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Transient Synchronization Stability Analysis and
Assessment of DFIG System Under Severe Faults

Hongsheng Xu

Abstract—In the transient stability analysis of renewable energy
grid-tied systems, although a large amount of works have been de-
voted to the detailed electromagnetic transient simulation and the
stability analyses of during-fault stage, the whole low-voltage ride
through (LVRT) process and transient stability mechanism remain
to be uncovered. Taking the doubly fed induction generator (DFIG)
system as an objective, this article divides its transient processes
into four different stages, including the prefault, during-fault, early
postfault, and late postfault ones, establishes the full mechanism
models for each stage, and studies the sequential switching dy-
namics in detail. It is found that the during-fault dynamics can be
determined by the phase-lock loop second-order equation within
the framework of the generalized swing equation (GSE), with
additive scaled parameters. In particular, for the early postfault
stage dynamics, it can be treated as a series of quasisteady states
and its dominant driving system dynamics can still be described
by the GSE. Thus the system transient stability can be completely
determined by whether the initial state of the early postfault stage is
within or out of its corresponding basin of attraction (BOA). Based
on these unique dynamical characteristics, the BOA-based and
equal area criterion-based transient stability assessment methods
are developed, which are supported by broad numerical simula-
tions and hardware-in-the-loop experiments. This work provides
a clear physical picture and perfectly solves the difficult stability
analysis problem when severe faults and LVRT showing discontin-
uous switching dynamics have to be considered in most of DFIG
engineering situations.

Index Terms—Basin of attraction (BOA), doubly fed induction
generator (DFIG), equal area criterion (EAC), low-voltage ride
through (LVRT), transient synchronization stability.

NOMENCLATURE
Uu,I1,,U, Terminal voltage and output current and
grid voltage vectors.
I, I, 1, Stator current, rotor current and grid
converter output current.
U, U, Amplitude of terminal voltage and grid

voltage.
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Ttd> Lig dq axis components of output current of
DFIG.

Ugd, Utg dq axis components of terminal voltage.

Opnn Phase-locked loop (PLL) output angle in
three-phase stationary abc reference frame.

©pll PLL output angle in xy common reference
frame.

Per Critical clearing angle.

Epw, Kiw PI parameters of RSC.

kpv, kiv PI parameters of TVC.

Eppits Kipit PI parameters of PLL.

Ke, Kramp Reactive current ratio coefficient and ramp
rate.

P, Qy Output active power and reactive power of
DFIG.

wo Rotation speed of zy common reference
frame.

Wplls Wy, W Frequencies of PLL, grid, and rotor speed,
respectively.

X, X5, Xy Mutual reactance, stator reactance, and grid
reactance.

a, b, e, d Correction coefficients.

X, Xy Stable and unstable equilibrium points.

Equivalent mechanical power, electromag-
netic power, inertia, and damping, respec-
tively.

Pm7P67Meaneq

tr te, tr Times for the fault occurrence, clearing, and
ramp-ending, respectively.
1,2,3,4 Subscripts of stages 1, 2, 3, and 4, for pre-

fault, during-fault, early postfault, and late
post-fault, respectively.

I. INTRODUCTION

N recent years, doubly fed induction generator (DFIG) has

become a mainstream renewable energy equipment in power
systems [1]. Compared to the synchronous generator (SG), the
DFIG exhibits insufficient overcurrent capacity under severe
faults, and many countries have developed grid codes for the
operation of DFIG to avoid its off-grid [2], [3]. Based on these
grid codes, the DFIG should experience multiple switching pro-
cesses during the low-voltage ride through (LVRT). The relevant
transient synchronous stability (TSS) analysis and assessment
has become a hot topic [4], [5], [6].

In the general sequential switching schemes, the LVRT can
be divided into four stages: prefault (stage 1), during-fault
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(stage 2), early postfault (stage 3), and late postfault (stage
4) [3]. The DFIG has to implement corresponding controls at
each stage to meet different requirements. In stages 1 and 4,
normal control is employed to ensure stability [7]. In stage
2, the DFIG needs to switch to the LVRT control to quickly
support terminal voltage [8]. In stage 3, the ramp (climbing)
control is employed to limit the active power recovery speed [3].
Considering the complete LVRT processes, the system exhibits
high-dimensional, nonlinear, and event-driving switch charac-
teristics. Usually the switching system analysis, which involves
the full-stage dynamics, is extremely difficult.

Under the during-fault stage 2, it is found that the hardware
protection circuit and the ac current control dynamics can be
ignored and the phase-lock loop (PLL) dynamics for synchro-
nizing with the grid is important. Under this situation, the system
can be simplified as a second-order system. If the system loses
its equilibrium point during the fault, a phenomenon of loss
of synchronism is reported [9]. Due to its structural similarity
with the swing equation of the SG, it is called generalized
swing equation (GSE) [10], [11], [12]. So far, some classical
analytical methods including the Lyapunov method [13], equal
area criterion (EAC) method [14], phase portrait approach [15],
and perturbation method [16], etc., are widely developed. In
addition, taking into account saturation nonlinearities, more
complicated nonlinear dynamical behaviors are reported very
recently [17], [18]. However, it should be notable that the during-
fault stage is only a fraction of the whole LVRT processes, and
strictly the system stability should be judged after all four stages,
based on the dynamical system theory.

Obviously the active power recovery stage 3 in the LVRT
is also important [19], [20]. So far, transient stability analysis
considering the dynamics of stage 3 mainly relies on electromag-
netic transient (EMT) simulation. The generic models proposed
by WECC and GE have been widely applied in simulation
tests [21], [22]. They take into account very detailed aspects,
including numerous modules such as the switching tube, limit,
and delay. However, they are difficult for stability mechanism
analysis. A mechanism model catching dominant dynamics is
helpful and expected. Except these studies, after greatly simpli-
fying the dynamics of LVRT, the stability influence of the DFIG
on the rotor angle of SG in the hybrid systems has been stud-
ied [23], [24]. These studies usually regard SG as the main body
in the transient synchronization stability and consider renewable
equipment merely as a (steady-state) power source. However,
during the complete LVRT processes, renewable equipment may
still pose transient stability risks. In recent studies [25], [26],
[27], several transient models considering the complete LVRT
processes are constructed, and the TSS analysis is no longer
limited to stage 2. However, in the whole LVRT processes,
which stage is the most critical still needs to be studied. In
addition, as stage 3 exhibits nonautonomous characteristics,
detailed dynamical property of stage 3 and its impact on the
transient stability remain to be studied.

Therefore, this article aims to provide a system-level physical
picture of the DFIG grid-tied system by considering the com-
plete LVRT processes, analyze the dominant factors and physical
mechanism for the TSS, and develop novel TSS assessment

3895

Isabc
N>

MSC

Fig. 1. Schematic show of the DFIG system considering LVRT.

methods. The main contributions in terms of modeling, analysis,
and assessment are as follows.

1) Inthetransient modeling contribution, a transient reduced-
order model with scaled parameters is constructed for each
stage, to uncover the dominant dynamical characteristics
and clarify switching conditions.

2) In the dynamics analysis contribution, the bulk dynamics
in both stages 2 and 3 can be caught by the GSE, the initial
state of stage 3 plays a decisive role, and the TSS can be
completely determined by the condition if it is within or
out of the basin of attraction (BOA) of the beginning of
stage 3.

3) In the stability assessment contribution, two efficient
BOA-based and EAC-based methods are proposed. The
TSS can be assessed immediately at the initial moment of
stage 3. Both methods exhibit perfect results.

The rest of this article is organized as follows. In Section II,
the topology structure and sequential switching characteristics
of the DFIG system are introduced. In Section III, the transient
mechanism model is constructed for all four stages. In Section
IV, an EAC-based assessment method for permanent voltage-
dip faults is introduced, as most of previous researchers have
studied. In Section V, by studying the dynamical characteristics
in stage 3, the salient effect of its initial state is uncovered. In
Section VI, a novel EAC assessment method is developed and
the influence mechanism of parameters is analyzed. In Section
VII, the theoretical and simulation results are widely verified
by experiments. Finally, Section VIII concludes this article are
made. In addition, a detailed full-order DFIG model is given in
Appendix B.

II. DFIG SYSTEM CONSIDERING LVRT

The topology structure and control scheme of the DFIG
system are shown in Fig. 1. Various types of energy storage
element are included, such as the ac inductor, dc capacitor,
and mechanical rotor, and the different dynamical responses of
these elements are attributed to their own storage capacities.
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Fig. 2. Schematic shows of typical switching controls under different stages,

including stages 1 (prefault) and 4 (late postfault) for the normal control, stage
2 (during-fault) for the LVRT control, and stage 3 (early postfault) for the ramp
control. tr, t¢, and ¢, denote the times for the fault occurrence, clearing, and
ramp-ending, respectively. Throughout this article, the subscripts 1, 2, 3, and 4
are used to denote the corresponding stages.

Correspondingly, the cascaded controllers adopt matched band-
widths to control these elements. For example, the bandwidth
of the inner loop should be designed about ten times larger than
that of the outer loop.

There are various types of faults in the power system. The
DFIG takes corresponding protective measures according to
different types of faults. If the terminal voltage U; of the DFIG
drops below a certain target value, the LVRT control will be
activated. In this case, we usually consider the fault to be
severe [28]. On the contrary, the fault is believed as shallow,
if the LVRT control is not activated [28]. In addition, in this
article, we adopt a typical symmetrical voltage sag fault, which
widely occurs in transient disturbances [29]. According to the
grid code in China, when the terminal voltage U; of DFIG is
lower than 0.8 p.u., the LVRT control needs to be switched
on [3]. During the LVRT processes, the crowbar and chopper
are triggered to protect the converter and capacitor. If the fault
is small under the shallow fault, the DFIG maintains the normal
control, as shown in Fig. 1. For the grid-side converter (GSC), it
is composed of the dc-voltage control (DVC) and the ac current
control. The DVC aims to maintain the dc-voltage stable. The
reactive power branch is to control the power factor, and usually
the reference current i’gq is set to zero, i.€., izq = 0[30]. For the
machine-side converter (MSC), it includes the maximum power
point tracking control, pitch control, rotor speed control (RSC),
terminal voltage control (TVC), and ac current control. Since the
maximum power point tracking and the pitch controls exhibit a
comparatively slow performance, they are ignored in this article.
The RSC aims to keep rotor speed stable, and the TVC aims to
ensure the terminal voltage stable.

Under a severe fault, the LVRT should be switched on ac-
cording to the sequential switching schemes, as shown in Fig. 1.
In particular, the outer loop control of the MSC should vary
under different stages, as shown in Fig. 2. Moreover, in the
latest research [31], the role of the outer loop and the PLL
during the LVRT processes is considered to be significant.
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Fig. 3. Schematic shows of three-phase stationary abc reference frame, zy
reference frame, dq common reference frame, and rotor reference frame, where
wowg, Wowpll» and wow;- represent the rotation angular frequencies of the xy,
dg, and rotor reference frames, respectively. wg = 27 fo.

This viewpoint will be highlighted in our modeling part. The
control and switching conditions for each stage will be studied
in detail afterwards. Here, ty, t., and ¢, denote the times for
the fault occurrence, clearing, and ramp-ending, respectively.
Throughout this article, the subscripts 1, 2, 3, and 4 are used to
denote the corresponding stages.

To unify coordinate of variables, the variables of the GSC
and the MSC prompt the dq reference frame provided by the
PLL. Fig. 3 shows the relationships between these different
reference frames, where the phase mismatch of the rotating
vector relative to the xy reference frame is denoted by . For
example, @pi1 = Opn — wow,t. For the fundamental angular fre-
quency, wy = 27 fo, and for the grid angular frequency, w, = 1

p.u..

III. TRANSIENT DIFFERENT-STAGE MODEL CONSIDERING
LVRT PROCESSES

To catch the dominant dynamics and focus on the core factor
of the TSS, we only keep the slowest scale dynamics plus
the PLL which are the most important, under the following
assumptions.

1) The fast dynamics of the inductance, including the line

inductance L4, stator inductance L, and rotor inductance
L, are neglected. Given that the response speed of the ac
current control is very fast, its dynamics is also ignored,
andthusiyg = irq™,irg = trg s Gcd = ted > aNd iy = T¢g™.

2) According to the grid code of China, it is mandatory to
switch into the LVRT control within 60 ms under severe
faults [3]. Therefore, the operating time of the crowbar
and demagnetization control is extremely brief and can be
ignored. In addition, the overheating limit of the chopper
is neglected.

3) The GSC is considered as a controlled current source and
its dynamics is ignored. Hence the output current 7.4 of
the GSC is in a slip multiple relationship with the stator
current tgq: icq = —Spisq. Here, the slip ratio s, = (wg —
wy)/wg. wg is the per-unit value of grid-side frequency,
which is approximately considered as wgy ~ 1. Thus,
ted = (Wr — 1)i5d~
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Fig. 4. Quasisteady-state topological circuit of asynchronous machine in the
DFIG. Here, X5, X7, and X, are the per-unit values of leakage stator re-
actance, leakage rotor reactance, and mutual inductance reactance, respectively.
For the stator reactance X5, X5 = X, + Xy, and for the rotor reactance X,
X, = X1, + X (a) represents the equivalent circuit diagram considering
the resistance of the stator and rotor and the dynamics of the inner loop and (b)
represents the equivalent circuit diagram ignoring the resistance of the stator
and rotor and the dynamics of the inner loop.

A. Stage 1: Prefault

The detailed full-order model in stage 1 is shown in Appendix
B and summarized in (B.19) and (B.20), as a reference. To
analyze the TSS mechanism effectively, we will obtain the
reduced-order mechanism model first.

First, due to the rapid dynamics of the magnetic flux linkage,
the quasisteady-state assumption of the magnetic flux linkage
is usually adopted in practical analysis [32]. In the dynamic
expression of the flux linkage (B.2) in Appendix B, by setting the
differential terms in (B.2) to zero and combining it with (B.3),
we can obtain the algebraic relationship between the voltages
and currents of the stator and rotor as follows:

urdl/sp = irler/Sp - Xrirql + Xmisql
urql/sp = iquRT/Sp + Xrirgr — Xintsal
Upgr = —Rgigar + Xsisql - X'mirql
Utql = *Rsisql - Xsisdl + Xmirdl

(D

where the stator reactance X, = X;s + X,,, and the rotor
reactance X, = X7, + X,,.

The corresponding quasisteady-state topological circuit is
shown in Fig. 4(a). Here, the rotor voltage U,; and rotor
resistance R, are converted to the stator side, so they are divided
by slip ratio s, on the basis of the original values.

Second, in the MSC, the ac current control has a very fast
dynamic response, which decays rapidly. Since the problem
studied in this article focuses on the dynamic behavior of the
slowest scale, it is assumed that the rotor current can always
follow the command value

- _ *
{?rdl : Z'rdl* (2)

lrgl = lrql -

This means that the rotor voltage source in Fig. 4(a) can be
replaced by a rotor current source. In addition, since the stator
and rotor resistances are usually very small and are generally
neglected, the quasisteady-state topological circuit of the asyn-
chronous machine can be transformed from Fig. 4(a)—(b), and
(1) can be further transformed to

Urdl/sp = *Xrirql + Xmisql
urql/sp = Xyirq1r — Xmisdl 3)
Utdl = Xslsql - Xmqul

Utql = _Xsisdl + Xmirdl-
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Fig. 5. Equivalent topology circuit of DFIG grid-connected system.

Third, compared with the dynamics of the MSC, the branch
of GSC is still fast. The output power of GSC accounts for 20%—
30%, and it has a relatively minor impact on the stability of the
system. Therefore, the branch of GSC is usually regarded as a
controlled current source [7], [31], and the relationship between
its output current I .1 and the stator current I 4 is as follows:

icdl == (wrl - ]-)Z.sdl
ioq1 = 0.

“)

Eventually, as shown in Fig. 5, we can obtain the equivalent
topological circuit of the DFIG grid-connected system. The
topological circuits of other stages are the same, with only
differences in the number subscripts.

According to Fig. 5, the total output currents I'4; of the DFIG
in the dg-axis are

{im = isd1 t ledl )

Z.tql = isql + icql-

Combining (4) and (5), we can obtain the relation between
I;,iand I, as

itd1 = Wr1l
.tdl — rltsdl (6)
tql = lsql-
As the transmission line dynamics are ignored, the relation-
ship between the terminal voltage U;; and the current I is
described by

utgl = Ugr cos o1 — Xgitg1 (7
’U,tql = —Ugl sin L,Opul + Xgitd1~

Combining (6), (7), and the last two equations of (3) for the
relation between Uy, Is1, and I, through eliminating I 4
(1541/1541), an explicit relation between U ;; and 1,1 is obtained
as

uggl = aly cos Ol — bX yirg1

. . (3)
utgl = —cUgrsin 1 + dXgira1

where the correction coefficients (a, b, ¢, and d) are

a=X:/(Xs+X,)

b=X,/(Xs+X,) ©)
c=X,/(Xs +wrXy)

d= wrle/(Xs +wT1Xg).

The rotor speed w, is nearly unchanged within the short
duration time of the LVRT process, and all these correction
coefficients can be regarded as constants, based on w1 = w,1*
for the stable equilibrium point (SEP) in (9). For example, under
the system parameters listed in Appendix A, a = 0.89,b = 0.85,
¢ = 0.87, and d = 1 are obtained and fixed for all four stages.
Therefore, here U ;; and I,; show the only difference of these
scaled, correction coefficients, to be compared with the original
relation between U ;1 and I;; in (7). As we will see, (8) and (9)
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establish the direct relation between the terminal voltage U4y
and the controlled rotor current I,y and are very important.

In addition, combining (6) and the last two equations of (3),
the relationship between I;; and I,.; becomes

{itdl = wrl(Xmird]- - utql)/Xs

. . (10)
’Ltql = (Xmqul + utdl)/XS.

Thus, the output power P;; and the amplitude of the terminal
voltage U;; are

Ptl = Utdlitdl + thlitql
(11

Uil = Jugar? + w2

Since the equivalent topological circuit of Fig. 5 is applicable
in all stages, the network algebraic relations (8), (10), and (11)
are also the same. According to Fig. 2, different controls will be
adopted at different stages to change the rotor current source in
Fig. 5.

In stage 1, the DFIG adopts the normal control. For the MSC,
the typical proportional-integral (PI) control is adopted in the
RSC and TVC, whose differential equations are

{%rdl = kpwwrl + Eiw (wrl - WT*) (12)

irgr = kpy U + kiv (Un — UyY)

where k., and &, are the proportional and integral coefficients
of the RSC, respectively, &k, and k;y are the proportional and
integral coefficients of the TVC, respectively, and w,.* and U, "
are the reference values of the rotor speed and the terminal
voltage, respectively.

The motion equation of the rotor is

Py, — Py

Wr =
2er1

(13)
where H represents the inertial time constant. P, and Py
represent the mechanical input power and the electromagnetic
output power, respectively.

For the PLL dynamics, the relation between wpy; and the
integrator output pji; is wowpiir = WoZpii1r + Kppliti¢g1, and the
corresponding differential equations are

{iplll = (Kipnttq1)/wo

. (14)
Gpiit = wo((kppitteqr)/wo + xpm — 1)

where kypi and k) are the proportional and integral coefficients
of the PLL, respectively.
Finally, the differential-algebraic equations (DAEs) in stage
1 including the major dynamics of the RSC, TVC, PLL, and
rotor are
wrl = (Pm - Ptl)/(szrl)
irdl = kpwwrl + kiw (er - WT*)
irg1 = kpvUn + kv (U — U")
Epin1 = (Kipntiqr)/wo

Gpit = wo((kppntiegr)/wo + xpn1 — 1)

s)
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ugl = alygy cos Ol — bX girg1
uggl = —cUgr sin 1 + dX girar
t1al = wr1 (Xontral — wggr)/Xs
gl = (Xiningl + urar)/Xs

Pi1 = uyglizgl + ugglizgl

Uil = Jupa1? + wigi?.

When the system is in a steady state, u;q1 = U,", uyql = 0,
and Py = Py, = i4q1U;". Thus, there exist an SEP, x,

16)

Wrl,s = wr*
; X Py
lrdl,s = m
. _ XsUgicos gpin,s—(Xs+X)U"
lrql,s Xy Xom a7
Tplll,s = 1
_ 5 Pin X,
Pplil,s = arcsi Ua U,
and an unstable equilibrium point (UEP), x,,
Wrl,u = wr*
i — XsPy
rdl,u = X, 0"
. _ XsUgicos gpin,u—(Xs+X)Ut"
lrql,u = XoXm (18)
Tplll,u = 1
_ - PuX,
(pp]]Lu = 7T — arcsin (UglUi*)'

Under the typical parameters in Appendix A, xs = [1.2,
0.7,-0.43,1,0.41]7 p.u. and x,, = [1.2,0.7, —4.25,1,2.73]"
p.u., where the superscript 7' denotes transposition. Clearly
X, provides an initial stable operating point for the sequential
stages.

B. Stage 2: During-Fault

When a severe fault occurs, e.g., Uy dips from 1.0 p.u. to a
much smaller U, the terminal voltage U;» dips below 0.8 p.u.
accordingly, causing the normal control to freeze. Stage 2 begins.
Now the dg current of the MSC is provided by the LVRT control.
To rapidly support U2, the reactive current 4,42 is injected in
proportion to the magnitude of U;o [3]. In addition, the active
current 4,42 should be limited by the capacity of converter I«

irg2 = Ko(0.9 = Upy) + ipgl, s

. / 2 .
0 < Zr‘d? < Imax - qu22

where .41 s is the initial reactive current of stage 1, and K, is
the reactive current coefficient. As 1.5 < K, < 3 is often chosen
in engineering, K, = 1.5 is fixed in this article. I;,,x = 1.1 p.u..
On the other hand, as U in stage 2 only changes slightly, 7,42
in (19) is often chosen as fixed by the initial value of Uy at stage
2. In a contrast, 7,42 can be treated as an adjustable parameter,
subjected by the capacity constraint determined by ¢,42 and Ip,x.

(19)
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Now the algebraic equations in (8) are unchanged, with the
only one parameter change from Uy (Ugy = 1 p.u.) to Uyo

{utdQ = alUyy cos Op2 — bX yirga 20)

Utg2 = —cUgy sin o2 T dX yirg2

where the coefficients (a, b, ¢, and d) are all constants.

Considering the PLL’s dynamics which is determined by w42
only, and combining (19), (20), the DAEs accompanying with
the capacity constraint are

L.C'pIIQ = (kipntitg2)/wo o
Gpiiz = wo((kppntieg2)/wo + pnz — 1)
ugg2 = —cUgasin 2 + dX girg2

/ (22)
0 S irdQ S Imax2 - Z.7"z122'

C. Stage 3: Early Post fault

When the fault is cleared and U, recovers, U,s is restored
instantly and the TVC is unfrozen. Stage 3 starts. However,
to protect device, the active power needs to recover gradually.
In this stage, the linear recovery of ¢,43 is constrained by the
ramping rate Kp.yp. The differential equations of the outer loop
control in the MSC are

i?"d?) - Kramp

{irqs =kpvUis + kv (Us — U). 23)

If the active power is restored too quickly, the electrical
variables of the DFIG will oscillate violently and the unbalanced
power on the shaft will be intensified, probably leading to
torsional vibration. To suppress these effects, the ramping rate
is generally set as relatively small [19], [23]. This might be dif-
ferent from the other renewable devices, such as the permanent
magnet synchronous generator (PMSG) or photovoltaic (PV)
systems. Oppositely, it also cannot be chosen too small, which
might cause frequency issues. Therefore, Kpymp > 0.2 is often
chosen in engineering [3]. In this article, Kyayp = 0.8 is selected.

Now with the major controls including the outer loop controls
of the MSC and the PLL, the DAEs in stage 3 are

'grdB = Kramp
Z.rq3 = kaUtS + kiV(UtS - Ut*)

. 24
Epnz = (Kipntiegs)/wo (24)
Gpnz = wo((kppntiegs)/wo + png — 1)

utd3 = CLUgg COS (pp]lg — ngirq;g

Utg3 = —cUgz sin O3+ dX yirqs (25)

U3 = \Juas? + ugs?.

D. Stage 4: Late Post fault

When the active current arrives at the initial level, i.e., 7,43 =
1rd1,s in (17), the normal control is fully restored. Therefore, the
model in stage 4 becomes exactly the same as that in stage 1.
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Fig. 6. (a)-(j) Plots of Uga Ut, v, irq, Py, Q¢, wr, icq, $pll» and Lplls
respectively, for comparison of the mechanism model and the detailed model.

E. Simulation Verification and Summary

The above-mentioned mechanism model containing the
whole four stages has been broadly verified in MAT-
LAB/Simulink by comparison with the detailed model in Ap-
pendix B. As one example, atty = 1.5 s, U, dips from 1 to 0.3
p-u.. Att. =2.1s, the faultis cleared. The fault duration time ¢ —
ty = 0.6 s. During the fault, 7,,o = —0.86 p.u. is calculated from
(19) and .42 = 0.34 p.u. is chosen. The comparison results are
shown in Fig. 6 and further in the magnified plots in Fig. 7, which
displays the time-domain waveforms within the time window
from 1 to 3 s. These results clearly indicate that the mechanism
model is consistent with the detailed model, although some
discernible fast dynamics at the switching moments of each stage
are missed. In particular, some differences exist, regarding the
fast dynamics of the GSC output current ¢.4 in Figs. 6(h) and
7(h), but the overall trend is consistent, which indicates that our
assumption 3 is reasonable. In addition, in Figs. 6(g) and 7(g),
w, fluctuates between 1.25 and 1.16 p.u., around 1.2 p.u. (the
steady-state value). This indicates that the change of w, is tiny
and it is reasonable to treat the two scales ¢ and d in (22) as
constants.

In summary, stage 1 provides an initial stable operating point.
When a severe fault occurs and U; drops below 0.8 p.u., the
LVRT control is activated and stage 2 starts. Stage 2 (under
Uy2) provides voltage support and the active-power current 7,42
can be regarded as an adjustable parameter. After the fault is
cleared, U; recovers instantly. Stage 3 (under Ujs) starts and
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1r43 needs to recover gradually. When the 7,43 recovers to the
initial level, stage 4 starts. Therefore, the whole LVRT processes
of the DFIG system involve four stages, and basically the TSS
should be determined by whether the final stage 4 can settle in
a SEP of stage 4 [33]. Afterward, it will be very interesting to
see that based on the dynamical characteristics of stage 3, this
criterion can be greatly loosed and the TSS can become easier.

IV. TSS ANALYSIS OF STAGE 2

There are many studies focusing on the TSS of stage 2
under the condition of permanent faults or using the con-
cept of so-called device stability, which is much more power-
electronics orient, but not power-system orient [13], [14], [15],
[16]. Namely, only if the grid-tied device keeps synchronization
on stage 2, the system can be stable, under the condition that
the following stages 3 and 4 have been completely ignored.
In addition, within this framework, the existence of SEP and
small-signal stability of stage 2 have been widely investigated.
It is necessary to start from this simple case first.

A. Generalized Swing Equation

According to the DAEs in stage 2 in (21) and (22), the
following GSE with the pure ordinary differential equation can
be derived

MeqoPpnz = P2 — Peo — Deg2pi2 (26)
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Fig. 8. (a) and (b) Plots of Uy and 4,4, and (c) EAC-based TSS analysis for
permanent faults.

where

Pm2 = ngirdQ
Pe2 = CU92 sin QDPHQ

1
Meq2 K

Kppll
Dego = Cloy Uyga cos ppii2

27)

where P2, Pea, Meg2, and Dego represent the equivalent me-
chanical power, electromagnetic power, inertia, and damping,
respectively. Clearly, P,,» is a constant, depending on 7,42, and
P.3 is asinusoidal function of py2, depending on U 2. Different
from that the PMSG and PV control the current of the GSC, the
DFIG usually controls the current of the MSC to achieve LVRT.
This difference gives rise to the correction coefficients ¢ and d
in the GSE.

B. EAC-Based TSS Assessment for Voltage-Dip Permanent
Faults

After ignoring the damping term in the GSE, the EAC can
be used to analyze the TSS in stage 2 for permanent faults, as
shown in Fig. 8. Before the fault, the system is working at the
initial operating point of stage 1, as shown in (17)

ngirdl
— . (28
CUgl ) ( )

%) = arcsin PuXy ) _ arcsin
plll,s — ¥ | —
Ugl Ut

The second equality comes from the second equation in (8)
under the steady-state value u,1,s = 0.

Without losing generality, when U, dips (e.g., Uy, =0.2 p.u.)
and a permanent fault occurs at t f, stage 2 starts. i,q2 = —0.93
p-u.and 2,42 = 0.28 p.u. are chosen. The equivalent power angle
(sinusoidal curve) P,.o and the equivalent constant mechanical
power (horizontal line) P,,» are shown in Fig. 8(c). The SEP
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and UEP of stage 2 are, respectively

_ 5 dX gird2
{gpp]ﬂ, s = arcsin (W)

29
©pl12, U =T — Pp12, 5. 29

The difference between @12, s and ¢p;1, s in (28) and (29)
lies in the different values of U, and 7,;. When a fault oc-
curs, since Ppo > Peo at opn1,s, @piz Will accelerate. When
Opli2,s < Ppi2 < Ppli2,u> a8 P < Pea, wpnz Will decelerate.
This happens until it arrives at @pn2,.,. Therefore, the accel-
erating area So™ and the maximal decelerating area Sy~ are,
respectively

ST =S P Pl
527 _ iPpllZ,u(Pe2 — PmQ)dSOpHZ.

Ppli2, s

Based on the EAC, to ensure the TSS of stage 2 under the
permanent faults, the following condition needs to meet:

Syt < Sy (€29)

According to (27), for a larger Uya, Pea becomes larger for
a steeper curve, which is beneficial to the TSS. By a smaller
1,42, Pmo decreases for a lower horizontal line, and the TSS can
also be improved. All these are in accordance with our common
sense. Next the TSS considering the whole LVRT process will be
studied and the impact of stage 3 dynamics will be concentrated.

V. TRANSIENT DYNAMICAL ANALYSIS OF STAGE 3

A. Nonautonomous Driving-Response System

Observing the DAEs in stage 3 in (24) and (25) carefully, one
can find that actually they can be divided into the following two
subsystems including the driving one:

Tpig = (Kipntig3)/wo (32)
@piz = wo((kppntieqs)/wo + Tpnz — 1)
Utg3 = —cUy3 5in O3 T dX yiras (33)
Z.rdB = Z.rd2 + Kramp(t - tc)
and the other response one
irgs = kpvUss + kiv (Uss — Uer) (34)
Utd'?) = aUgg COS (ppug — ngirqg (35)
U3 = Juas? + uggs?.

Clearly in the driving subsystem, w43 is affected by 7,43,
which depends on time. While for the response subsystem, 443
is affected by @pi3 and .43, and U,z is affected by uz,3 which
should come from the driving subsystem.

In the driving subsystem, as ¢,43 increases linearly, it exhibits
the nonautonomous characteristics. However, if its dynamics
changes slowly, 7,43 can be approximately treated as a con-
stant and hence the driving subsystem can be considered as a
generalized autonomous system. Similar treatments have been
widely used in the slow—fast nonautonomous analysis in mathe-
matics [34]. Therefore, the dominant dynamics of stage 3 in (32)
and (33) can be viewed as a series of PLL second-order dynamics
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Fig. 9. [Illustrations of different BOA boundaries under different values of
1,3 and local dynamics near the UEP (open circle). The light blue solid (green
dot-dashed) line represents the BOA at the initial (end) state of stage 3 for
irg3 = g2 = 0.34 p.u. (irg3 = trg1,s = 0.7 p.u.).

in (21) and (22) [or in (26) and (27)] under an extremely slow
change of 7,43 and a fixed U3 (usually Uy3 > U,o). Itis similar
to the stage 2 dynamics essentially.

B. Dynamical Characteristics of Stage 3

With a constant 4,43, it can be similarly studied on the
Zpit — pu plane. The different BOA boundaries under differ-
ent i,43’s are illustrated in Fig. 9. The light blue solid (green
dot-dashed) line represents the BOA at the initial (end) state
of stage 3 for i,q3 = 1,92 = 0.34 p.u. (irq3 = trq1,s = 0.7 p.u.)
Since the initial state of stage 3 under 4,42 and U,3 will be the
most concerned, its BOA is emphasized by BOA 30. Based on
this comparison, it can be found that with a slow increase of
irq3, the BOA moves to the lower left part slowly and the bulk
structure of the BOA is unchanged.

On the other hand, it is well known that the local dynamics
near the UEP represented by an open circle always dominates
the TSS. If the system is within the BOA 30 and near the unstable
manifold of the UEP, it will quickly move away from the UEP.
The moving speed is usually much faster than that of the BOA.
On the contrary, if the system is out of the BOA 30 and on the
other side of the unstable manifold of the UEP, it will quickly
move away from the UEP to the upper right direction.

Based on these two combined effects determined by the slow
motion of the BOA and the local manifold structure near the UEP,
it can easily derive that the initial state of stage 3 is dominant for
the TSS, namely, if it is within the BOA 30, the system will be
stable, or otherwise, it will be unstable. Therefore, the following
stages 3 and 4 after this particular initial moment of stage 3 do
not need to be considered. However, fundamentally different
from the TSS for the permanent faults in Section IV, here the
LVRT effect is taken into account. All these analyses need to be
verified by simulations.

C. Simulation Verification

Different cases have been widely studied. Without losing
generality, three typical cases with the time domain simulation
results of 4,4 and ¢y are shown in Fig. 10. The faultis set as U,
dips to 0.2 p.u. at ty = 0.5 s, 4,92 = —0.93 p.u., with all other
parameters in Appendix A. For the tests, three different values
of 7,42 and ¢, are chosen as follows.
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Fig. 10. Time domain simulation results of cases I, II, and III. Here, (a)—
(f) represent the time-domain waveforms of ypn, irq, P, Q¢, wy, and Uy,
respectively. Case I: i,,gqo =0.3 p.u. and ¢, = 1.1 s, case II: 4,50 =0.34 p.u. and
te. = 0.782 s, and and case III: 7,42 =0.34 p.u. and ¢, = 0.783 s.

Case I: 7,492 =0.3 p.u., t. = 1.1 s, and the fault duration time
iste—ty =0.6s.

CaseII: 7,40 =0.34 p.u., t, = 0.782 s, and t. -ty = 0.282 s.

Case III: 7,40 =0.34 p.u., . = 0.783 s,and t, -ty = 0.283 s.

Clearly in Fig. 10(a), the system is stable in stage 2 and
finally keeps stable in stage 4. In a contrast, from the plot of
©pn in Fig. 10(b), one can see that ¢, keeps increasing, posing
a risk of instability. However, due to a timely removal of the
fault, the system eventually becomes stable in stage 4. If ¢, is
slightly larger, the system will eventually become unstable as
shown in Fig. 10(c). When ¢, continuously deviates, according
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Fig. 11.  (a)~(c) Comparisons of BOA in the w;-ppn-zpi 3-D space in stage
4 and its fault trajectory for cases I, II, and III, respectively. A black hollow
triangle for the initial state of stage 3 is superimposed in (b) and (c).

to (20), the terminal voltage will also oscillate with the phase
deviation, and further affect the power to oscillate and give rise
to instability. Eventually, the rotor speed will be affected by
the continuous power imbalance and stall. These indicate that
the phase of the ¢ plays an important role in the transient
stability of the system. Moreover, by comparing case II with
case III in Fig. 10, it displays that even the system is unstable
in stage 2, if the fault can be removed in time, the stability can
still recover. Clearly these new findings imply that the previous
EAC-based TSS assessment for permanent faults loses some
important information, and the existence of an equilibrium point
in stage 2 and the relevant TSS for the device stability in stage
2 are not necessary [27].

To show these three cases better, their BOA’s in stage 4 and
fault trajectories are shown in the w,-ppy-zpn 3-D space and
the @pi-zpn 2-D plane in Figs. 11 and 12, respectively. As it is
difficult to display the BOA in the full 5-D space, Fig. 11 is a
projection, by the other two variables 7,4 and 7., fixed as i,q1,4
and 4,41, in (18). As shown in Figs. 11(a) and 12(a), if the
trajectory is within the BOA of stage 2, then the system will be
stable eventually. However, if an inappropriate active current is
selected, instability will occur.

To emphasize the key difference in cases II and III induced
by the different clearing-fault time ¢., a black hollow triangle
for the initial state of stage 3 is superimposed correspondingly
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Fig. 12.  Same as Fig. 11, but for comparisons on the @p-zpn 2-D plane,
instead. Similarly, a black hollow triangle for the initial state of stage 3 is
superimposed in (b) and (c). This clearly demonstrates that the relation between
the initial state of stage 3 and the BOA 3o is dominant in the TSS. (a)—(c)
Comparisons of BOA in the wy-@pi-zpn 3-D space in stage 4 and its fault
trajectory for cases I, 11, and II1, respectively. The orange dash line, the light blue
solid line and the green dot-dashed line represent BOA 2, BOA 30 and BOA 4
respectively. The color of the trajectory in different stage also corresponds to it.

in Figs. 11 and 12(b)—(c). In addition, the boundaries of BOA 2
and BOA 3o are superimposed in Fig. 12 by dashed and solid
curves, respectively. It clearly shows that in Fig. 12(b) and (c)
the hollow triangle is outside the BOA of stage 4 in cases II and
III, but it is inside of BOA 3o0. In a contrast, in Fig. 12(c), it
is outside of BOA 3o. Therefore, Fig. 12 clearly demonstrates
that the relationship between the initial state of stage 3 and the
BOA 3o truly plays a determinant role, namely, if it is within
(out of) the BOA 3o, the system will be stable (unstable). The
TSS can be determined immediately by the initial moment of
stage 3. Consequently, with this BOA-based method, the TSS
can be well predicted.

VI. NOVEL EAC-BASED TSS ASSESSMENT CONSIDERING
WHOLE LVRT PROCESSES

A. Novel EAC-Based TSS Assessment

After catching the dominant factor in the TSS, it is necessary
to extend the EAC-based assessment for the permanent faults
in Section IV to the assessment considering the whole LVRT
processes. Without losing generality, in Fig. 13(a), a severe fault
occurs atty, U, dips. The fault is cleared at £, and U, is restored.
In addition, the variation of i,45 is schematically shown by the
solid lines in Fig. 13(b). In stage 3, 7,43 should linearly increases
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Fig. 13.  Similar to Fig. 8, but for the TSS assessment considering the whole
LVRT processes, instead, where the voltage recovery and the active current
climbing are clear. Here the initial state of stage 3 is dominant and the actual
active current climbing is unnecessary in the TSS analysis. For details, see the
text. (a)—(c) Comparisons of BOA in the w,-@pi-xpn 3-D space in stage 4 and
its fault trajectory for cases I, II, and III, respectively. The orange dash line,
the light blue solid line and the green dot-dashed line represent BOA 2, BOA
30 and BOA 4 respectively. The color of the trajectory in different stage also
corresponds to it.

from 7,45 to i.41. As the system stability is solely determined
by the relation between the initial state of stage 3 and the BOA
30, for the TSS analysis, the system can be virtually viewed as
staying at the stage 3 for ever, i.e., 1,43 = i,g2 permanently, as
shown the added dashed line in Fig. 13(b). In this respect, the
only difference with the EAC analysis in Fig. 8 is that the Ug’s
recovery is incorporated.

In the EAC analysis in Fig. 13, now P,,35 = P,,2, as the
virtual value of ¢,43 is fixed as 4,43 = i,42. The expression
of the equivalent electromagnetic power P,s/P,.3 are shown in
(27), with the only difference that U, is different. Therefore,
as Uys > Ugo, Peg > P.o. These construct the basic relation
between the equivalent mechanical and electromagnetic powers
and their changes in the EAC analysis. Similarly, the UEP of
stage 3 @pi3,« 1S important, and

. ngi'rdS
@pli3,u = T —arcsm | ——— | .
CUgg

Therefore, based on the EAC, the total accelerating area .S 59T
in stage 2 (starting at ¢pi1,s and ending at the critical clearing
angle ¢.,) and the maximal decelerating area S5~ in stage 3
(starting at ¢, and ending at ¢p3,,,) are

+ . [Per
S5 =

©pilt, s (P2 — Pe2)d<ﬂp112
Sz = f;f:.ls‘u(P% — Ppu3)dopns.

(36)

(37)

For the critical stability, Sx2™ = S37. Correspondingly, the
critical clearing angle ¢, can be calculated by

dX gira2(Ppuz,u — Ppiil,s)
C(U93 - Ug2)

Qer = arccos (
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TABLE I
COMPARISON OF CCT UNDER DIFFERENT VALUES OF ng AND i o

U . Ji i EMT BOA-based EAC-based
92" “rg2 rdz relative relative
(p-u.) (p-u.) CCT CCT CCT
error error
0.1/-1 0.3 0.157s  0.158s  + 0.6% 0.143 s -8.9%
! 0.4 0.114s 0.115s +0.9% 0.099 s -13.2%
0.2/-0.93 0.34 0.282s 0.283s +04% 0.270 s -43%
: ! 0.5 0.124s  0.125s  + 0.8% 0.109 s -12.2%
0.3/-0.86 0.5 0252s 0253s +04% 0.239 s -52%
! : 0.6 0.140s  0.141s +0.7% 0.125 s -10.7%

_/",,_/'—\— BOA 30

12F BOA 4

Tpu /DU

) 0
cppn/p.u.

Fig. 14.  BOA under different voltage drop depths Ug2. Among them, the
orange area represents BOA 2, and the colors from light to dark correspond,
respectively, to the BOA 2 under Ugo = 0.55 p.u., Ug2 = 0.35 p.u., and Ugo
= 0.15 p.u. The solid blue line represents BOA 30, and the dotted green line
represents BOA 4. The black dots represent the SEP in stage 1, and the red dots
represent the UEP in stage 1.

U3 cos @piiz,u — Uga €Os @piit s ) . (38)

Ujs — Uyo

Next combining the numerical calculation of trajectory, the CCT
can be obtained, similar to the TSS analysis in the traditional
power systems.

The CCTs are calculated by the EMT simulation, BOA-based
method, and EAC-based method under different values of Uygo
and 7,42. The results are shown in Table I. The relative errors
of the two methods are compared with the EMT simulation.
They show that in the BOA-based method the CCTs are always
conservative and the relative error is very small, less than 1%.
The reason might come from the BOA of stage 3 actually
moves, depending on K,mp, and is not completely stationary.
In addition, the relative error of the EAC-based method is
approximately within 13%, which is still acceptable, and its
CCT is always radical. This might come from neglecting the
damping term in the EAC.

B. Parameters Analysis

Based on the above-mentioned analysis, we have realized that
the initial moment of stage 3 plays a very important role in the
transient stability. Next, we will further analyze the influences
of Uy, irg2, and Kppp.

1) Influence of Ugo: As shown in Fig. 14, the drop depth of
the U, only changes the size of BOA 2, without changing BOA
30 and BOA 4. The initial point of the system at the moment of a
fault occurrence is fixed, as shown by the black point in Fig. 14.
Therefore, Ugo mainly affects the final transient stability of the
system by influencing the BOA 2.
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As the Uy decreases, BOA 2 will continue to shrink. This
is very easy to understand. As shown in Fig. 13, when Uy
decreases, P,y in stage 2 will correspondingly decrease, thus
causing the decelerating area to continuously shrink and de-
teriorate stability. In the extreme cases, the operating point
will be lost, and then a loss of synchronization will occur
[9].

For instance, in Fig. 14, when Uy, = 0.55 p.u., since the
initial point is within BOA 2, the phase ¢, will converge near
the operating point of stage 2. However, when U2 = 0.15 p.u., at
the beginning of stage 2, the initial point will fall outside of BOA
2. In this case, the phase ¢ will increase rapidly and transient
instability will occur in stage 2. Nevertheless, as long as the
fault is cleared in time, transient stability can be maintained in
the final stage.

To verify this point, we set up three groups of simulations, as
shown in Fig. 15. In cases I, II, and III, the same parameters are
adopted: i,q2 = 0.25 p.u., Kiymp = 0.8 p.u.. The fault occurred
atty = 0.5 s. The differences lie in the magnitude of U,z and the
time of fault clearance .. Case I: Uyp = 0.55 p.u., t, = 1.125 s;
case II: Ugo = 0.35 p.u., t, = 1.125 s; case III: Uye = 0.15 p.u.,
t. = 0.853 s. As shown in Fig. 15, the reduction of Uy truly
increases the risk of transient instability.

2) Influence of i,q2: As shown in Fig. 16, the magnitude of
1rq2 simultaneously alters the sizes of BOA 2 and BOA 3o, but
does not affect BOA 4. The initial point of the system at the time
of the fault is fixed, which is provided by stage 1, as indicated
by the black dot in Fig. 16.

Asin Fig. 13, when 7,45 increases, the equivalent mechanical
power of the stage 2 (P,,2) and the initial moment of stage
3 (P,,3) will increase accordingly, which leads to a reduction
in the decelerating region and a deterioration in stability. For
instance, in Fig. 16, when 4,40 = 0.1 p.u., both BOA 2 and
BOA 30 are large, ensuring stability at the stage 2 and the initial
moment of stage 3. However, when 7,.4o = 0.5 p.u., at the initial
moment of stage 2, the black point will fall outside BOA 2.
In this case, the phase ¢, will increase rapidly, and transient
instability will occur in stage 2. In addition, BOA 3o shrinks
and moves to the left, and its trajectory will meet earlier, which
means the transient stability margin of the system deteriorates.
Therefore, this requires a shorter time to clear the fault.

To verify this point, we set up three groups of simulations, as
shown in Fig. 17. In cases I, I, and III, the same parameters are
adopted: Ugyo = 0.3 p.u., Kpymp = 0.8 p.u.. The fault occurs at ¢
= 0.5 s. The differences lie in the magnitude of 7,.42 and the time
of fault clearance t.. Case I: 4,.4o = 0.1 p.u., t. = 1.125 s; case II:
ird2 =0.3p.u., t.=1.125s;case lIl: 4,40 = 0.5 p.u., t. = 0.725s.
As shown in Fig. 17, the increase of 7,42 Will increase the risk
of transient instability. During the complete LVRT processes,
an excessively low active power output can cause a significant
energy deficit for the system, affecting the system’s frequency
stability. However, wind farms always aim to deliver as much
active power as possible. Therefore, during fault, if wind turbines
are required to maintain a certain level of active power output,
they must sacrifice the corresponding transient stability margin.
Fig. 16 provides a clear physical picture to understand the impact
mechanism of increased active power output from wind turbines
on the system’s transient stability.
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BOA under different ¢,42’s. In (a), the orange area represents BOA 2,

and the colors from light to dark correspond to the BOA 2 under 7,42 = 0.1 p.u.,
irg2 = 0.3 p.u., and 7,42 = 0.5 p.u., respectively. In (b), the blue area represents
BOA 30, and the colors from light to dark correspond to the BOA 3o under %42
= 0.1 p.u, 4,42 = 0.3 p.u., and 7,420 = 0.5 p.u., respectively. The dotted green
line represents BOA 4. The black dots represent the SEP in stage 1, and the red
dots represent the UEP in stage 1.
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Fig. 15. Time-domain simulation under different voltage drop depths Ugo.
Here, (a)—(f) represent the time-domain waveforms of opi, irq, Pt, Q¢ Wy,
and Uy, respectively. Case I: Uga = 0.55 p.u., case II: Ugo = 0.35 p.u., and case
I: Uga = 0.15 p.u.

3) Influence of K,qmp: The ramping rate Kiuy,p does not
change the shape of the BOA, but only alters the movement
speed of BOA in stage 3. Further to demonstrate the influence of
K amp, the CCTs with different Kayp’s under different methods
are studied. Uge = 0.2 p.u. and 4,42 = 0.34 p.u.. The results
are shown in Table II. The CCT calculated by the BOA-based
method is 0.283 s, and that calculated by the EAC-based method
is 0.270 s. As these two methods are based on the initial moment
of stage 3, their CCTs are not influenced by K yp. It can be found
that as K,y increases, the CCT of the EMT result only slightly
decreases. This is easy to understand: as the BOA moves faster,
less time is required to clear faults. In addition, for a larger K ymp,
the relative error of the BOA-based method increases and op-
positely that of the EAC-based method decreases. Nevertheless,
the influence of Ky is tiny.

TABLE II

COMPARISON OF CCT UNDER DIFFERENT K, .’S

RAMP

EMT BOA-based EAC-based

K ramp CCT relative error relative error
(CCT=0.283s) (CCT=0.2705s)

0.2—-1.1 0.282s +0.4% -4.3%
1.2-32 0.281s +0.7% -3.9%
33-53 0.280s + 1.1% -3.6%
54-75 0279s + 1.4% -3.2%
7.6-9.9 0.278s + 1.8% -2.9%

To verify this point, we set up three groups of simulations.
The results are shown in Fig. 18. In cases I, II, and III, the same
parameters are adopted: Ugs = 0.2 p.u., i,.q2 = 0.34 p.u. The
fault occurs at ¢y = 0.5 s. The differences lie in the magnitude of
Kamp- Case It Kpymp = 0.8 p.u.; case II: Ky = 4.8 p.u.; case
II: Kramp = 8.8 p.u. We can see that K,y has a little influence
on CCT.

VII. EXPERIMENTAL VERIFICATION

In order to verify the above-mentioned analysis, hardware-
in-the-loop experiments are conducted based on the SpaceR.
The SpaceR real-time simulation platform is a system that inte-
grates functions, such as real-time simulation, control, testing,
rapid control prototyping, and hardware-in-the-loop testing. As
shown in Fig. 19, the SpaceR real-time simulation platform
consists of the host computer system, digital signal processing,
oscilloscope, and SpaceR. It can simulate the dynamic behavior
of the target model, and enable the integrated operation of
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Fig. 17. Time-domain simulation under different ,.45’s. Here, (a)—(f) repre-
sent the time-domain waveforms of ¢,,1, ir.q, Pt, Q¢, wy, and U respectively.
Case I: 4,92 = 0.1 p.u., case II: 4,42 = 0.3 p.u., and case III: 7,45 = 0.5 p.u.

the object model with the physical control system via digital
signal processing equipment on the simulation platform, thereby
facilitating the testing of the physical control system. The sys-
tem model and most of the control parameters tested in the
experiment are the same as in Fig. 1 and Appendix A. Here,
four sets of experiments will be presented to verify the correct-
ness of the above-mentioned mechanism analysis and stability
assessment.

Case A: When ty = 55, U, dips to 0.2 p.u. Att. = 5.6,
U, recovers to 1 p.u. The experimental results for 7,42 = 0.1,
0.3, and 0.4 p.u. are shown in Fig. 20(a)—(c), respectively. With
increasing of 4,42, the risk of transient instability increases. In
Fig. 20(a) and (b), when the system is stable in stage 2, it can be
stable finally. In Fig. 20(c), when the system is unstable in stage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026
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Fig. 18.  Time-domain simulation under different Kyamp’s. Here, (a) and (b)
represent the time-domain waveforms of ¢y and 4.4, respectively. Case I: Kramp
= 0.8 p.u,; case II: Kyymp = 4.8 p.u., and case III: Kyyyp = 8.8 p.u.

Fig. 19.  SpaceR real-time simulation platform.

2, if the fault persists for a longer period of time, the system will
eventually lose stability.

Case B: When ty =55, U, dips to 0.1 p.u., i,q2 = 0.3 p.u.
and i,q2 = -1 p.u. Att,, U, recovers to 1 p.u. The experimental
results for two different fault clearing times ¢. = 5.159 and
5.160 s are shown in Fig. 21(a) and (b), respectively. It is
clear that with a slightly larger ¢. in Fig. 21, although ¢y is
unstable in stage 2, the system can finally become unstable.
Under this situation, the CCT is 0.159 s, well in accord with
the EMT result: CCT = 0.157 s in Table I. These experimental
results demonstrate that even if the system experiences transient
instability in stage 2, as long as the fault is cleared in time, the
system can ultimately be stable.

Case C: Whenty = 5s,U, dips t0 0.2 p.u., irq2 = 0.34 p.u. and
irg2 = —0.93 p.u. At t., U, recovers to 1 p.u. The experimental
results for two different fault clearing times ¢. = 5.284 and
5.285 s are shown in Fig. 22(a) and (b), respectively. Under this
situation, the CCT is 0.284 s, well in accord with the EMT result:
CCT = 0.282 s in Table L.
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Fig. 21. (a) and (b) Experimental waveform diagrams of case B.

Case D: Whent; =55s,U, dipsto 0.3 p.u., %,q2 = 0.5 p.u. and
g2 = —0.86 p.u. At ., U, recovers to 1 p.u. The experimental
results for two different fault clearing times t. = 5.255 and
5.256 s are shown in Fig. 23(a) and (b), respectively. Under
this situation, the CCT is 0.255 s, well in accord with the EMT
result: CCT = 0.252 s in Table I. Therefore, cases B, C, and
D all verify the effectiveness of the aforementioned stability
assessment method and prove the correctness of the stability

mechanism analysis.
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(a) and (b) Experimental waveform diagrams of case D.

VIII. CONCLUSION

In conclusion, the TSS model, analysis, and assessment of the
DFIG system considering complete LVRT processes have been
systematically studied. The valuable conclusions are as follows.

1) According to the general sequential switching scheme of

2)

the LVRT, a transient mechanism model considering the
complete LVRT processes is constructed. The dominant
dynamical behaviors, switching conditions, and chief fac-
tors of each stage are studied in detail. Clearly the PLL
dynamics is dominant and the GSE is important. The
synchronization of DFIG with the grid as a whole can
be well characterized by the dynamical behavior of the
PLL output angle, which plays a similar role with rotor
angle of SG.

By the salient property of the driving-response nonau-
tonomous system of stage 3, the initial moment of stage
3 plays a decisive role in the TSS, namely, if the state is
within (out of) the BOA 3o, it will remain within (out of)
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the BOA 3 and the system will finally be stable (unstable).
This greatly helps simplify the TSS analysis.

3) Standing on the dynamical characteristics of stages 2
and 3, two new TSS assessment methods, including the
BOA-based and the EAC-based methods, are developed
and compared. Their accuracy has been well verified by
wide simulations and hardware-in-the-loop experiments.
For most of cases, the error of the BOA-based method is
within about only 1%, and that of the EAC-based method
is within about 13%. Both are acceptable in engineering.

4) The present works not only provide a clear physical picture
of the DFIG system with the LVRT and two efficient
assessment methods for the TSS, but also exhibit guidance
for enhancing transient synchronization stability.

APPENDIX

A Parameters Used in this Article

Parameters of grid: Spye = 2 MW, Upase = 690 V (line rms
value), Ugcpase = 1400V, fo =50 Hz, wy = 27 fy, Ug* = 1 p.u.,
U =1pu,U;=1pu,P,=08pu,w.*=12pu,C =
0.05pu., Ly =0.1pu., Ly =0.5p.u.

Parameters of DFIG: L;; =0.171 p.u.,, Lz =0.156 p.u., L.,
=39pu., H=4pu.

Parameters of controller: 1) RSC: &, =1, ki, =5.2) TVC:
kpv =1, kjv = 10. 3) PLL: kppn = 60, kipn = 1400. 4) DVC:
kpudc = 1.5, kiudc = 160. 5) ACC: kpm«d = 0.6, km,«d = 80,
kpurq = 0.6, kiurq = 80, kpucd =4, kjucq = 300, kpucq =4,
Eiucqg = 300. 6) LVRT: K, = 1.5. 7) Ramp: K yyp = 0.8.

B Detailed Model of DFIG System

The detailed model of the DFIG system of stage 1 will be in-
troduced. The models of other stages will be obtained similarly.

1) Dynamics of the Asynchronous Machine: The asyn-
chronous machine mainly consists of two parts. The rotor dy-
namics is

Pin_Ptl

B.1
2HOJT1 ( )

Wr1 =

and the flux linkage dynamics are

1;[:}7"(11 = (Urdl - Rrirdl + Sp’l/)qu)
1/')rq1 — (urql - Rrirql - Spwrdl) (B 2)
#sdl = (utdl + Rsisdl - wg'(/)sql)
¢sq1 = Wo (utql + Rsisdl + Wgwsdl)
wrdl = Xrirdl - Xmisdl
qul = Xrirql - Xmisql

. . B.3
wsdl = Amlrdl — Xslsdl ( )
wsql = Xmi'r'ql - Xsisql

where X, X, and X,,, are the per-unit values of stator reac-
tance, rotor reactance, and mutual inductance reactance, respec-
tively. Rs and R, are the per-unit values of stator resistance
and rotor resistance, respectively. In actual analysis, since the
resistances are very small, they are ignored. w, is the per-unit
value of grid-side frequency, which is approximately considered
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as wy ~ 1. wy is the reference value of frequency (1007 rad/s),
and s, = (wy — wr)/wy is the slip ratio.

By transforming (B.3), the expressions of the stator and rotor
currents can be obtained

Z’rdl = (sz/]sdl - Xswrdl) / (Xm2 - X’I‘XS>

irql = (mesql - Xsqul) / (Xm2 - X’I‘XS) (B 4)
lsdl = (ersdl - X'm"r/)r(il) / (Xm2 - XT‘XS) ’
isql = (ersql - merql) / ( m2 - X’I"XS) .

2) Dynamics of the MSC: For the MSC, the dynamics of the
outer-loop (RSC and TVC) are

S . *
{Z::dl = kpwwrl + Eiw (er - Wr )

: . (B.5)
irgt = kpv U + kiv (U — Uy”)

where ky,,, and k;,, are the proportional and integral coefficients
of the RSC, respectively, £k, and k;y are the proportional and
integral coefficients of the TVC, respectively.

And the dynamics of the ac current control are

{u'r'dl = Rpurd (i;ﬁdl

. e
Urq1 = kpurq (qu1

Z'7'dl)

- iqu)

rdl) + kuud ( rd1l

| (B.6)
- Zqu) + ki"’“q (ZT'ql

where kpyrq and k;,q are, respectively, the proportional coef-
ficient and integral coefficient of the d-axis ac current control,
and k., rq and k.4 are, respectively, the proportional coefficient
and integral coefficient of the g-axis ac current control.

3) Dynamics of the GSC: For the GSC, the dynamics of the
DVCis
(B.7)

iZdl = pdcudcl + kidc (udcl - ’U/ZC)

where kjq. and k;q. are, respectively, the proportional coeffi-

cient and integral coefficient of the DVC. Usually i, is set to
0,1e. iz = 0.
And the dynamics of the ac current control are
acdl = kpucd (Zjdl - 'chl) + kzucd( Ledl chl) (B 8)
ucql = kpucq (O - icql) + kiucq (0 - Zcql)

where kj,cq and kj,cq are, respectively, the proportional coef-
ficient and integral coefficient of the d-axis ac current control,
and k.4 and k;,,4 are, respectively, the proportional coefficient
and integral coefficient of the g-axis ac current control.

4) Dynamics of the PLL: The dynamics of the PLL are

{i‘pul = (kipntiq1)/wo

. (B.9)
Gpiit = wo((kppitteqr)/wo + xpm — 1)

where ky,pyy and k;p) are the proportional and integral coefficients
of the PLL, respectively.

5) Dynamics of Filter Inductance Ly: The dynamics of the
filter inductance Ly are

{iccn = wo (Uear — Utar +icq1 X5) /Xy (B.10)

—iea1 Xy) /Xy

where Xy represents the per-unit value of the filter reactance.

Z-cql = Wo (ucql — Utq1
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6) Dynamics of the Dc Capacitor: The dynamics of the dc
capacitor is

Prl_Pcl

B.11
2Cugc1 ( )

Uge1 =
where C' represents the per-unit value of the dc capacitor, P,;
and P, represent the active powers flowing through the MSC
and the GSC, respectively, i.e.,

Py = —Urdrirar — urqlirql
(B.12)

Py = tcdiicar + ucqlicqb

7) Dynamics of Transmission Line Ly: The dynamics of the
transmission line L, are

ita1 = wo (ura1 — Ugt cos oot + i1 Xy) /X
{f (f g p lq g)/ g (B.13)

itqr = wo (utq1 + Ugr sinppn — i1 Xg) /X,

where X, represents the per-unit value of the transmission line
reactance.

According to Kirchhoff’s current law, it can be known that
the total current on the grid line are

{im = lsd1 + ledl (B.14)

7:tql = isql + icql

where 7,41 and 7,41 are known state variables, and the 7,41 and
1541 can be obtained based on the state variables of magnetic
flux linkage in (B.4). Therefore, the total line current i;4; and
1491 Will be able to be expressed by the existing state variables.
Thus, (B.13) can be converted into it as follows:

{um = ita1 X y/wo + Uyt €O @pm — g1 X, B.15)

Usqr = 11 Xg/wo — Ugr sin ppin + ia1 Xy

Combing (B.2), (B.4), (B.10), (B.14), and (B.15), we will obtain
the explicit algebraic expressions of w41 and 41, by using the
existing state variables

Urgr = (aup + ap + Ugyy cos ppn1 — 141 X4) /7
{ ta1 = (v f gl piln — itg1Xg) /N5 (B.16)

Utgr = (By + B — Ugr sinppm + ita1 Xg) /nx

here, the expressions of s, a1, By1, af1, and Sy are

e =1+1/X; - X, Xy/ (X0 — X, X,)
< Xng (Rsisdl - Wgwsql) )
_Xng (urdl - Rrirdl + Sp’(/}rql)
Qy1 = X 2—X, X,
( Xng (Rsisdl + wgwsdl)
_Xng (urql - Rrirql - Spwrdl)
511)1 = X 2—X, X,
a1 = (Uea1 +icq1 Xy) / X
Bfl = (chl - iclef) /Xf'
Furthermore, the total output power of DFIG and the ampli-
tude of terminal voltage are

{Ptl = utdlitdl + thl’l:tql

Uil = Juar? + uggn®.

) (B.17)

(B.18)
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8) DAEs of Detailed Full-Order Model of DFIG System at
Each Stage: In stage 1, combining (B.1), (B.2), (B.5)—(B.11),
the differential equations of the detailed model of the DFIG
system are as follows:

W1 = (P — Pu)/(2Hwy1)

"Z_)rdl = Wo (Urdl — Ryirqr + Spqul)

qul = Wwo (urql - Rrirql - Spwrdl)

’l#sdl = Wwo (utdl + Rsisdl - Wgwsql)

'f/)sql = Wo (thl + Rsisdl + wg¢sd1)

?:idl = kpwd-_}rl + Kiw ((-‘Jrl - wr*)

irg1 = kpv Ui + kv (U — Uy")

urdl = kpurd (ifndl - :L'rdl) + kiurd (’L':,dl - irdl)
qul = kpurq (%:ql - irql) + kiurq (i:ql - Z"r’ql) (B19)
iZdl = kpdcadc.l + kid.c (udcl - UEC)

'[flcdl = kpucd (i:dl - icdl) + kiucd (izdl - icdl)
ucql = kpucq (O - icql) + kiucq (0 - Z.cql)

Epir = (Kipnteq1)/wo

Ppur = wo ((kppntiqr) /wo + zpu — 1)

ledl = wo (Uedr — Urar + teq1 Xf) /Xy

Z'cql = Wwo (ucql — Utql — Z'cdl)(f) /Xf

udcl == (Prl - Pcl)/(chdcl)-

Combining (B.4), (B.12), (B.14), (B.16), and (B.18), the
algebraic equations of the detailed model of the DFIG system
are as follows:

irdl = (mesdl - Xs¢rd1)/ (Xm2 - XTXS)
irql = (mesql - Xsqul)/ (Xm2 - XTXS)
lsdl = (Xr¢sd1 - Xm¢7‘d1)/ (Xm2 - XT‘XS)
isql = (quljsql - quz[}rql)/ (Xm2 - XTXS)

Tgdl = lsdl + Gedl

itql = isql + Z’cql

U1 = (1 + g1 + Ugi cos i — itq1Xg) /N5
g1 = (By1 + Br1 — Ugr sin i + ia1 Xy) /15
U = Jura1? + uqr?

P = —Urqiirar — Urqlirql

Pcl = ucdlicdl + chlicql

Py = uaiiiar + Weqitiqr-

(B.20)

Similarly, in stage 2, the differential equations of the detailed
model of the DFIG system are

7/.}7"(12 = Wo (urd2 — Ryirge + Spd)qu)

fll')rq2 = Wo (urq2 - Rrirq2 - Sp/(/)rdQ)

Ysaz = wo (Uraz + Rslsaz — welhsq2)

7/’5112 = Wo (thQ + _RsisdQ + WgwsdQ)

i’«TdQ = Npurd (0 - ?rdQ) + kiurd (ii;d2 - irdQ)
lrq2 = Kpurq (0= trg2) + Kiurg (i5g2 — irg2)
if;dg = pdcudc? + kid.c (udCQ - uz(»)

led2 = kpucd (o - ic2) + Kiuca (itgy — ica2)
leq2 = Kpucq (0 = teg2) + Kiucq (0 — icg2)
Epiiz = (Kipnteq2) /wo

Ppiiz = wo ((kpputieg2) /wo + zpnz — 1)

led2 = wo (Ucd2 — Utaz + ieq2Xf) /X

ich = Wo (ucq2 — Utg2 — ichXf) /Xf

Ugez = (Pra — Pe2) / (2Cuqe2) -

(B.21)
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The algebraic equations are

ity = Ke Uiz — 0.9) + g1

. / 2
0 <l < /12, — g

Zrd ( mwsdQ - SqurdQ) / (Xm2 XrXs)
qu = ( mwqu - squ2) / (Xm2 X’I”XS)
st2 - (X /(/)sd2 mwrd2) / (Xm2 X’I’XS)
qu2 - (X ’(/quQ mqu2) / (Xm2 X’I‘XS)

1td2 = tsd2 + Gcd2

Z.tq2 = qu2 + Zch

gz = (o + apa + Ugz cos ooz — 112X g) /N5
Utgz = (By2 + Bra — Uga singpnz +i1a2Xy) /05
Uiz = \JUta2? + urg?

PT2 = _urd2ird2 - urq2irq2

Peo = Ucq2icaz + ucq2icq2-

Similarly, in stage 3, the differential equations of the detailed

model of the DFIG system are

d.)rd?) = (u'r a3 — Rytras + 5p¢rq3)
quS = (urqB TZT‘(]3 - sp'l/)rdB)
wsdzz = wo (Utaz + Rslsqz — wgWsq3)
¢sq3 = wo (Utg3 + Rslsds + wgWsds)

i;id3 = Kramp

g3 = = kyvUss + kiv (Usz — Uy")
urd?) - kpurd (.7"(13 7frdS) + kzurd (Z?;dg - irdS)
urqS = Fpurq (ij‘ql’) quS) + kqu (Z;qS - irq3)
cd3 - kpdcudCB + kzdc (udC3 )

Ued3 = kpucd ( 1cds ch?)) + kzucd ( - ich)
ucq3 - kpucq (0 Zcq?)) + kiucq (0 - 'ch3)
Tpnz = (Kipntegs) /wo

Ppns = wo ((kppitiegs) /wo + Tpug — 1)
led3 = wo (Ucds — Utas + icq3 Xy) /X s
legs = Wo (Ucqs — Utgs — TeasX ) /X s
Udes = (Pr3 - Pc3) / (2cudc3) :

The algebraic equations are

Zrd ( mwsd?) - Xswrd3> / (Xm2 - X’I‘XS>
qu3 ( mwsq3 squ3) / (Xm2 - XTXS)
isd3 = (Xrsas — Xmtras) / (Xm2 - XrXs)
qu3 = ( rwsqS mquS) / (Xm2 - XrXs)
1td3 = Usd3 t+ lcd3

Z'tq3 = quS + Zch

Uz = (yg + ayps + Uq3 COS Ppus — itq3Xg) /Nx
Ug3 = (Bys + Brs — Ugz sin ppus + irasXy) /nx
Uiz = \J/Uraz? + ugq3?

Pr3 = —rq3trd3 — urq3irq3

Pc3 = ucdSicd?) + ucq3i0q3~

(B.24)

In the above-mentioned models, the differences among var-
ious stages lie in the fact that the MSC implements different
outer-loop controls, as shown in Fig. 2, while the other parts

remain consistent.
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