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

Hongsheng Xu and Meng Zhan , Senior Member, IEEE

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

U t , It , Ug Terminal voltage and output current and
grid voltage vectors.

Is , Ir , Ic Stator current, rotor current and grid
converter output current.

Ut , Ug Amplitude of terminal voltage and grid
voltage.
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itd , itq dq axis components of output current of
DFIG.

utd , utq dq axis components of terminal voltage.
θpll Phase-locked loop (PLL) output angle in

three-phase stationary abc reference frame.
ϕpll PLL output angle in xy common reference

frame.
ϕcr Critical clearing angle.
kpw , kiw PI parameters of RSC.
kpV , kiV PI parameters of TVC.
kppll, kipll PI parameters of PLL.
Ke , Kramp Reactive current ratio coefficient and ramp

rate.
Pt , Qt Output active power and reactive power of

DFIG.
ω0 Rotation speed of xy common reference

frame.
ωpll, ωg , ωr Frequencies of PLL, grid, and rotor speed,

respectively.
Xm , Xs , Xg Mutual reactance, stator reactance, and grid

reactance.
a, b, c, d Correction coefficients.
xs, xu Stable and unstable equilibrium points.
Pm , Pe ,Meq, Deq Equivalent mechanical power, electromag-

netic power, inertia, and damping, respec-
tively.

tf , tc , 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

IN 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

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) In the transient 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. tf , tc, and tr 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 Ut 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 Ut 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∗cq is set to zero, i.e., i∗cq = 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.

Fig. 3. Schematic shows of three-phase stationary abc reference frame, xy
reference frame, dq common reference frame, and rotor reference frame, where
ω0ωg , ω0ωpll, and ω0ωr represent the rotation angular frequencies of the xy,
dq, and rotor reference frames, respectively. ω0 = 2πf0.

This viewpoint will be highlighted in our modeling part. The
control and switching conditions for each stage will be studied
in detail afterwards. Here, tf , tc, and tr 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 ϕ. For
example, ϕpll = θpll − ω0ωg t. For the fundamental angular fre-
quency, ω0 = 2πf0, and for the grid angular frequency, ωg = 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 Lg , stator inductance Ls , and rotor inductance
Lr , are neglected. Given that the response speed of the ac
current control is very fast, its dynamics is also ignored,
and thus ird = ird

∗, irq = irq
∗, icd = icd

∗, and icq = icq
∗.

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 icd of
the GSC is in a slip multiple relationship with the stator
current isd : icd =−spisd . Here, the slip ratio sp = (ωg −
ωr)/ωg . ωg is the per-unit value of grid-side frequency,
which is approximately considered as ωg ≈ 1. Thus,
icd = (ωr − 1)isd .



XU AND ZHAN: TRANSIENT SYNCHRONIZATION STABILITY ANALYSIS AND ASSESSMENT OF DFIG SYSTEM UNDER SEVERE FAULTS 3897

Fig. 4. Quasisteady-state topological circuit of asynchronous machine in the
DFIG. Here, XIs, XIr , and Xm are the per-unit values of leakage stator re-
actance, leakage rotor reactance, and mutual inductance reactance, respectively.
For the stator reactance Xs, Xs = XIs +Xm, and for the rotor reactance Xr ,
Xr = XIr +Xm. (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:⎧⎪⎪⎨

⎪⎪⎩
urd1/sp = ird1Rr/sp −Xrirq1 +Xmisq1
urq1/sp = irq1Rr/sp +Xrird1 −Xmisd1
utd1 = −Rsisd1 +Xsisq1 −Xmirq1
utq1 = −Rsisq1 −Xsisd1 +Xmird1

(1)

where the stator reactance Xs = XIs +Xm, and the rotor
reactance Xr = XIr +Xm.

The corresponding quasisteady-state topological circuit is
shown in Fig. 4(a). Here, the rotor voltage U r1 and rotor
resistanceRr are converted to the stator side, so they are divided
by slip ratio sp 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{

ird1 = ird1
∗

irq1 = irq1
∗. (2)

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⎧⎪⎪⎨

⎪⎪⎩
urd1/sp = −Xrirq1 +Xmisq1
urq1/sp = Xrird1 −Xmisd1
utd1 = Xsisq1 −Xmirq1
utq1 = −Xsisd1 +Xmird1.

(3)

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 Ic1 and the stator current Is1 is as follows:{

icd1 = (ωr1 − 1)isd1
icq1 = 0.

(4)

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 It1 of the DFIG
in the dq-axis are {

itd1 = isd1 + icd1
itq1 = isq1 + icq1.

(5)

Combining (4) and (5), we can obtain the relation between
It1 and Is1 as {

itd1 = ωr1isd1
itq1 = isq1.

(6)

As the transmission line dynamics are ignored, the relation-
ship between the terminal voltage U t1 and the current It1 is
described by {

utd1 = Ug1 cosϕpll1 −Xgitq1
utq1 = −Ug1 sinϕpll1 +Xgitd1.

(7)

Combining (6), (7), and the last two equations of (3) for the
relation between U t1, Is1, and Ir1, through eliminating Is1

(isd1/isq1), an explicit relation between U t1 and Ir1 is obtained
as {

utd1 = aUg1 cosϕpll1 − bXg irq1

utq1 = −cUg1 sinϕpll1 + dXg ird1
(8)

where the correction coefficients (a, b, c, and d) are⎧⎪⎪⎨
⎪⎪⎩
a = Xs/(Xs +Xg)
b = Xm/(Xs +Xg)
c = Xs/(Xs + ωr1Xg)
d = ωr1Xm/(Xs + ωr1Xg).

(9)

The rotor speed ωr is nearly unchanged within the short
duration time of the LVRT process, and all these correction
coefficients can be regarded as constants, based on ωr1 = ωr1

∗

for the stable equilibrium point (SEP) in (9). For example, under
the system parameters listed in Appendix A, a = 0.89, b = 0.85,
c = 0.87, and d = 1 are obtained and fixed for all four stages.
Therefore, here U t1 and Ir1 show the only difference of these
scaled, correction coefficients, to be compared with the original
relation between U t1 and It1 in (7). As we will see, (8) and (9)
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establish the direct relation between the terminal voltage U t1

and the controlled rotor current Ir1 and are very important.
In addition, combining (6) and the last two equations of (3),

the relationship between It1 and Ir1 becomes{
itd1 = ωr1(Xmird1− utq1)/Xs

itq1 = (Xmirq1 + utd1)/Xs.
(10)

Thus, the output power Pt1 and the amplitude of the terminal
voltage Ut1 are {

Pt1 = utd1itd1 + utq1itq1

U t1 =
√
utd12 + utq12.

(11)

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{

i̇rd1 = kpwω̇r1 + kiw (ωr1 − ωr
∗)

i̇rq1 = kpV U̇t1 + kiV (Ut1 − Ut
∗)

(12)

where kpw and kiw are the proportional and integral coefficients
of the RSC, respectively, kpV and kiV are the proportional and
integral coefficients of the TVC, respectively, and ωr∗ and Ut

∗

are the reference values of the rotor speed and the terminal
voltage, respectively.

The motion equation of the rotor is

ω̇r1 =
P in − Pt1

2Hωr1
(13)

where H represents the inertial time constant. Pin and Pt1

represent the mechanical input power and the electromagnetic
output power, respectively.

For the PLL dynamics, the relation between ωpll1 and the
integrator output xpll1 is ω0ωpll1 = ω0xpll1 + kppllutq1, and the
corresponding differential equations are{

ẋpll1 = (kipllutq1)/ω0

ϕ̇pll1 = ω0((kppllutq1)/ω0 + xpll1 − 1)
(14)

where kppll and kipll 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 ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ω̇r1 = (Pin − Pt1)/(2Hωr1)

i̇rd1 = kpw ω̇r1 + kiw (ωr1 − ωr
∗)

i̇rq1 = kpV U̇t1 + kiV (Ut1 − Ut
∗)

ẋpll1 = (kipllutq1)/ω0

ϕ̇pll1 = ω0((kppllutq1)/ω0 + xpll1 − 1)

(15)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

utd1 = aUg1 cosϕpll1 − bXg irq1

utq1 = −cUg1 sinϕpll1 + dXg ird1

itd1 = ωr1(Xmird1− utq1)/Xs

itq1 = (Xmirq1 + utd1)/Xs

Pt1 = utd1itd1 + utq1itq1

U t1 =
√
utd12 + utq12.

(16)

When the system is in a steady state, utd1 = Ut
∗, utq1 = 0,

and Pt1 = Pin = itd1Ut
∗. Thus, there exist an SEP, xs⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωr1,s = ωr
∗

ird1,s = XsPin
Xmωr

∗

irq1,s =
XsUg1cosϕpll1,s−(Xs+Xg)Ut

∗

XgXm

xpll1,s = 1

ϕpll1,s = arcsin
(
PinXg

Ug1Ut
∗

)
(17)

and an unstable equilibrium point (UEP), xu⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωr1,u = ωr
∗

ird1,u = XsPin
Xmωr

∗

irq1,u =
XsUg1cosϕpll1,u−(Xs+Xg)Ut

∗

XgXm

xpll1,u = 1

ϕpll1,u = π − arcsin
(
PinXg

Ug1Ut
∗

)
.

(18)

Under the typical parameters in Appendix A, xs = [1.2,
0.7,−0.43, 1, 0.41]T p.u. and xu = [1.2, 0.7,−4.25, 1, 2.73]T

p.u., where the superscript T denotes transposition. Clearly
xs provides an initial stable operating point for the sequential
stages.

B. Stage 2: During-Fault

When a severe fault occurs, e.g., Ug dips from 1.0 p.u. to a
much smaller Ug2, the terminal voltage Ut2 dips below 0.8 p.u.
accordingly, causing the normal control to freeze. Stage 2 begins.
Now the dq current of the MSC is provided by the LVRT control.
To rapidly support Ut2, the reactive current irq2 is injected in
proportion to the magnitude of Ut2 [3]. In addition, the active
current ird2 should be limited by the capacity of converter Imax⎧⎨

⎩
irq2 = Ke(0.9− Ut2) + irq1, s

0 ≤ ird2 ≤
√
Imax

2 − irq2
2

(19)

where irq1,s is the initial reactive current of stage 1, and Ke is
the reactive current coefficient. As 1.5 ≤Ke ≤ 3 is often chosen
in engineering,Ke = 1.5 is fixed in this article. Imax = 1.1 p.u..
On the other hand, as Ut2 in stage 2 only changes slightly, irq2
in (19) is often chosen as fixed by the initial value ofUt2 at stage
2. In a contrast, ird2 can be treated as an adjustable parameter,
subjected by the capacity constraint determined by irq2 and Imax.
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Now the algebraic equations in (8) are unchanged, with the
only one parameter change from Ug1 (Ug1 = 1 p.u.) to Ug2{

utd2 = aUg2 cosϕpll2 − bXg irq2

utq2 = −cUg2 sinϕpll2 + dXg ird2
(20)

where the coefficients (a, b, c, and d) are all constants.
Considering the PLL’s dynamics which is determined by utq2

only, and combining (19), (20), the DAEs accompanying with
the capacity constraint are{

ẋpll2 = (kipllutq2)/ω0

ϕ̇pll2 = ω0((kppllutq2)/ω0 + xpll2 − 1)
(21)

{
utq2 = −cUg2 sinϕpll2 + dXg ird2

0 ≤ ird2 ≤
√
Imax

2 − irq2
2.

(22)

C. Stage 3: Early Postfault

When the fault is cleared and Ug recovers, Ut3 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 ird3 is constrained by the
ramping rate Kramp. The differential equations of the outer loop
control in the MSC are{

i̇rd3 = Kramp

i̇rq3 = kpV U̇t3 + kiV (Ut3 − Ut
∗).

(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, Kramp > 0.2 is often
chosen in engineering [3]. In this article,Kramp = 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

⎧⎪⎪⎨
⎪⎪⎩
i̇rd3 = Kramp

i̇rq3 = kpV U̇t3 + kiV (Ut3 − Ut
∗)

ẋpll3 = (kipllutq3)/ω0

ϕ̇pll3 = ω0((kppllutq3)/ω0 + xpll3 − 1)

(24)

⎧⎪⎨
⎪⎩
utd3 = aUg3 cosϕpll3 − bXg irq3

utq3 = −cUg3 sinϕpll3 + dXg ird3

U t3 =
√
utd32 + utq32.

(25)

D. Stage 4: Late Postfault

When the active current arrives at the initial level, i.e., ird3 =
ird1,s in (17), the normal control is fully restored. Therefore, the
model in stage 4 becomes exactly the same as that in stage 1.

Fig. 6. (a)–(j) Plots of Ug , Ut, ird , irq , Pt, Qt, ωr , icd , ϕpll, and xpll,
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, at tf = 1.5 s, Ug dips from 1 to 0.3
p.u.. At tc= 2.1 s, the fault is cleared. The fault duration time tc –
tf = 0.6 s. During the fault, irq2 = −0.86 p.u. is calculated from
(19) and ird2 = 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 icd 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),
ωr fluctuates between 1.25 and 1.16 p.u., around 1.2 p.u. (the
steady-state value). This indicates that the change of ωr is tiny
and it is reasonable to treat the two scales c and d in (22) as
constants.

In summary, stage 1 provides an initial stable operating point.
When a severe fault occurs and Ut drops below 0.8 p.u., the
LVRT control is activated and stage 2 starts. Stage 2 (under
Ug2) provides voltage support and the active-power current ird2
can be regarded as an adjustable parameter. After the fault is
cleared, Ut recovers instantly. Stage 3 (under Ug3) starts and
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Fig. 7. (a)–(j) Magnified plots of Fig. 6 within 1–3 s.

ird3 needs to recover gradually. When the ird3 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

Meq2ϕ̈pll2 = Pm2 − Pe2 −Deq2ϕ̇pll2 (26)

Fig. 8. (a) and (b) Plots of Ug and ird , and (c) EAC-based TSS analysis for
permanent faults.

where ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Pm2 = dXg ird2

Pe2 = cUg2 sinϕpll2

Meq2 = 1
kipll

Deq2 = c
kppll

kipll
Ug2 cosϕpll2

(27)

where Pm2, Pe2, Meq2, and Deq2 represent the equivalent me-
chanical power, electromagnetic power, inertia, and damping,
respectively. Clearly, Pm2 is a constant, depending on ird2, and
Pe2 is a sinusoidal function ofϕpll2, depending onUg2. 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 c 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)

ϕpll1,s = arcsin

(
PinXg

Ug1Ut
∗

)
= arcsin

(
dXgird1
cUg1

)
. (28)

The second equality comes from the second equation in (8)
under the steady-state value utq1, s = 0.

Without losing generality, when Ug dips (e.g., Ug =0.2 p.u.)
and a permanent fault occurs at tf , stage 2 starts. irq2 = −0.93
p.u. and ird2 = 0.28 p.u. are chosen. The equivalent power angle
(sinusoidal curve) Pe2 and the equivalent constant mechanical
power (horizontal line) Pm2 are shown in Fig. 8(c). The SEP
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and UEP of stage 2 are, respectively{
ϕpll2, s = arcsin

(
dXgird2
cUg2

)
ϕpll2, u = π − ϕpll2, s .

(29)

The difference between ϕpll2, s and ϕpll1, s in (28) and (29)
lies in the different values of Ug and ird . When a fault oc-
curs, since Pm2 > Pe2 at ϕpll1,s , ϕpll2 will accelerate. When
ϕpll2,s < ϕpll2 < ϕpll2,u , as Pm2 < Pe2, ϕpll2 will decelerate.
This happens until it arrives at ϕpll2,u . Therefore, the accel-
erating area S2

+ and the maximal decelerating area S2
− are,

respectively ⎧⎨
⎩
S+
2 =

∫ ϕpll2,s

ϕpll1,s
(Pm2 − Pe2)dϕpll2

S2
− =

∫ ϕpll2,u

ϕpll2,s
(Pe2 − Pm2)dϕpll2.

(30)

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

S2
+ ≤ S2

−. (31)

According to (27), for a larger Ug2, Pe2 becomes larger for
a steeper curve, which is beneficial to the TSS. By a smaller
ird2, Pm2 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:{

ẋpll3 = (kipllutq3)/ω0

ϕ̇pll3 = ω0((kppllutq3)/ω0 + xpll3 − 1)
(32)

{
utq3 = −cUg3 sinϕpll3 + dXg ird3

ird3 = ird2 +Kramp(t− tc)
(33)

and the other response one

i̇rq3 = kpV U̇t3 + kiV (Ut3 − Utref) (34){
utd3 = aUg3 cosϕpll3 − bXg irq3

U t3 =
√
utd32 + utq32.

(35)

Clearly in the driving subsystem, utq3 is affected by ird3,
which depends on time. While for the response subsystem, utd3
is affected by ϕpll3 and irq3, and Ut3 is affected by utq3 which
should come from the driving subsystem.

In the driving subsystem, as ird3 increases linearly, it exhibits
the nonautonomous characteristics. However, if its dynamics
changes slowly, ird3 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

Fig. 9. Illustrations of different BOA boundaries under different values of
i
rd3 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
ird3 = ird2 = 0.34 p.u. (ird3 = ird1,s = 0.7 p.u.).

in (21) and (22) [or in (26) and (27)] under an extremely slow
change of ird3 and a fixedUg3 (usuallyUg3 > Ug2). It is similar
to the stage 2 dynamics essentially.

B. Dynamical Characteristics of Stage 3

With a constant ird3, it can be similarly studied on the
xpll − ϕpll plane. The different BOA boundaries under differ-
ent ird3’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 ird3 = ird2 = 0.34 p.u. (ird3 = ird1,s = 0.7 p.u.)
Since the initial state of stage 3 under ird2 and Ug3 will be the
most concerned, its BOA is emphasized by BOA 3o. Based on
this comparison, it can be found that with a slow increase of
ird3, 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 3o 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 3o 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 3o, 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 ird and ϕpll are shown in Fig. 10. The fault is set as Ug
dips to 0.2 p.u. at tf = 0.5 s, irq2 = −0.93 p.u., with all other
parameters in Appendix A. For the tests, three different values
of ird2 and tc 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 ϕpll, ird, Pt, Qt, ωr , and Ut,
respectively. Case I: ird2 =0.3 p.u. and tc = 1.1 s, case II: ird2 =0.34 p.u. and
tc = 0.782 s, and and case III: ird2 =0.34 p.u. and tc = 0.783 s.

Case I: ird2 =0.3 p.u., tc = 1.1 s, and the fault duration time
is tc – tf = 0.6 s.

Case II: ird2 =0.34 p.u., tc = 0.782 s, and tc – tf = 0.282 s.
Case III: ird2 =0.34 p.u., tc = 0.783 s, and tc – tf = 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
ϕpll in Fig. 10(b), one can see that ϕpll 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 tc is
slightly larger, the system will eventually become unstable as
shown in Fig. 10(c). Whenϕpll continuously deviates, according

Fig. 11. (a)–(c) Comparisons of BOA in the ωr -ϕpll-xpll 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 ϕpll 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 ωr -ϕpll-xpll 3-D space and
the ϕpll-xpll 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 ird and irq fixed as ird1,u
and irq1,u 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 tc, 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 ϕpll-xpll 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 ωr -ϕpll-xpll 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 3o 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 3o. 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 at tf ,Ug dips. The fault is cleared at tc andUg is restored.
In addition, the variation of ird2 is schematically shown by the
solid lines in Fig. 13(b). In stage 3, ird3 should linearly increases

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 ωr -ϕpll-xpll 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
3o and BOA 4 respectively. The color of the trajectory in different stage also
corresponds to it.

from ird2 to ird1. As the system stability is solely determined
by the relation between the initial state of stage 3 and the BOA
3o, for the TSS analysis, the system can be virtually viewed as
staying at the stage 3 for ever, i.e., ird3 = ird2 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 Pm3 = Pm2, as the
virtual value of ird3 is fixed as ird3 = ird2. The expression
of the equivalent electromagnetic power Pe2/Pe3 are shown in
(27), with the only difference that Ug is different. Therefore,
as Ug3 > Ug2, Pe3 > Pe2. 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 ϕpll3,u is important, and

ϕpll3,u = π − arcsin

(
dXgird3
cUg3

)
. (36)

Therefore, based on the EAC, the total accelerating areaSΣ2
+

in stage 2 (starting at ϕpll1,s and ending at the critical clearing
angle ϕcr ) and the maximal decelerating area S3

− in stage 3
(starting at ϕcr and ending at ϕpll3,u ) are⎧⎨

⎩
S+
Σ2 =

∫ ϕcr

ϕpll1,s
(Pm2 − Pe2)dϕpll2

S3
− =

∫ ϕpll3,u

ϕcr
(Pe3 − Pm3)dϕpll3.

(37)

For the critical stability, SΣ2
+ = S3

−. Correspondingly, the
critical clearing angle ϕcr can be calculated by

ϕcr = arccos

(
dXgird2(ϕpll3,u − ϕpll1,s)

c(Ug3 − Ug2)
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TABLE I
COMPARISON OF CCT UNDER DIFFERENT VALUES OF Ug2 AND i

rd2

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 Ug2 = 0.55 p.u., Ug2 = 0.35 p.u., and Ug2

= 0.15 p.u. The solid blue line represents BOA 3o, 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.

+
Ug3 cosϕpll3,u − Ug2 cosϕpll1,s

Ug3 − Ug2

)
. (38)

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 Ug2

and ird2. 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 Kramp, 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 Ug2, ird2, and Kramp.

1) Influence of Ug2: As shown in Fig. 14, the drop depth of
the Ug only changes the size of BOA 2, without changing BOA
3o 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, Ug2 mainly affects the final transient stability of the
system by influencing the BOA 2.

As the Ug2 decreases, BOA 2 will continue to shrink. This
is very easy to understand. As shown in Fig. 13, when Ug2
decreases, Pe2 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 Ug2 = 0.55 p.u., since the
initial point is within BOA 2, the phase ϕpll will converge near
the operating point of stage 2. However, whenUg2 = 0.15 p.u., at
the beginning of stage 2, the initial point will fall outside of BOA
2. In this case, the phase ϕpll 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: ird2 = 0.25 p.u., Kramp = 0.8 p.u.. The fault occurred
at tf = 0.5 s. The differences lie in the magnitude ofUg2 and the
time of fault clearance tc. Case I: Ug2 = 0.55 p.u., tc = 1.125 s;
case II: Ug2 = 0.35 p.u., tc = 1.125 s; case III: Ug2 = 0.15 p.u.,
tc = 0.853 s. As shown in Fig. 15, the reduction of Ug2 truly
increases the risk of transient instability.

2) Influence of ird2: As shown in Fig. 16, the magnitude of
ird2 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.

As in Fig. 13, when ird2 increases, the equivalent mechanical
power of the stage 2 (Pm2) and the initial moment of stage
3 (Pm3) will increase accordingly, which leads to a reduction
in the decelerating region and a deterioration in stability. For
instance, in Fig. 16, when ird2 = 0.1 p.u., both BOA 2 and
BOA 3o are large, ensuring stability at the stage 2 and the initial
moment of stage 3. However, when ird2 = 0.5 p.u., at the initial
moment of stage 2, the black point will fall outside BOA 2.
In this case, the phase ϕpll 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, II, and III, the same parameters are
adopted: Ug2 = 0.3 p.u.,Kramp = 0.8 p.u.. The fault occurs at tf
= 0.5 s. The differences lie in the magnitude of ird2 and the time
of fault clearance tc. Case I: ird2 = 0.1 p.u., tc= 1.125 s; case II:
ird2= 0.3 p.u., tc= 1.125 s; case III: ird2= 0.5 p.u., tc= 0.725 s.
As shown in Fig. 17, the increase of ird2 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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Fig. 15. Time-domain simulation under different voltage drop depths Ug2.
Here, (a)–(f) represent the time-domain waveforms of ϕpll, ird, Pt, Qt, ωr ,
and Ut, respectively. Case I: Ug2 = 0.55 p.u., case II: Ug2 = 0.35 p.u., and case
III: Ug2 = 0.15 p.u.

3) Influence of Kramp: The ramping rate Kramp 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
Kramp, the CCTs with differentKramp’s under different methods
are studied. Ug2 = 0.2 p.u. and ird2 = 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 byKramp. It can be found
that asKramp 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 largerKramp,
the relative error of the BOA-based method increases and op-
positely that of the EAC-based method decreases. Nevertheless,
the influence of Kramp is tiny.

Fig. 16. BOA under different ird2’s. In (a), the orange area represents BOA 2,
and the colors from light to dark correspond to the BOA 2 under ird2 = 0.1 p.u.,
ird2 = 0.3 p.u., and ird2 = 0.5 p.u., respectively. In (b), the blue area represents
BOA 3o, and the colors from light to dark correspond to the BOA 3o under ird2
= 0.1 p.u., ird2 = 0.3 p.u., and ird2 = 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.

TABLE II
COMPARISON OF CCT UNDER DIFFERENT KRAMP ’S

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: Ug2 = 0.2 p.u., ird2 = 0.34 p.u. The
fault occurs at tf = 0.5 s. The differences lie in the magnitude of
Kramp. Case I: Kramp = 0.8 p.u.; case II: Kramp = 4.8 p.u.; case
III: Kramp = 8.8 p.u. We can see that Kramp 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 ird2’s. Here, (a)–(f) repre-
sent the time-domain waveforms of ϕpll, ird, Pt, Qt, ωr , and Ut respectively.
Case I: ird2 = 0.1 p.u., case II: ird2 = 0.3 p.u., and case III: ird2 = 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 tf = 5 s, Ug dips to 0.2 p.u. At tc = 5.6 s,
Ug recovers to 1 p.u. The experimental results for ird2 = 0.1,
0.3, and 0.4 p.u. are shown in Fig. 20(a)–(c), respectively. With
increasing of ird2, 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

Fig. 18. Time-domain simulation under different Kramp’s. Here, (a) and (b)
represent the time-domain waveforms ofϕpll and ird, respectively. Case I:Kramp
= 0.8 p.u.; case II: Kramp = 4.8 p.u., and case III: Kramp = 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 tf = 5 s, Ug dips to 0.1 p.u., ird2 = 0.3 p.u.
and irq2 = –1 p.u. At tc, Ug recovers to 1 p.u. The experimental
results for two different fault clearing times tc = 5.159 and
5.160 s are shown in Fig. 21(a) and (b), respectively. It is
clear that with a slightly larger tc in Fig. 21, although ϕpll 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: When tf = 5s,Ug dips to 0.2 p.u., ird2 = 0.34 p.u. and
irq2 = –0.93 p.u. At tc, Ug recovers to 1 p.u. The experimental
results for two different fault clearing times tc = 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 I.
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Fig. 20. (a)–(c) Experimental waveform diagrams of case A.

Fig. 21. (a) and (b) Experimental waveform diagrams of case B.

Case D: When tf = 5 s,Ug dips to 0.3 p.u., ird2 = 0.5 p.u. and
irq2 = –0.86 p.u. At tc, Ug recovers to 1 p.u. The experimental
results for two different fault clearing times tc = 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.

Fig. 22. (a) and (b) Experimental waveform diagrams of case C.

Fig. 23. (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
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.

2) 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: Sbase = 2 MW, Ubase = 690 V (line rms
value), Udcbase = 1400 V, f0 = 50 Hz, ω0 = 2πf0, Udc

∗ = 1 p.u.,
Ut

∗ = 1 p.u., Ug = 1 p.u., Pin = 0.8 p.u., ωr
∗ = 1.2 p.u., C =

0.05 p.u., Lf = 0.1 p.u., Lg = 0.5 p.u.
Parameters of DFIG: LIs = 0.171 p.u., LIr = 0.156 p.u., Lm

= 3.9 p.u., H = 4 p.u.
Parameters of controller: 1) RSC: kpw = 1, kiw = 5. 2) TVC:

kpV = 1, kiV = 10. 3) PLL: kppll = 60, kipll = 1400. 4) DVC:
kpudc = 1.5, kiudc = 160. 5) ACC: kpurd = 0.6, kiurd = 80,
kpurq = 0.6, kiurq = 80, kpucd =4, kiucd = 300, kpucq = 4,
kiucq = 300. 6) LVRT: Ke = 1.5. 7) Ramp: Kramp = 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

ω̇r1 =
P in − Pt1

2Hωr1
(B.1)

and the flux linkage dynamics are⎧⎪⎪⎨
⎪⎪⎩
ψ̇rd1 = ω0 (urd1 −Rrird1 + spψrq1)

ψ̇rq1 = ω0 (urq1 −Rrirq1 − spψrd1)

ψ̇sd1 = ω0 (utd1 +Rsisd1 − ωgψsq1)

ψ̇sq1 = ω0 (utq1 +Rsisd1 + ωgψsd1)

(B.2)

⎧⎪⎪⎨
⎪⎪⎩
ψrd1 = Xrird1 −Xmisd1
ψrq1 = Xrirq1 −Xmisq1
ψsd1 = Xmird1 −Xsisd1
ψsq1 = Xmirq1 −Xsisq1

(B.3)

where Xs, Xr, and Xm are the per-unit values of stator reac-
tance, rotor reactance, and mutual inductance reactance, respec-
tively. Rs and Rr are the per-unit values of stator resistance
and rotor resistance, respectively. In actual analysis, since the
resistances are very small, they are ignored. ωg is the per-unit
value of grid-side frequency, which is approximately considered

as ωg ≈ 1. ω0 is the reference value of frequency (100π rad/s),
and sp = (ωg − ωr)/ωg is the slip ratio.

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

⎪⎪⎩
ird1 = (Xmψsd1 −Xsψrd1) /

(
Xm

2 −XrXs

)
irq1 = (Xmψsq1 −Xsψrq1) /

(
Xm

2 −XrXs

)
isd1 = (Xrψsd1 −Xmψrd1) /

(
Xm

2 −XrXs

)
isq1 = (Xrψsq1 −Xmψrq1) /

(
Xm

2 −XrXs

)
.

(B.4)

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

i̇∗rd1 = kpwω̇r1 + kiw (ωr1 − ωr
∗)

i̇∗rq1 = kpV U̇t1 + kiV (Ut1 − Ut
∗)

(B.5)

where kpw and kiw are the proportional and integral coefficients
of the RSC, respectively, kpV and kiV are the proportional and
integral coefficients of the TVC, respectively.

And the dynamics of the ac current control are{
u̇rd1 = kpurd

(
i̇∗rd1 − i̇rd1

)
+ kiurd (i

∗
rd1 − ird1)

u̇rq1 = kpurq
(
i̇∗rq1 − i̇rq1

)
+ kiurq

(
i∗rq1 − irq1

) (B.6)

where kpurd and kiurd are, respectively, the proportional coef-
ficient and integral coefficient of the d-axis ac current control,
andkpurq andkiurq are, respectively, the proportional coefficient
and integral coefficient of the q-axis ac current control.

3) Dynamics of the GSC: For the GSC, the dynamics of the
DVC is

i̇∗cd1 = kpdcu̇dc1 + kidc (udc1 − u∗dc) (B.7)

where kpdc and kidc are, respectively, the proportional coeffi-
cient and integral coefficient of the DVC. Usually i∗cq1 is set to
0, i.e., i∗cq1 = 0.

And the dynamics of the ac current control are{
u̇cd1 = kpucd

(
i̇∗cd1 − i̇cd1

)
+ kiucd (i

∗
cd1 − icd1)

u̇cq1 = kpucq
(
0− i̇cq1

)
+ kiucq (0− icq1)

(B.8)

where kpucd and kiucd are, respectively, the proportional coef-
ficient and integral coefficient of the d-axis ac current control,
andkpucq andkiucq are, respectively, the proportional coefficient
and integral coefficient of the q-axis ac current control.

4) Dynamics of the PLL: The dynamics of the PLL are{
ẋpll1 = (kipllutq1)/ω0

ϕ̇pll1 = ω0((kppllutq1)/ω0 + xpll1 − 1)
(B.9)

where kppll and kipll are the proportional and integral coefficients
of the PLL, respectively.

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

i̇cd1 = ω0 (ucd1 − utd1 + icq1Xf ) /Xf

i̇cq1 = ω0 (ucq1 − utq1 − icd1Xf ) /Xf

(B.10)

where Xf represents the per-unit value of the filter reactance.
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6) Dynamics of the Dc Capacitor: The dynamics of the dc
capacitor is

u̇dc1 =
Pr1 − Pc1
2Cudc1

(B.11)

where C represents the per-unit value of the dc capacitor, Pr1
and Pc1 represent the active powers flowing through the MSC
and the GSC, respectively, i.e.,{

Pr1 = −urd1ird1 − urq1irq1

Pc1 = ucd1icd1 + ucq1icq1.
(B.12)

7) Dynamics of Transmission Line Lg: The dynamics of the
transmission line Lg are{

i̇td1 = ω0 (utd1 − Ug1 cosϕpll1 + itq1Xg) /Xg

i̇tq1 = ω0 (utq1 + Ug1 sinϕpll1 − itd1Xg) /Xg

(B.13)

where Xg 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{

itd1 = isd1 + icd1
itq1 = isq1 + icq1

(B.14)

where icd1 and icq1 are known state variables, and the isd1 and
isq1 can be obtained based on the state variables of magnetic
flux linkage in (B.4). Therefore, the total line current itd1 and
itq1 will be able to be expressed by the existing state variables.
Thus, (B.13) can be converted into it as follows:{

utd1 = i̇td1Xg/ω0 + Ug1 cosϕpll1 − itq1Xg

utq1 = i̇tq1Xg/ω0 − Ug1 sinϕpll1 + itd1Xg.
(B.15)

Combing (B.2), (B.4), (B.10), (B.14), and (B.15), we will obtain
the explicit algebraic expressions of utd1 and utq1, by using the
existing state variables{

utd1 = (αψ + αf + Ug1 cosϕpll1 − itq1Xg)/ηΣ

utq1 = (βψ + βf − Ug1 sinϕpll1 + itd1Xg)/ηΣ
(B.16)

here, the expressions of ηΣ , αψ1, βψ1, αf1, and βf1 are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ηΣ = 1 + 1/Xf −XrXg/
(
Xm

2 −XrXs

)

αψ1 =

⎛
⎝ XgXr (Rsisd1 − ωgψsq1)
−XgXm (urd1 −Rrird1 + spψrq1)

⎞
⎠

Xm
2−XrXs

βψ1 =

⎛
⎝ XgXr (Rsisd1 + ωgψsd1)
−XgXm (urq1 −Rrirq1 − spψrd1)

⎞
⎠

Xm
2−XrXs

αf1 = (ucd1 + icq1Xf ) /Xf

βf1 = (ucq1 − icd1Xf ) /Xf .

(B.17)

Furthermore, the total output power of DFIG and the ampli-
tude of terminal voltage are{

Pt1 = utd1itd1 + utq1itq1

U t1 =
√
utd12 + utq12.

(B.18)

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:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ω̇r1 = (Pin − Pt1)/(2Hωr1)

ψ̇rd1 = ω0 (urd1 −Rrird1 + spψrq1)

ψ̇rq1 = ω0 (urq1 −Rrirq1 − spψrd1)

ψ̇sd1 = ω0 (utd1 +Rsisd1 − ωgψsq1)

ψ̇sq1 = ω0 (utq1 +Rsisd1 + ωgψsd1)

i̇∗rd1 = kpwω̇r1 + kiw (ωr1 − ωr
∗)

i̇∗rq1 = kpV U̇t1 + kiV (Ut1 − Ut
∗)

u̇rd1 = kpurd
(
i̇∗rd1 − i̇rd1

)
+ kiurd (i

∗
rd1 − ird1)

u̇rq1 = kpurq
(
i̇∗rq1 − i̇rq1

)
+ kiurq

(
i∗rq1 − irq1

)
i̇∗cd1 = kpdcu̇dc1 + kidc (udc1 − u∗dc)
u̇cd1 = kpucd

(
i̇∗cd1 − i̇cd1

)
+ kiucd (i

∗
cd1 − icd1)

u̇cq1 = kpucq
(
0− i̇cq1

)
+ kiucq (0− icq1)

ẋpll1 = (kipllutq1)/ω0

ϕ̇pll1 = ω0 ((kppllutq1)/ω0 + xpll1 − 1)

i̇cd1 = ω0 (ucd1 − utd1 + icq1Xf ) /Xf

i̇cq1 = ω0 (ucq1 − utq1 − icd1Xf ) /Xf

u̇dc1 = (Pr1 − Pc1)/(2Cudc1).

(B.19)

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:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ird1 = (Xmψsd1 −Xsψrd1) /
(
Xm

2 −XrXs

)
irq1 = (Xmψsq1 −Xsψrq1) /

(
Xm

2 −XrXs

)
isd1 = (Xrψsd1 −Xmψrd1) /

(
Xm

2 −XrXs

)
isq1 = (Xrψsq1 −Xmψrq1) /

(
Xm

2 −XrXs

)
itd1 = isd1 + icd1
itq1 = isq1 + icq1
utd1 = (αψ1 + αf1 + Ug1 cosϕpll1 − itq1Xg) /ηΣ
utq1 = (βψ1 + βf1 − Ug1 sinϕpll1 + itd1Xg) /ηΣ
Ut1 =

√
utd12 + utq12

Pr1 = −urd1ird1 − urq1irq1
Pc1 = ucd1icd1 + ucq1icq1
Pt1 = utd1itd1 + utq1itq1.

(B.20)

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

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ψ̇rd2 = ω0 (urd2 −Rrird2 + spψrq2)

ψ̇rq2 = ω0 (urq2 −Rrirq2 − spψrd2)

ψ̇sd2 = ω0 (utd2 +Rsisd2 − ωgψsq2)

ψ̇sq2 = ω0 (utq2 +Rsisd2 + ωgψsd2)

u̇rd2 = kpurd
(
0− i̇rd2

)
+ kiurd (i

∗
rd2 − ird2)

u̇rq2 = kpurq
(
0− i̇rq2

)
+ kiurq

(
i∗rq2 − irq2

)
i̇∗cd2 = kpdcu̇dc2 + kidc (udc2 − u∗dc)
u̇cd2 = kpucd

(
i̇∗cd2 − i̇cd2

)
+ kiucd (i

∗
cd2 − icd2)

u̇cq2 = kpucq
(
0− i̇cq2

)
+ kiucq (0− icq2)

ẋpll2 = (kipllutq2) /ω0

ϕ̇pll2 = ω0 ((kppllutq2) /ω0 + xpll2 − 1)

i̇cd2 = ω0 (ucd2 − utd2 + icq2Xf ) /Xf

i̇cq2 = ω0 (ucq2 − utq2 − icd2Xf ) /Xf

u̇dc2 = (Pr2 − Pc2) / (2Cudc2) .

(B.21)
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The algebraic equations are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i∗rq2 = Ke (Ut2 − 0.9) + irq1,s

0 ≤ i∗rd2 ≤
√
I2max − i∗rq2

2

ird2 = (Xmψsd2 −Xsψrd2) /
(
Xm

2 −XrXs

)
irq2 = (Xmψsq2 −Xsψrq2) /

(
Xm

2 −XrXs

)
isd2 = (Xrψsd2 −Xmψrd2) /

(
Xm

2 −XrXs

)
isq2 = (Xrψsq2 −Xmψrq2) /

(
Xm

2 −XrXs

)
itd2 = isd2 + icd2
itq2 = isq2 + icq2
utd2 = (αψ2 + αf2 + Ug2 cosϕpll2 − itq2Xg) /ηΣ
utq2 = (βψ2 + βf2 − Ug2 sinϕpll2 + itd2Xg) /ηΣ
Ut2 =

√
utd22 + utq22

Pr2 = −urd2ird2 − urq2irq2
Pc2 = ucd2icd2 + ucq2icq2.

(B.22)

Similarly, in stage 3, the differential equations of the detailed
model of the DFIG system are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ψ̇rd3 = ω0 (urd3 −Rrird3 + spψrq3)

ψ̇rq3 = ω0 (urq3 −Rrirq3 − spψrd3)

ψ̇sd3 = ω0 (utd3 +Rsisd3 − ωgψsq3)

ψ̇sq3 = ω0 (utq3 +Rsisd3 + ωgψsd3)

i̇∗rd3 = Kramp

i̇∗rq3 = kpV U̇t3 + kiV (Ut3 − Ut
∗)

u̇rd3 = kpurd
(
i̇∗rd3 − i̇rd3

)
+ kiurd (i

∗
rd3 − ird3)

u̇rq3 = kpurq
(
i̇∗rq3 − i̇rq3

)
+ kiurq

(
i∗rq3 − irq3

)
i̇∗cd3 = kpdcu̇dc3 + kidc (udc3 − u∗dc)
u̇cd3 = kpucd

(
i̇∗cd3 − i̇cd3

)
+ kiucd (i

∗
cd3 − icd3)

u̇cq3 = kpucq
(
0− i̇cq3

)
+ kiucq (0− icq3)

ẋpll3 = (kipllutq3) /ω0

ϕ̇pll3 = ω0 ((kppllutq3) /ω0 + xpll3 − 1)

i̇cd3 = ω0 (ucd3 − utd3 + icq3Xf ) /Xf

i̇cq3 = ω0 (ucq3 − utq3 − icd3Xf ) /Xf

u̇dc3 = (Pr3 − Pc3) / (2Cudc3) .

(B.23)

The algebraic equations are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ird3 = (Xmψsd3 −Xsψrd3) /
(
Xm

2 −XrXs

)
irq3 = (Xmψsq3 −Xsψrq3) /

(
Xm

2 −XrXs

)
isd3 = (Xrψsd3 −Xmψrd3) /

(
Xm

2 −XrXs

)
isq3 = (Xrψsq3 −Xmψrq3) /

(
Xm

2 −XrXs

)
itd3 = isd3 + icd3
itq3 = isq3 + icq3
utd3 = (αψ3 + αf3 + Ug3 cosϕpll3 − itq3Xg) /ηΣ
utq3 = (βψ3 + βf3 − Ug3 sinϕpll3 + itd3Xg) /ηΣ
Ut3 =

√
utd32 + utq32

Pr3 = −urd3ird3 − urq3irq3
Pc3 = ucd3icd3 + ucq3icq3.

(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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