15(d),
the stator three-phase voltage contains two oscillation compo-
nents at 265 and — 165 Hz respectively. It indicates that the os-
cillation components are actually in pairs in stationary frame.
The reason is that the oscillation component at the frequency of
fin the dq frame is transformed into the stationary frame, which
will produce a pair of oscillation components in the stationary
frame, i.e., =f +50 Hz.

Fig. 15(B) shows the simulation results with the optimal cur-
rent ratio scheme when the grid voltage drops to 0.2 p.u. Com-
pared with Fig. 15(A), it can be seen that injecting reasonable
active current into the grid according to (17) during the fault,
i.e., —0.2 p.u., can significantly enhance the dynamic stability
of the DFIG system, which proves the correctness of the the-
oretical analysis and the effectiveness of the optimal current
ratio scheme. In addition, comparing Fig. 15(c) and (g) shows
that proposed control scheme can also effectively reduce the
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transient peak voltage when the grid voltage is restored after
the fault. Fig. 15(h) shows the FFT analysis result of the stator
A-phase voltage by adopting the proposed optimal current ratio
scheme, which indicates that no oscillation will occur during the
weak grid fault.

Fig. 16 shows the simulation results with decreasing PLL
bandwidth scheme when the grid voltage drops to 0.2 p.u. Com-
pared with Fig. 15(A), when the PLL bandwidth is reduced to
11.3 Hz, the DFIG system can achieve a successful LVRT, which
means that the dynamic stability of the DFIG system during
fault is enhanced with the decrease of the PLL bandwidth. This
confirms the correctness of the theoretical analysis in Section
II-D. Fig. 16(d) shows the FFT analysis result of the stator
A-phase voltage with the proposed decreasing PLL bandwidth
scheme, which also indicates that no oscillation will occur dur-
ing the weak grid fault when the PLL bandwidth is reduced to a
reasonable value.

B. Experimental Validations

In order to further validate the feasibility and effectiveness
of the proposed control schemes, the detailed experimental
tests were performed on a laboratory-scale DFIG test rig. The
schematic diagram and the setup of the experimental system are
shown in Fig. 17, and the detailed parameters of the experimen-
tal system are given in Appendix Al. As shown in Fig. 17, the
DFIG system is driven by a DC motor, and the line impedance
is simulated by air-core reactors. The RSC is fed by the Chroma

DFIG DC Motor
P
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Oscillograph Lrabe

Fig. 17.  Schematic diagram of the experimental system.

62150 DC Power Supply and the symmetrical faults of the power
grid are generated by using Chroma 61830 Regenerative Grid
Simulator.

Fig. 18(A), (B) shows the experimental results that the grid
voltage drops to 0.25 and 0.2 p.u., respectively, under the
fault condition with Ly, = 21 mH and Ry, = 1.5 ). The PLL
bandwidth is 22.6 Hz, the RCCL bandwidth is 366 Hz, and
wy = 0.93 p.u. Fig. 18(a) and (d) shows the dq components of the
stator voltage and rotor current. It can be seen that, with the
deepening of the voltage dips degree, the dynamic stability of
the DFIG system decreases and the oscillation frequency
increases, which is consistent with the analysis in Section III-A.
The oscillation frequencies in dq frame are 237 and 247 Hz
respectively. Fig. 18(b) and (e) shows that the stator three-phase
voltage and stator three-phase current also contain the oscillation
components. Fig. 18(c) is the FFT analysis result of the stator
A-phase voltage when the voltage drops to 0.25 p.u., which
shows that there are two oscillation components at 287 and
—187 Hz respectively. Similarly, Fig. 18(f), which is the FFT
analysis result of the stator A-phase voltage when the voltage
drops to 0.2 p.u., also shows that there are two oscillation
components at 297 and —197 Hz respectively.

Fig. 19 shows the experimental results that the grid voltage
drops to 0.2 p.u. under the fault condition with Ly, = 14 mH
and Ry, = 1. The parameters used in all experiments are
the same as in scenario of Fig. 19, except for the paraments
specifically stated. Fig. 19(a) shows the dq components of the
stator voltage and rotor current. Comparing Figs. 18(d) and
19(a), it is indicated that when the fault position is close to the
PCC, the oscillation amplitude decreases and the oscillation fre-
quency increases, which means that the dynamic stability of the
DFIG system is enhanced and consistent with the analysis in
Section III-B. According to the FFT analysis result of the stator
voltage during grid fault in Fig. 19(c), the stator A-phase volt-
age contains two oscillation components at 301 and —201 Hz
respectively, which also proves that the oscillation components
in the stationary frame are in pairs. Similarly, the FFT analysis
result of the stator A-phase current during grid fault in Fig. 19(d)
also shows that the stator current contains two oscillation com-
ponents at 301 and —201 Hz respectively.

In order to more clearly compare the effect of different rotor
speeds on the stability of the DFIG system, the PLL bandwidth is
deliberately reduced to 15.6 Hz during grid fault. Fig. 20 shows
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Experimental results with decreasing PLL bandwidth during the fault. (A) PLL bandwidth decreased to 12.9 Hz. (B) PLL bandwidth decreased to

11.3 Hz. (a) and (d) Stator dg-axis voltage Usq, Usq and rotor dg-axis current I;.q Irq; (b) and (e) stator three-phase voltage Usap, and stator three-phase current

Isabe; (¢) and (f) the FFT analysis result of the stator A-phase voltage.

the experimental results at different rotor speeds when the grid
voltage drops to 0.2 p.u. with Ly, =21 mH and Ry, = 1.5 2.
Comparing Fig. 20(A), (B), and (C), it can be seen that with
the increase of the rotor speed, the oscillation amplitude also
increases and the dynamic stability of the DFIG system deterio-
rates during grid fault. Fig. 20(c), (f), and (i) shows the FFT anal-
ysis results of the stator A-phase voltage during LVRT, which
indicates that the oscillation frequency of the system is basically
unchanged under different rotor speeds and consistent with the
analysis in Section III-E. In addition, comparing Fig. 18(B) with
Fig. 20(A), as the PLL bandwidth decreases, the oscillation am-
plitude and frequency of the system also decrease, indicating that
reducing the PLL bandwidth during the fault is beneficial to the
dynamic stability of the system and consistent with the analysis
in Section III-D.

Fig. 21 shows the experimental results with the active cur-
rent injection scheme when the grid voltage drops to 0.2 p.u.

with L1, = 21 mH and Ry, = 1.5 . The DFIG-based wind tur-
bine operates at super-synchronous speed. From Fig. 21(A), it
can be seen that injecting active current according to (17) can
significantly improve the stability of the DFIG system during
the grid fault. From Fig. 21(c), the FFT analysis result of the
stator A-phase voltage also shows that no oscillation will occur
during the weak grid fault. However, if the injected active cur-
rent increases to 0.45 p.u. during LVRT, as shown in Fig. 21(B),
the DFIG system will be unstable again and the oscillation fre-
quency is about 240 Hz, which is consistent with the analysis
in Section III-C. Fig. 21(f) shows the FFT analysis result of the
stator A-phase voltage during weak grid fault, which indicates
that the stator voltage contains a pair of oscillation components
at 290 and —190 Hz respectively.

Fig. 22 shows the experimental results with decreasing PLL
bandwidth scheme when the grid voltage drops to 0.2 p.u. with
Ly, =21 mH and Ry, = 1.5€). The DFIG-based wind turbine
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Experimental results with decreasing PLL bandwidth when the fault position changed. (a) Stator dg-axis voltage Usq, Usq and rotor dg-axis current
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operates at super-synchronous speed. Comparing Fig. 20(C) and
Fig. 22(A), the small signal stability of the DFIG system is en-
hanced and the oscillation frequency is also reduced with the
decrease of the PLL bandwidth, which verifies the correctness
of the theoretical analysis in Section III-D. When the PLL band-
width is reduced to 12.9 Hz, the DFIG system still oscillates,
but the oscillation amplitude is significantly reduced and the os-
cillation frequency decreases to 210 Hz, as shown in Fig. 22(a).
According to the FFT analysis result of the stator A-phase volt-
age during weak grid fault in Fig. 22(c), there are oscillation
components at 260 and —160 Hz respectively. When the PLL
bandwidth is reduced to 11.3 Hz, the DFIG system achieves a
successful LVRT, as shown in Fig. 22(d), (e). From Fig. 22(f),
the FFT analysis result also indicates that no oscillation will
occur during the weak grid fault when the PLL bandwidth is
reduced to 11.3 Hz.

In order to verify that the PLL bandwidth of 11.3 Hz can
guarantee the small signal stability of the DFIG system when
the fault occurs at different positions, the experiment under the
fault condition with Ly, = 14 mH and Ry, = 12 has been car-
ried out as shown in Fig. 23. It can be seen from Fig. 23 that,
even though the fault position is changing, the DFIG system can
realize a successful LVRT, which also validates the correctness
of the analysis in Section I’ V-B and the practicability of the de-
creasing PLL bandwidth scheme. Fig. 23(c) and (d) shows the
FFT analysis result of the stator A-phase voltage and the sta-
tor A-phase current. It also shows that no oscillation will occur
during the weak grid fault when adopting the decreasing PLL
bandwidth scheme.

VI. CONCLUSION

The small signal instability that occurs in the DFIG system
during the weak grid faults has been verified by the theoreti-
cal analysis and experimental tests in this paper. The deeper the
voltage dips degree and the higher the rotor speed, the easier
the small signal instability of the DFIG system. Moreover, this
paper points out that decreasing the PLL bandwidth, increas-
ing RCCL bandwidth, and properly injecting active current into
the grid can effectively improve the small signal stability of the
DFIG system. Furthermore, it is explained from the mechanism
that the instability risk of the system can be minimized when
Icq/Ica = —X1, /Ry, during the fault. Then, the optimal active
current compensation during the grid fault is deduced, which
can significantly improve the dynamic stability of the system.
Based on the theoretical analysis, two improved LVRT control
strategies are proposed in this paper, i.e., the optimal current
proportion scheme and the PLL bandwidth selection method.
The detailed simulation and experimental results show that the
proposed control schemes can effectively improve the small sig-
nal stability of the DFIG system during the weak grid severe
fault.

In addition, it is worth noting that the DFIG system may
also have small signal stability issues during asymmetric
fault. Compared with the symmetrical fault of weak grid, the
dynamic stability of the DFIG system during unsymmetrical
fault is more complicated. When the weak grid asymmetric
fault occurs, due to the influence of the long transmission
line, the sequence impedances of the system are no longer
independent. The coupling of sequence impedance makes the
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dynamic stability analysis method and instability mechanism o wy L R wWh L wy Rywy

m S
of the DFIG. system during weak. grid unsymmetr.ical fault Ala= oL.L, Alsa— oL, Alsyg— oL AIrd
completely different from that during the symmetrical fault. Wy
Therefore, the DFIG system dynamic stability during severe un- +ewn (wplo — ;)AI rq +wblrq0Awpii
symmetrical fault of weak grid will be the key point of our next Lo,
study Wb AU + AUrd
. oLgL,
° wamwr wamRs Wy
Al q= ————Aljg+ ——— Al —wp(wpno— — )AL
APPENDIX rq oL, sd T2 L.L, sq Wb (wpio = JALqg
R.w wp L
TABLE Al AT —wb Ldo Awon — —22M AT
L q 1% L L q
EXPERIMENTAL SYSTEM PARAMETERS O Ly O Ligluy
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Rated Power 3 kW Pole pairs 2
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Rated voltage 220V Winding connection Y/Y Az = AU, sq
DC-link voltage 400 V R. L, 01'92%65855 Awpn = kp1 AUsq + kit Ay (B3)
0.0961 p.u. o
R, L, 1.346 p.u. Ly 1.258 p.u. Aepl] = Wh Awpll
Cy 0.152 p.u. Ry, Ly 1.5Q,21 mH
PLL bandwidth  22.6 Hz RCCL bandwidth 366 Hz Ay = —Alq
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B. DERIVATION OF SMALL SIGNAL STATE-SPACE MODEL Usq = a( Ga — Blsq) — wpwpnoAUsa — wpUsao Awpn

The detailed derivation of the small signal state-space model (BS)

is given in this section. The linearized forms of (3)—(7) at steady-

state operation point can be expressed as wp Ry,

. w
Algg = foGqSOAHpII AIGd + whwploAlgg
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Based on (B1)-(B6), the linearized state-space equation of
the DFIG-based system is obtained as

_ wpRs _ whlmwy
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Ly Rywy °
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(B where unnoumber equations shown at the top of the next page.
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