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Transient Synchronous Stability Analysis of PMSG
Grid-Connected System Considering Transient
Switching Control Under Severe Faults

Yayao Zhang

Abstract—Transient switching control (TSC) of renewable
equipment under severe faults makes transient characteristics of
new-type power systems much more complicated. Although most of
recent studies focused on the during-fault stage under low voltage
ride through of grid-connected converters or detailed electromag-
netic transient simulations, a unified understanding of entire tran-
sient process of permanent magnet synchronous generator (PMSG)
grid-connected system is still lacking. Therefore, based on the TSC
schemes of PMSG, this article considers the switching dynamical
effects in detail, divides the transient process into four distinctive
stages: prefault, during-fault, early postfault, and late postfault,
and establishes the corresponding mechanism models with the
associated machine-network interface relations for each stage.
Furthermore, the influence of major parameters on the transient
stability is studied, including the infinite-bus voltage dip depth and
grid-side converter active current on the during-fault stage, and the
active current climbing rate on the early postfault stage. It is also
found that the large-disturbance stability on the sole during-fault
stage is only a sufficient condition, but not a necessary condition,
and actually the system after all four sequential stages can be stable
under wider parameter regions. These findings are supported by
wide numerical and experimental verification, and could provide
a theoretical basis for transient synchronous stability analysis of
PMSG grid-connected system.

Index Terms—Low voltage ride through (LVRT), permanent
magnet synchronous generator (PMSG), stable region, transient
switching control (TSC), transient synchronous stability.

NOMENCLATURE
PMSG Permanent magnet synchronous generator.
SG Synchronous generator.
LVRT Low voltage ride through.
EAC Equal area criterion.
TSC Transient switching control.
PLL Phase-locked loop.
VSC Voltage source converter.
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spectively.

Terminal voltage and infinite-bus voltage, respec-
tively.

Terminal voltage in d and ¢ coordinates, respec-
tively.
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tromagnetic power, respectively.
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ZHANG AND ZHAN: TRANSIENT SYNCHRONOUS STABILITY ANALYSIS OF PMSG GRID-CONNECTED SYSTEM CONSIDERING TSC

Subscripts
1,2,3,4 Stages 1, 2, 3, and 4, for prefault, during-fault,

early postfault, and late postfault, respectively.

1. INTRODUCTION

N ORDER to reduce fossil energy consumption and accel-
I erate global energy transformation, in near future renewable
energy integration including wind energy, solar energy, and other
clean energy will be the basic form of new-type power systems,
which are characterized by high penetrations of both renewables
and power electronics devices [1], [2]. In recent years, a large
number of renewable equipment, such as permanent magnet
synchronous generator (PMSG), doubly fed induction generator,
photovoltaic, etc. are connected to the grids through power
electronic converters [3]. Different from synchronous gener-
ator (SG), the synchronization between renewable equipment
is realized by controllers, with a weak overcurrent capacity.
To make renewable equipment not easily off-grid after large
disturbances, grid-connected guidelines require that renewable
equipment has the ability of low voltage ride through (LVRT) [4].
Therefore, after severe faults, renewable equipment should au-
tomatically switch to the transient control scheme and trigger
some hardware protections. Clearly, these make the transient
process of the new-type power systems much more complicated
and their transient stability mechanism remains to be studied
[5], [6].

With the rapid development of wind power generation tech-
nology, the PMSG has gradually become a mainstream generator
of wind turbines [7]. At the same time, the transient synchronous
stability of the PMSG grid-connected system has become a
research hotspot in recent years [8], [9]. Early researches have
mainly studied the influence of PMSG on the SG by simula-
tions [10], [11], [12] and usually depended on specific system
topology and engineering scenario. Based on the fast control
characteristics of wind turbines, some researchers believed that
wind turbines can be approximated as parallel negative resis-
tance and negative reactance [13], constant power source [14],
and controlled current source [15], etc. In addition, the power
angle curve was analyzed and the equal area criterion (EAC)
was used to judge system transient stability.

With increase of renewables, researchers gradually began to
pay more attention to the transient stability of PMSG itself.
During the LVRT, the PMSG switches to the transient control
by triggering transient switching control (TSC), and its transient
is actually very complicated. However, in the during-fault stage
by ignoring the hardware protection circuit and the AC current
control (ACC) dynamics, the PMSG dynamics can be simpli-
fied to a phase-locked loop (PLL) dynamics [16], [17], [18],
[19], [20]. For this simple second-order system, some classical
methods including the Lyapunov stability theorem [21], [22],
EAC [23], [24], phase portrait approach [25], etc. have been
developed. The influence of converter capacity and PLL output
frequency limitations on the transient stability of the PLL system
has been studied very recently [26], [27], [28]. In addition, it
is found that for the PMSG grid-connected system with the
addition inertia control (AIC), the electromechanical timescale
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dynamics of the machine-side converter (MSC) can greatly
affect the PLL dynamics, which in turn affects the transient
stability of the system [29]. For two recent studies mainly
focusing on the switching effect of the voltage source converter
(VSC) grid-connected system under the LVRT [30], [31], the
switching control characteristics was studied by transforming
all state-dependent switching conditions into time-dependent
ones [30], and the different transient-stage models were es-
tablished [31]. In [31], each transient-stage model was still
simplified into a second-order PLL model with similar forms,
and then analyzed by the EAC in a unified manner. However,
more complicated problem of transient stability of the PMSG
grid-connected system with the TSC has not been investigated
so far, to the best knowledge of the authors.

On the other hand, mainly for the goal of electromagnetic
transient simulations, several wind turbine manufacturers have
established the PMSG models according to their respective
transient control schemes [32]. A universal model of the PMSG
considering the TSC was constructed by General Electric and
the Western Electricity Coordinating Council in the United
States [33], [34]. In [35], the effects of different LVRT con-
trol schemes, different active power climbing rates, and PLL
bandwidth on the PMSG transient characteristics were analyzed
relying on these detailed models. However, clearly these models
and some associated studies are mainly for time-domain electro-
magnetic transient simulations and not directly for mechanism
analysis.

Consequently, this article aims to establish a clear physical
picture for the entire transient process of the PMSG grid-
connected system by considering TSC under severe faults,
analyze the impact of major parameters, and reveal transient
synchronous stability mechanism. The main contributions are
as follows.

1) The entire transient process of the PMSG grid-connected

system can be divided into four stages: prefault (stage
1), during-fault (stage 2), early postfault (stage 3), and
late postfault (stage 4). For each stage, the correspond-
ing simplified mechanism models are established and the
machine—network interface relations are uncovered.

2) The main parameters of each stage are analyzed. For
stage 2, the values of the infinite-bus voltage dip and the
active-power current output are dominant. For stage 3, it
is found that the variation of the active current climbing
rate does not change the system stability. For stage 4,
a method is proposed to judge the system stability by
projecting high-dimensional system stable region on the
PLL phase-frequency 2-D plane. The size of the system
stable region is positively correlated with the recovered
infinite-bus voltage.

3) For the system transient stability after the whole four
stages, stage 2 can be either stable or unstable under
the condition that the fault is cleared before the critical
clearing time (CCT), i.e., the loss of synchronization in
stage 2 does not mean the system instability. Therefore,
the transient stability on the during-fault stage is only a
sufficient condition, but not a necessary condition, and
actually the system can be stable under wider parameter
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Fig. 1. Schematic show of the single-PMSG infinite-bus system.

regions. This is fundamentally different from most of
previous studies on this problem.

The rest of this article is orgnized as follows. In Section II,
the topology and the TSC scheme of the PMSG grid-connected
system are introduced and the entire transient process is divided
into four stages. In Section III, the simplified models for each
stage are established and their machine—network interface rela-
tionships are obtained. In Section IV, the transient synchronous
characteristics are analyzed in each stage, and the transient
stability mechanism is uncovered. The experimental verification
is given in Section V. Finally, conclusions and discussions are
presented in Sections VI and VII, respectively.

II. SINGLE-PMSG INFINITE-BUS SYSTEM AND TRANSIENT
STAGE DECOMPOSITION

Fig. 1 shows the topology structure of the single-PMSG
infinite-bus system. For the MSC), it adopts the zero d-axis cur-
rent control, including the maximum power point tracking, pitch
control, rotor speed control (RSC), AIC, and ACC. Since the
pitch control and the maximum power point tracking basically
do not operate during the transient process, they are ignored in
the article. The g-axis current reference of the stator éyqrf is given
by both the RSC and AIC, and the d-axis current reference of
the stator isgrr is set to zero. The ACC generates the internal
potentials esq and e, based on the current references. After the
coordinate transformation, the trigger signals are generated by
the pulsewidth modulation.

The MSC is connected to the grid-side converter (GSC) by a
dc capacitor C, and the GSC is connected to the infinite-bus
by a filter inductance Ly and a line inductance L,. For the
GSC, it consists of the dc-link voltage control (DVC), terminal
voltage control (TVC), ACC, and PLL. The DVC and TVC
give the d-axis and g-axis current references, igrer and igrer,
by controlling the capacitor voltage Uy, and the terminal volt-
age Uy, respectively. Similarly, the ACC generates the internal
potentials e; and e, based on the current references, and the
trigger signals are generated by the pulsewidth modulation.
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Fig. 2. Schematic shows of the three-phase stationary abc, the dq reference
frames of MSC and GSC, and the zy common reference frame, accompanying
with several major angles used in the article.

The PLL provides a phase basis for the angle transformation
between the dq reference frame of the GSC and the abc reference
frame. To be clear, Fig. 2 shows the relationship between the
dq reference frame of the MSC and GSC and the xy common
reference frame, associated with several major angles used in the
article.

According to the wind turbine grid-connected guidelines in
China [4], when the positive sequence component of the PMSG
point-of-common-coupling voltage is lower than 80% of the
nominal voltage, the TSC needs to be switched on. Since this
article focuses on the PMSG external characteristics, all the
TSCs within the ACC (about 10 ms) and the electromechan-
ical (about 1 s) timescales are neglected and only controllers
within the DVC (about 100 ms) timescale are considered. For
the hardware protection devices, this article only considers the
chopper and meanwhile ignores its overheating limit, that is,
the chopper is allowed to continuously switch ON and OFFduring
the transient process. Therefore, the whole transient process can
be divided into four different stages: prefault (stage 1), during-
fault (stage 2), early postfault (stage 3), and late postfault (stage
4). In particular, 1) in the prefault stage 1, it is always assumed as
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Fig. 3. Schematic shows of four transient stages including pre-fault (stage

1), during-fault (stage 2), early post-fault (stage 3), and late post-fault (stage
4), accompanying with some typical trajectories of Uy, Uy, and i4. Here, t
denotes the fault occurrence time and ¢, the fault clearing time.

stable. 2) In the during-fault stage 2, after a certain fault for the
terminal voltage U, being lower than its 80% nominal voltage,
the DVC and TVC are disconnected, and the current references
is switched to the transient control to provide voltage support.
At the same time, with the increase of Uy, the chopper performs
short-circuit discharge on the dc capacitor, to prevent Uy from
rising too high. 3) In the early postfault stage 3, the infinite-bus
voltage is restored and the fault is cleared. Meanwhile, the
reactive-power and active-power current branches are switched
to the TVC and the climbing control, respectively. 4) In the late
postfault stage 4, as the active current reaches the reference, the
DVC is switched ON and the whole system is gradually restored.

The whole transient process by the time-domain trajectories
of the infinite-bus voltage U, terminal voltage Uy, and active-
power current output 44 is shown in Fig. 3. Here, ¢y denotes the
fault occurrence time and ¢, is the fault clearing time. Only their
difference t. — t; for the fault duration time is meaningful. In
addition, the CCT is used to represent the CCT. Namely, only
under ¢, — ¢ty < CCT, the system is transient stable. Afterward,
subscripts 1, 2, 3, and 4 for the corresponding stages will always
be used.

III. NONLINEAR MODELING OF PMSG CONSIDERING TSC
UNDER SEVERE FAULTS

A. Stage 1: Prefault

The PMSG adopts the conventional controls in stage 1. For
the mechanism study, it is necessary to simplify the model while
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capturing its dominant behaviors. Due to the multiscale cascade
control of the PMSG, the dynamics of the RSC and AIC belong
to the electromechanical timescale, whose frequency bandwidth
is about a few hertz. The dynamics of the DVC and TVC belong
to the dc voltage timescale, whose bandwidth is about dozens of
hertz. Meanwhile, the dynamics of ACC is within the ac current
timescale, whose bandwidth is about hundreds of hertz. At the
same time, due to the AIC, the electromechanical timescale dy-
namics of the MSC can affect the PLL dynamics, which changes
it from electromagnetic to electromechanical timescale [29].
Since the system transient behavior is dominated by the slow
timescale, we can ignore the controls of fast timescale and retain
those of slow timescale. Therefore, in this stage, we ignore the
DVC, TVC, and ACC, and consider the rotor dynamics, RSC,
AIC, and PLL.
The differential equations for the rotor, RSC, and AIC are

2Hwr = Py — P (1)
isql = kp,rscwrl + ki,rsc (wrl - Wrref) - iintl (2)
Triiner = —dine1 + K péopm 3)

where w, is the frequency of rotor, i, is the g-axis current of
MSC, ijn1 is the output current of AIC, and wyy; is the output
frequency of PLL. H represents the inertial constant of the rotor,
P, denotes the input mechanical power of the PMSG, P,,; is
the output electromagnetic power of the MSC, and wyys is the
frequency reference of rotor. &, rsc and k; s are the proportional
and integral (PI) parameters of RSC, respectively. Since the
MPPT and the pitch control are ignored, P;,, is constant.

The differential and algebraic equations for the PLL, respec-
tively, are

¢pll1 = WgWplil 4)
C.Uplll = kp,pllllltql + ki,pllutql

and
Utg1 = Ut sin (641 — opi ) (5)

where p; is the output phase of PLL, wy is the rotation fre-
quency of the xy common reference frame, w4 is the terminal
voltage in the g-coordinates, and kj,py and k; p; are the PI
parameters of the PLL. Uy, is the terminal voltage of the GSC
at stage 1 and 6y is the terminal phase of the GSC. Since the
TVCis fast and can be ignored, Uy = Upet, Where Uyer denotes
the reference of the terminal voltage.

Due to the zero d-axis current control (i.e., 75q1 = 0), we have

PTYLl = erTml = Wr1 [isqlwr - (Ld - Lq) Z.sdlisql]
= erisqlwrl (6)
where 1), represents the (constant) rotor flux of the PMSG, T, is
the electromagnetic torque of the PMSG, and L4 and L, are the
d-axis and g-axis stator inductances of the PMSG, respectively.

As the electromagnetic timescale controls are neglected,
P,,1 = P.;. Therefore, P.; can written as

Utl Ugl

g

P, = sin 6y @)
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or
P X,
Utl Ugl

P.aX,

Utl Ugl

01 = arcsin = arcsin ®)
where X, = wy L.

As aresult, taking X = [wy1, %541, lint1, Ppli1s wplll]T as the
state variables and combining the above equations from (1) to
(8), the corresponding differential-algebraic equations (DAEs)

for the PMSG grid-connected system at stage 1 are

2Hwr = Py — P
isql = kp,rsco:)rl + ki,rsc (er - wrref) - Z‘intl
T'tiine1 = —fbins1 + Kpwpnn ©)

Pplil = Welplll

W1 = kp pitleq1 + ki plitieq1
Pml = wrlisqlwr
Utg1 = Upr sin (641 — opi )
Utl = []tref '

01 = arcsin

(10)

Pi1Xy
Ulref Ug 1

It can be seen that it is a five-dimensional nonlinear system
with the nonlinear terms: w;175q1%r, Urer sin(641 — @pii1 ), and
arcsin(Pp,1 Xy /Uer/Ugr). It is notable that to keep a simple
structure, they have not been expressed as the usual explicit
state-variable equations. This manipulation will be used for other
stages. In addition, as stage 1 is always assumed as stable, it
provides initial conditions for the following stages.

In our recent work [29], the above DAEs for the PMSG
grid-connected system at stage 1 has been studied within the
framework of shallow fault, namely, the fault destroy degree is
still tiny and the following switching controls in the LVRT is
not triggered. In contrast, all transient processes by considering
switching dynamics within the framework of severe faults will
be studied in this article.

B. Stage 2: During-Fault

In the stage 2, for a terminal voltage dip, the PMSG switches
to the TSC. Although the MSC and the GSC are coupled due to
the AIC, the capacitor voltage Uy is limited to a certain range
(1.05—1.15 p.u.) due to the chopper [36], [37]. At the same time,
the DVC and TVC are disconnected, and the d-axis and g-axis
current references are directly given. Therefore, the MSC is
essentially decoupled from the GSC. Further ignoring the ACC
dynamics, the PLL dynamics is dominant. The control target of
stage 2 is to provide grid voltage support and output sufficient
reactive power. According to the current injection method in [4],
the d-axis and g-axis current references at stage 2 are

{iqz = K (U — 0.9) +ig

. . _ 2 '2
0 S 142 S 1d2_max — \/IN - qu

where K represents the reactive current ratio coefficient and I
is the rated current (/5 = 1.1 p.u. is usually chosen). Here, 741
denotes the g-axis current in stage 1, and ¢4 the g-axis current
in stage 2. In engineering, 1.5 < K < 3 is often chosen.

an
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Based on the network relationships, the dg-axis terminal
voltage of the PMSG can be expressed as

Upqz = —Ugo sin @pia + Xgian
Uggz = Uga c0S ppiiz — Xgiga

_ [ 2
Utz = [ Uigy T Uig2

where w42 and u42 are the d-axis and g-axis terminal voltages,
respectively. The infinite-bus voltage dip from Uy to Ugo will
inevitably produce the dip of U and trigger the TSC. Then,
stage 2 starts.

As a result, combining (4), (11), and (12), the DAEs in stage
2 are simple, expressed as

12)

Ppliz = WyWpli2 13)
Wptiz = kp pitiege + ki plitig2
Upgz = —Ugo sin @pi2 + Xgta2
Uggz = Uga cos ppii2 — Xgigo
_ [ 2
Utz = [ Uiga + Uigo (14)

igp =K (U — 0.9) + iq1
0 <igo <igo max = /1% — i?ﬂ

In the whole stage 2, although 7, is determined by Uya, as Ujo
is nearly unchanged, i, is often chosen as fixed. Here, the value
of Uyo in the fourth equation in (14) is chosen and fixed as that
at the beginning of stage 2. Meanwhile, 742 is also chosen as a
fixed adjustable parameter in the whole stage 2, except that it
is limited by the total current Iy based on the last inequality
in (14). In the next section, we will mainly study the impact of
i1g2. In this respect, the PLL second-order dynamics (13) with
the constant values of ¢42 and 7,42 is dominant in this stage, and
it has been widely studied [21], [22], [23], [24], [25], [26]. At
the same time, the other variables w., is, and 7y [in (9)] are
unidirectionally driven by the PLL dynamics of opy and wpy.

C. Stage 3: Early Postfault

In stage 3, after the fault is cleared, the terminal voltage Uy
is restored. As the chopper still works, the PMSG dynamics
is dominated by the GSC. The reactive-power and active-power
branches switch to the TVC and the active current climbing con-
trol, respectively. At this time, the major controls are the TVC,
PLL, and active current climbing control. Correspondingly, the
differential equations for the active current climbing control and
the TVC are

id3 = kramp (15)

:iq3 = kp,lchtii + ki,tvc (Ut3 - Utref) (16)
where Kpmp is the active current climbing rate, and £y, 1. and
ki e are the PI parameters of the TVC. In engineering practice,
Framp 1s often limited; 5 < kpymp < 15.
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TABLE I
PARAMETER SETTING IN THE PMSG GRID-CONNECTED SYSTEM

Category Symbol Numerical Value
Sp 2 MVA
Rated Parameter Uy 6902 V
wg 1007
P; 0.8 p.u.
Ly 0.5/wg H
Circuit Parameter Ys 10 pu.
H 4 p.u.
Yr 0.9 p.u.
In 1.1 p.u.
kp,rsclkirsc 10740
KTy 10/1
kp pitlki pli 50/2000
kp tvelki tve 1/100
Controller Parameter Utref 1.0
Wrref 1.0
K 2
142 0.1
kramp 5

Finally, combining (4), (12), (15), and (16), the DAEs in stage
3 are

:L'd3 = kramp

ig3 = kpwveUss + kiwve Uiz — Usrer) a7
Ppli3 = WyWpli3

wpllS = p,plluth + ki,pllutq3

Upgz = —Ugz sin opuz + Xgigs

g3 = Ugs cos ppus — Xgig3 (18)

_ |2 2
Us = \/Uigs + Uggs

D. Stage 4: Late Postfault

Under the condition that the active current 744 reaches the
reference at stage 1, 141, the PMSG switches back to the
conventional control, and the stage 4 starts. As in the steady
state, ]Din = I'ml1 = Pel = Utdlidl + utqliqls Utdl = Utref =1
p.u.,and u.q; = 0, then P, = i4; can be obtained. In the article,
P;, =141 = 0.8 p.u. is chosen, as shown in Table I. Therefore,
the switching condition for stage 4 becomes 744 = 0.8 p.u.
Except this, the DAEs in stage 4 are the same as those in stage
1. In particular, the subscripts should change from 1 to 4, which
indicate values in the stage 4.

E. Machine—Network Interface

On the basis of the above simplified model in each stage, the
machine-network interface relations between the PMSG and
the network are also clear. The results are summarized in Fig. 4.
For details, Fig. 4(a) shows the machine—network interface in
stage 1, where Xy = f1(x1, 2) is given in (9), z = h(ppu1, 011)

7303

[Network 6,, = arcsin %] E\Tetwork y=h (Qopug, T2, iqgj

11Ug1

A A
0.1
A 4
P..,Un 2=h(Qpu1,011)| Ga2,542,Ppuz Utg2, Utg2
A
Ppir1 vth1
Xlzfl(xlaz) %, = £ (%, Y)
PMSG PMSG )
[ Pm.l — g(xl) ] [ I= U(XQ’y)
(a) (b)

X X . P.X,
E\Tetwork y=h (<pp”3,zd3,zq3) [Network 6,, = arcsin m]

A A vat4
143,43, Ppus Utdzy Utg3 Prs, Uiy z=h (90;;114, 0.4)
<,0pu4A Utga
[ PMSG x5 = f3(xs,y) ] [PMSG %=1 (x0,2) ]
Py =g(x4)
(c) (d)

Fig. 4. Schematic shows of machine-network interface in each stage.
(a)—(d) correspond to stages 14, respectively.

(here z = uyq1) in (5), and P,,1 = g(x1) in (6). Specifically, the
PMSG outputs the electromagnetic power P, and the terminal
voltage amplitude U, to the network, and the network outputs
the voltage angle 6; to the PMSG. Fig. 4(b) shows the machine—
network interface in stage 2, where X5 = f3(x2,y) is shown in
(13),I = v(y) isin (14), and y represents the algebraic variable.
In particular, the PMSG outputs the d-axis and g-axis currents,
14 and %4, to the network, and the network outputs the d-axis and
g-axis voltages, u;q and u;y, to the PMSG. Similarly Fig. 4(c)
shows the machine—network interface in stage 3, where x3 =
f3(x3,y) in (17). Finally, Fig. 4(d) shows that in stage 4, which
is the same as in stage 1.

As aresult, at stages 1 and 4, the electromechanical timescale
dynamics of the machine-side rotor is dominant, whereas at
stages 2 and 3, the electromagnetic timescale dynamics of the
GSCis dominant. Obviously Fig. 4 establishes a simple physical
picture for how the PMSG works and how it interacts with the
grid at different LVRT stages. To be compared with the two
recent works on the VSC system considering the switching
control [30], [31], clearly it catches the dominant elements in the
whole transient process, although it looks more complicated.

F. Simulation Verification

In order to verify the above analysis, the simplified models and
the detailed electromagnetic model of the PMSG grid-connected
system with the TSC in Fig. 1 are built and compared in MAT-
LAB/Simulink. The results are shown in Fig. 5. Aty = 0.1's,
the infinite-bus voltage U, dips to 0.2 p.u., and at t. = 0.7 s, the
fault is cleared and U, recovers to 1 p.u. For the fault duration
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time, {. — t; = 0.6 s. To be clear, Table I shows the parameters
in simulations.

Generally, the short-circuit ratio (SCR) has been employed to
characterize the grid strength, which can be expressed as SCR. ~
1/X, [38]. Under the parameter X, = 0.5 p.u. in this article,
the SCR is 2, which belongs to an extremely weak network
(SCR < 2). In the Appendix, we also validate the above model
under SCR = 3 and 5. The corresponding additional comparison
results are shown in Figs. 25 and 26, respectively.

In all these figures, it can be seen that they fit well in all
transient stages, except some high-frequency oscillations, and
these high-frequency oscillations weaken as the grid strength
increases, as shown in Figs. 25 and 26. Meanwhile, the transient
switches are clear. For example, in stage 1, the PMSG adopts
the conventional control, and the simplified model (9) and (10)
provides the initial operating point. After the faults, the DVC
and TVC are disconnected and the transient control scheme is
switched ON in stage 2. The g-axis current i, is obtained and
fixed according to (11). The d-axis current 742 is chosen as an
adjustable parameter, limited by (11). The chopper begins to
continuously operate to consume the surplus active power output
by the MSC, and the MSC and the GSC are decoupled. When
the fault is cleared, the system transits to stage 3. The reactive
power branch is reswitched to the TVC, and the active power
branch is switched to the climbing control. At this time, the
MSC and the GSC are still decoupled. After a while, when the
active current equals to the current reference of stage 1 (i.e.,
144 = 141 = 0.8 p.u.), the active power branch switches to the
DVC immediately, and the chopper quits. Therefore, the system
transits to stage 4, and the MSC and the GSC are recoupled.
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Fig. 6. Plots of transient response trajectories after faults. (a) igo = 0.1 p.u.
and t. = 0.7s, (b) igo = 0.38 p.u. and t. = 0.37s.

To be clearer, Fig. 6(a) and (b) shows the typical stable and
unstable trajectories on the ¢p-wpy phase plane, respectively.
The black dot denotes the equilibrium point in stages 1 and 4,
and numbers 1-4 represent the corresponding stages. The system
is stable after all four stages in Fig. 6(a), whereas it is unstable
and goes to infinity in Fig. 6(b). It can also be found that at
the moment of each control switching, the wyy is discontinuous
due to the impact of algebraic loop [39], while py is always
continuous.

IV. TRANSIENT STABILITY CHARACTERISTICS ANALYSIS

Although the TSC makes the transient dynamics of the PMSG
much more complex, the fundamental condition for transient
stability might be unchanged, that is, whether the system state
is within the stable region at the beginning of stage 4. In the
transient process, stage 1 provides the initial operating point,
the fault trajectory continuously changes in stages 2 and 3, and
the stable region is determined by the stable operating point
(or called equilibrium point) of stage 4. Therefore, similar to
the transient stability in the traditional power system [40], here
it is still determined by two separate conditions: stable region
of the final stage 4 and fault-on trajectory after all middle
stages 2 and 3. In the following, for the transient stability
characteristic analysis, this article will concentrate on these two
aspects.

A. Stage 1 and 4: Prefault and Late Postfault

As we know, stage 1 simply provides an initial operating
point, whereas stage 4 provides the system stable region. Since
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the simplified model in stage 4 is a five-dimensional nonlinear
system, its stable region cannot be easily depicted. Therefore,
in Fig. 7(a), (b), and (c), it is projected into the @p-wpn-isqs
©pll-Wpll-%int> and @py-wpi-wy- 3-D spaces, respectively. The other
variables w;., is, and 7y, are fixed as the steady-state values of
the unstable equilibrium point (UEP), i.e., w, = 1, iyq = 0.89,
and i, = 0. The black curve represents a fault-on trajectory.
The black and red dots are for the stable equilibrium point and
UEP, respectively. In all these three sub-figures, the @py-wpn is
always used as the bottom surface x — y of the stable region. It
is clear that the stable region always shows a cylinder regardless
of which z-axis state variable is used. In addition, Fig. 7(d),
(e), and (f) represents their projections of Fig. 7(a), (b), and (c)
directly onto the @y-wpn phase plane, respectively. The lighter
the color, the larger the z-axis variable. They obviously show
that the unstable trajectory always passes through the stable
region near the UEP, and the basin boundary near the UEP hardly
changes with the change of the z-axis variable. Thus, the stability
can be well determined by the two dominant variables, ¢, and
wpn- This finding is also supported by our recent observation
that the ¢py is the dominant instability variable of the VSC
grid-connected system, similar to the rotor angle in the SG
[41], [42].

Therefore, to simplify analysis, it is reasonable to judge sys-
tem stability by projecting the original five-dimensional stable
region on the PLL phase-frequency 2-D plane to determine its
transient stability. Fig. 8 shows the influence of Ug4 in stage
4 on the size of the system stable region. Similarly the other
variables w;., isq, and ¢y, are fixed as the steady-state values of
the UEP, ie., w, = 1, iyq = 0.89, and 4;, = 0. Clearly, the size
of the stable region is positively correlated with Ugy, which is
consistent with our common sense.

3 2 5 0 1 2 3
pp/rad

Fig. 8. Plots of stable region on the ypy-wpn plane for different Uyy4’s, with
all other variables w;., isq, and 4y fixed as the steady-state values of the UEP.

B. Stage 2: During-Fault

Clearly both stages 2 and 3 determine the fault trajectory. As
we will see, stage 3 does not play an active role in the transient
stability. In this section, let us focus on stage 2.

Usually for the transient stability in the traditional power
systems, there is no any concept of operation point and transient
stability in the during-fault stage, as the during-fault state is
only a nonstationary state connecting the prefault and postfault
states [40]. However, the during-fault stage stability in the
new-type power systems has been widely studied. Based on
the model analysis in Section III, the model in stage 2 is an
autonomous system in mathematics and it can also have its own
equilibrium point. Therefore, if the system is stable in stage 2,
it can quickly settle down to an operating point after a certain
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transient time and it is also easy to sustain stability through stage
3 afterward. In addition, the transient time of stage 2 should not
exceed 625 ms, which is required by the grid codes [4]. On the
other hand, other possibility also exists. Namely, if the system is
unstable in stage 2, under the conditions that the fault is cleared
in time and before the CCT, the system can still be stable by
the subsequent climbing control. Therefore, these two different
possibilities should be separately studied.

1) System is Stable in Stage 2: Substituting the first equation
in (14) into (13), the simplified model in stage 2 can be written
as

Mgz = P, — P. + D¢piz (19)
where
1
M= ki pit
an =igX, -
Pé = Ugg sin (ppug ( )
D=-%

p,pll
T Uyga cos @piiz

It can be found that (19) is very similar to the classical SG
second-order swing equation. Here, M, P/, P!, and D in (20)
can be regarded as (equivalent) virtual inertia, mechanical power,
electromagnetic power, and damping, respectively. At the same
time, as 749 is an adjustable parameter, which is limited by the
total current Iy based on the last inequality in (14), the value
of P/, should be within the constraint of converter capacity. In
addition, since the network dynamics is ignored, (19) and (20)
are simpler than the usual second-order PLL model [21], [22],
[23], [24], [25], [26]. The two parameters Ugo and 440 will be
mainly studied.

Set the fault as Ugyo dips to 0.2 p.u. at ¢y = 0.1 s and the
transient control is activated. By ignoring the equivalent damp-
ing D (D = 0), the classical EAC for an energy conservation
system can be used in the transient stability analysis. Fig. 9
shows three different cases for ¢42 being 0.3 p.u., 0.35 p.u., and
0.42 p.u. Take Fig. 9(a) as an example. The system is located
at the stable equilibrium point a before the fault. When Uy
dips, the system shifts to point b. Meanwhile, the equivalent
mechanical power drops from P! ; to P/ ,, and the equivalent
electromagnetic power drops from P, to Pl,. As P}, > P/.,,
the system enters the acceleration process, and wp becomes
positive and (p increases accordingly. The acceleration area
is Scpq. When @, comes across point d, P/, becomes less
than P/,, causing the system to slow down. However, due to
wpl > 0, ppi1 continues to increase. Until wy < 0, ¢pi begins to
decrease. If the system exceeds the UEP (point f), P, , will be
greater than P,,, and the system will continue to accelerate and
ultimately lose stability. On the contrary, the system will be even-
tually stable. In other words, the maximum deceleration area is
Sdef-

In Fig. 9(a), i42 = 0.3 p.u. and the system is stable, as the
deceleration area S is greater than the acceleration area Speq,
i.e., Sget > Shed. For igz = 0.35 p.u. in Fig. 9(b), Saer < Shed
and the system is unstable. In addition, for the worse case of
1g2 = 0.42 p.u. in Fig. 9(c), there is no operating point in stage
2, and the system should also be unstable. Therefore, for the
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Fig. 9. Schematic shows of transient stability analysis by the EAC. (a) ¢42 =
0.3 p.u., (b) 242 = 0.35 p.u., and (¢) 742 = 0.42 p.u. Operation point does not
exist in (c).

large-disturbance stability analysis of the PMSG in stage 2, the
following three constraints should be considered:

Constraint 1: Operating point constraint

In the system, the electromagnetic power P, can be expressed
as

Poy = utgataz + ugaiqa- 21

As ug2 = 0 and u¢g2 = Uys in the steady state, it immediately
yields

Pey = Upaiga. (22)
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At the same time, due to the power transmission constraint on
the network, P,.o should be determined by

UpU,
Py = —2792 6in 6,5, (23)
g
Combining (22) and (23), it can be obtained that
igo X
f¢9 = arcsin 229 (24)

g2
Therefore, to ensure thatitis solvable, 74> and U2 need to satisfy
the following constraint:
. U
igg < <2
Xg

(25)

Constraint 2: EAC constraint

In order to ensure transient stability, the acceleration area
should be smaller than the deceleration area. According to (19)
and (20) and ignoring the damping (D = 0), this constraint
becomes

Pplld Pplif
/ (P, — P.) dpn +/ (P, — Pl)dom <0 (26)
Pplla Pplid
where
Oplla = arcsin —”[})fg
©plid = arcsin %‘i (27)
" X,

Ppllf = T — arcsin W

Here, @piia, @pud> and @ppr represent the angles of points a, d,
and f in Fig. 9, respectively.
Therefore, iq2 and Ugo should be constrained by

. ingg . Z‘dl-Xg
Ugg COS | ™ — arcsin — COS | arcsin
Ug2 Ugl

. . ige X,
+ ia2 X (77‘ — arcsin g

— arcsin M) <0. (28)
92 Ug1
Constraint 3: Capacity constraint

Due to the limitation of the converter capacity, 42 needs to
meet the constraint, as shown the last inequality in (14), where
142 depends on Uy, and further Ugo.

In summary, the ranges defined by the above three constraints
are obtained and shown in Fig. 10, where the green dashed
line represents constraint 1, the black double-dot-dashed line
represents constraint 2, and the yellow dot-dashed line represents
constraint 3. Area I is the range of i4o-Ugo under all these
constraints. If 745 is chosen within area I, the PMSG should
be stable in stage 2, and the CCT is infinite. Clearly for larger
Ugo and ig49, the capacity constraint is dominant, as shown the
upper-right part of area I, whereas for smaller U2 and 742 (for a
severe fault dip), as shown the lower-left part of area I, the EAC
constraint plays a leading role.

2) Systemis Unstablein Stage 2: So far, the transient stability
in the single stage 2 has been well studied. Next, it is necessary
to study transient stability for the whole system. Under this
situation, if the system is unstable in stage 2, under the conditions
that the fault is cleared in time and before the CCT of the system,
the system can still be stable.
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Fig. 11.  Schematic shows of fault trajectory and stable region. The blue area
and orange area represent the stable region in stages 4 and 2, respectively.
The black solid line and black dashed line represent the stable and unstable
trajectories, respectively. The triangle represents the position of ¢p and wyy in
the phase plane at the time of clearing fault.

As one example, Fig. 11 shows the phase trajectories of ¢y
and wyy for two different cases. U, dipsto 0.2 p.u.atty =0.1s.
igoissetas 0.343 p.u. The faultis cleared att. =0.72sand 0.73 s,
corresponding to the stable and unstable cases, respectively,
and U, recovers to 1 p.u. Clearly, their fault duration times
At. =t. —ty are 0.62s and 0.63s, respectively. Among them,
the blue area represents the stable region in stage 4 for the whole
system, and the orange area represents the stable region in stage
2. Clearly the former is much wider. This probably comes from
the big jump of the value of Uy, as schematically shown in Fig. 3.
When the faultis cleared, if the values of py and wyy represented
by triangle are within the blue area, the system can recover
stability (black solid line), although they have already been out
of the stable region of stage 2. Otherwise the system becomes
unstable and goes to infinity (black dashed line). Therefore, even
when the system is unstable in stage 2, if the fault duration time
of stage 2 is shorter than the CCT, the system stability can also
recover.

In addition, the CCTs with the variation of i4o for three
different values of Ugy = 0.2 p.u., 0.1 p.u., and O p.u. are
calculated and shown in Fig. 12. It can be seen that for a fixed
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Uyga, if igo is larger, the CCT becomes smaller. In addition,
for a smaller U9, the corresponding 742 also becomes much
smaller. When 742 is very small, the CCT goes to infinite. This
means that for some particular cases, even if the fault is not
cleared, the system can be stable. Except of all these, the solid
line (dashed line) in Fig. 12 is used to indicate that the system
has (no) operating point in stage 2, which are separated by a
circle. Clearly as long as the CCT is larger than the maximum
fault duration time, 625 ms, the system can still be stable. By
considering this new effect, an additional gray area denoted by
area II is superimposed in Fig. 10. It is notable that if the fault
duration time is set as less than 625 ms, the area II can become
larger and even exceed the operating point constraint. Clearly,
both areas I and II surrounded by the red solid line in Fig. 10
constitute the whole transient stable region.

3) Simulation Verification: Two typical cases for either sta-
ble or unstable stage 2 will be addressed here. Set the fault as
U, dips to 0.2 p.u. at £y = 0.1s and the PMSG switches to the
TSC in stage 2.

Case I: To be compared with Fig. 9, in Fig. 13(a)—(c), the
value of 742 is setas 0.3 p.u., 0.35 p.u., and 0.42 p.u. respectively.
At t. = 0.7s, the fault is cleared and U, recovers to 1 p.u. In
Fig. 13(a), when ¢4 is 0.3 p.u., @p) converges to a new steady
state by multiple oscillations and the system recovers stability.
In Fig. 13(b), if ig2 is 0.35 p.u., @pn diverges monotonously
and the system eventually loses stability. In Fig. 13(c), when ¢4
is 0.42 p.u., similarly g diverges monotonously with a much
faster speed. These are perfectly consistent with the theoretical
analysis in Fig. 9.

Case II: In Fig. 14(a) and (b), i42 is fixed as 0.343 p.u. If the
fault is cleared at ¢, = 0.72 s in Fig. 14(a), although the system
is unstable in stage 2, its stability eventually recovers. However,
if the fault is cleared at ¢, = 0.73 s in Fig. 14(b), the system
remains unstable. Clearly now ¢, — ¢ty ~ CCT =~ 0.625s, which
is perfectly consistent with the theoretical analysis in Fig. 12.

C. Stage 3: Early Postfault

The main objective of stage 3 for the current climbing is to
avoid large current disturbance. Here, the impact of kayp will
be studied.
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Fig. 14.  Time domain simulations of py for case II. (a) t. = 0.72 s and
(b)te =0.73s.ty = 0.15.342 = 0.343 p.u.

As shown in (17), the system is now nonautonomous in
mathematics. As shown in Fig. 3(c), when 43 climbs to the
steady-state value of stage 1, the system will switch to the
stage 4 control. Here, as i4; = 0.8 p.u., the final value of 743 is
determined by 0.8 p.u. Meanwhile, the system trajectory in stage
3 depends on the final state in stage 2. By various case studies, it
has been found that choosing any typical value of k,mp, does not
change the system stability. For example, the system transient
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(d) Ug2 =0.2p.u.,ig2 =0.343 pu.,ty =0.1sand t. = 0.73s.

trajectories are shown in Fig. 15(a) and (b) for Uy = 0.5 p.u.
and 0.2 p.u., respectively. igo = 0.3 p.u., and Kppyp’s are 5, 10,
or 15. It can be found that when the system is stable in stage 2,
the transient trajectory is always within the stable region. This
just corresponds to the case that the system is stable in stage
2, as shown in Fig. 13(a). Therefore, kgmp does not change the
system stability. In addition, the case in Fig. 14(a) is also studied
that the system is unstable in stage 2 but finally it is stable in
stage 4. Correspondingly, the transient trajectories are shown in
Fig. 15(c) and (d) for . = 0.72 s and 0.73 s, respectively. Ugo =
0.2 p.u. and ig2 = 0.343 p.u., for Kpmp’s being 5, 10, or 15
again. Clearly if the system is unstable in stage 2, when the fault
is cleared at t, = 0.72s, the state denoted by the triangle is within
the stable region, and the system is finally stable. However, if
the fault is cleared at t. = 0.73s, as the state is outside of the
stable region, the system is finally unstable. Although the stage
3 trajectories change under different kyymp’s, the initial states of
stage 3 are fixed and their following trajectories do not change
the system stability.

V. EXPERIMENTAL VERIFICATION

In order to verify the above observations, hardware-in-the-
loop experiments are conducted based on the SpaceR. The
SpaceR real-time simulation platform includes the host com-
puter system, SpaceR, digital signal processing, and oscillo-
scope, as shown in Fig. 16. The SpaceR is a real-time simulation
software, which consists of a real-time simulation machine and
an PCI-E IO expansion box. In the experiment, the SpaceR
simulates electromagnetic components such as power electron-
ics and outputs measurement signals into the digital signal
processing. Then, it feeds back the pulsewidth modulation signal
to the SpaceR. The system model and parameters used in the
experiment are the same as in Fig. 1 and Table I, respectively.

7309

1 — 5
‘ ! Oscilloscope
e - —

E—

~ Host computer system

Fig. 16.  SpaceR real-time simulation platform.

@ 0o (0. 2rad/div) E/’\_/--
|

(0. 5pu/div)

Uga (05pu/dw)

- Timescales (1 s/div)
(b)

@pu (0.5rad/div)

g, (0.5pu/div)

“‘TiH‘lGSC&‘lGS(O‘.’Q’S‘/d’Z"U) i
(©)
@ (0.57rad/div)

u,, (0.5pu/div)

Tirﬁeﬂscale‘s‘(‘O‘. 23/d'i1’1)‘ = 2s

Fig. 17. Experimental results focusing on stage 2 for case I, to be compared
with Fig. 13.

A. Stage 2: During-Fault

Four groups of comparative experiments are set up to verify
the correctness of the above analyses for Cases I-IV.

Case I: At ty = 2s, U, dips to 0.2 p.u., and at t. = 2.6s,
U, recovers to 1.0 p.u. The experimental results are shown in
Fig. 17(a)—(c) for 742 being 0.3 p.u., 0.35 p.u., and 0.42 p.u.,
respectively. It is clear that as i42 is 0.3 p.u., @p converges
with multiple oscillations and the system is stable. When 42
is 0.35 p.u., ppy monotonically diverges and the system is
unstable. When 743 is 0.42 p.u., ¢, monotonically diverges
again, but shows a much faster speed. They are consistent with
the simulation results in Fig. 13.

Case II: When ty = 2's, U, dips to 0.2 p.u. and ig2 = 0.343
p.u. At the fault clearing time ¢., again U, recovers to 1 p.u.
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with Fig. 15(a).

The experimental results in Fig. 18(a) and (b) are for the fault
clearing times being . = 2.62 s and 2.63 s, respectively. When
the fault is cleared at 2.62 s, although ¢ is unstable in stage 2,
the system eventually recovers to be stable. However, when the
fault is cleared at 2.63 s, the system becomes unstable. This is
also well consistent with the simulation results in Fig. 14.

Case III: When ty = 2's, Uy dips to 0.1 p.u. and igo =
0.171 p.u. The experimental results in Fig. 19(a) and (b) are for
the fault clearing times being ¢, = 2.62 s and 2.63 s, respectively.
When the fault is cleared at 2.62 s, although ¢, is unstable in
stage 2, the system eventually recovers to be stable. However,
when the fault is cleared at 2.63 s, the system becomes unstable.
At the same time, in Fig. 12, when Uy = 0.1 p.u. and igp =
0.171 p.u., the CCT of the system is 625 ms. When t. —t; <
625 ms, the system is stable, and oppositely when t. —t; >
625 ms, the system is unstable. Hence, the experimental results
are consistent with the analyses.

CaseIV: Whenty =2s,U, dips to O p.u. and 742 = 0.007 p.u.
The experimental results in Fig. 20(a) and (b) are for the fault
clearing times being ¢, = 2.62 s and 2.63 s, respectively. When
the fault is cleared at 2.62 s, although o is unstable in stage 2,
the system eventually recovers to be stable. However, when the
fault is cleared at 2.63 s, the system becomes unstable. At the
same time, in Fig. 12, when Ugy = 0 p.u. and ig2 = 0.007 p.u.,
the CCT of the system is 625 ms. When t. — t; < 625 ms, the
systemis stable. Whent. — ¢y > 625 ms, the system is unstable.
Hence, the experimental results are consistent with the analyses.

Clearly all these comparative results in the experiments
demonstrate that the two transient stability scenarios are typical,
for either it is stable solely in stage 2, or it is unstable in stage 2
but becomes stable finally in stage 4.
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Fig. 22.  Experimental results focusing on stage 3 for case IL, to be compared
with Fig. 15(b).
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Fig. 23.  Experimental results focusing on stage 3 for case III, to be compared
with Fig. 15(c).

B. Stage 3: Early Postfault

Four groups of comparative experiments are set up to verify
the correctness of the above analyses for Cases I-IV.

Casel: Atty =2s,U,dipsto0.5p.u.,ig2 =0.3p.u.andatt,. =
2.6's, Uy recovers to 1.0 p.u. The experimental results are shown
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Fig. 24.  Experimental results focusing on stage 3 for case IV, to be compared
with Fig. 15(d).

in Fig. 21(a)—~(c) for kymp being 5, 10, and 15, respectively.
It can be found that when the system is stable in stage 2, it
is stable after clearing the fault. The transient stability of the
system does not change with the change of Kpmp. Therefore,
kramp does not change the system stability. This is well consistent
with Fig. 15(a).

Case II: At ty = 2 s, Uy dips to 0.2 p.u., igx = 0.3 p.u.
and at t. = 2.6 s, U, recovers to 1.0 p.u. The experimental
results are shown in Fig. 22(a)—(c) for Kgmp being 5, 10, and
15, respectively. It can be found that when the system is stable
in stage 2, it is stable after clearing the fault. The transient
stability of the system does not change with the change of Kyqpp.
Therefore, kramp does not change the system stability. This is
also well consistent with the Fig. 15(b).

Case IlIl: Atty =25, Uy dips to 0.2 p.u., igo = 0.343 p.u.
and at t. = 2.62 s, U, recovers to 1.0 p.u. The experimental
results are shown in Fig. 23(a)—(c) for kymp being 5, 10, and 15,
respectively. It can be found that although the system is unstable
in stage 2, it is stable after clearing the fault at £, = 2.62 s. The
transient stability of the system does not change with the change
Of Kramp. Therefore, kramp does not change the system stability.
This is also well consistent with the Fig. 15(c).

Case IV: At ty = 25, U, dips to 0.2 p.u., 740 = 0.343 p.u.
and at ¢, = 2.63 s, U, recovers to 1.0 p.u. The experimental
results are shown in Fig. 24(a)—(c) for kamp being 5, 10, and 15,
respectively. It can be found that when the system is unstable in
stage 2, it is unstable after clearing the fault at ¢, = 2.63 s. The
transient stability of the system does not change with the change
Of kramp- Therefore, kyump does not change the system stability.
This is also well consistent with the Fig. 15(d).

Clearly all these comparative results in the experiments
demonstrate that although the trajectories for different values
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of Kramp change, the initial states of stage 3 are fixed and their
following trajectories do not change the stability.

VI. CONCLUSION

In conclusion, this article divides the transient process of the
PMSG grid-connected system with the TSC into four differ-
ent stages, establishes the corresponding simplified mechanism
models and the associated machine—network interface relations
for each stage, and uncovers the influence of major parameters on
the system transient stability. It is found that for the system tran-
sient stability, it can be stable in stage 2, or it can also be unstable
in stage 2 but become stable with a fast fault cut. Therefore, the
transient stable region can be wider than researchers previously
thought, in terms of system transient stability including the
whole four stages. The transient stability in stage 2 is only
a sufficient condition, but not a necessary condition. This is
quite different from most of previous studies focusing solely
on the stability of stage 2. This article provides a panoramic
view for the transient stability of the PMSG grid-connected
system. It significantly catches the bulk dynamical behaviors
and establishes a systematical picture for the entire transient
process. All these studies could provide a theoretical basis for
engineering applications.

VII. DISCUSSIONS

In the end, it is necessary to give some discussions.

1) As we know, most of previous studies focused only on the
dynamics of stage 2. Even lack of operating point on this
stage is believed as loss of synchronization and closely
connected with the system stability. In this article, it is
uncovered that the transient stability on stage 2 is only
a sufficient condition, but not a necessary condition, and
actually the system can be stable under wider parameter re-
gions. Now, the relation between stage 2 and other stages,
and its stability on this stage and the whole system, etc.
become clear. Different from the already-existing sliced
incomplete studies focusing on the sole stage 2 [23], [43],
[44], [45], here all TSCs are considered in a systematical
manner. This can be believed as one of the most contribu-
tions of this article.

2) The basis for the model simplification in this article
is the singular perturbation theory in mathematics [46]
or the enslaving principle in the Haken’s synergetics in
physics [47]. Only the slow-scale dynamics are dominant,
as all fast-scale will naturally damp in transient. This is
exactly what we can see in Fig. 5. In addition, as the
PLL dynamics are always important for synchronization
in all four stages, their equations in the transient stability
analysis have to be maintained. Next, it is interesting
to compare with the two recent works considering the
switching controls of converter systems in [30] and [31].
Their distinctions are clear. In [30], it establishes a tran-
sient model of VSC grid-connected system considering
TSC and analyzes the expression of discontinuous vari-
ables after switching. However, it only provides a detailed
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modeling and does not reveal the transient stability mech-
anism. At the same time, it does not consider the climbing
control and machine-side dynamics, which are important
for the PMSG. In [31], it simplifies the transient model
of the VSC grid-connected system with the TSC into a
second-order PLL model with the virtual torque, inertia,
and damping, and then proposes the stability criterion by
the EAC in a unified form. The model assumes that the ac-
tive/reactive power control loops belong to the electrome-
chanical timescale, such that the current instructions can
be approximately obtained through algebraic equations. It
considers the active/reactive power control loops and PLL
only, and it does not consider the machine-side dynamics
and all voltage outer control loops of the GSC, such as
the DVC and TVC. In addition, it considers five stages,
including the prefault stage, fault dead-time stage, fault-
during stage, fault recovery dead-time stage, and postfault
stage, and it does not consider the early post-fault stage 3
for the climbing control, which is also important for the
PMSG. Clearly, the second-order sequential model in [31]
is comparatively simpler, to be applied with the EAC
analysis. With all the TSC effects considered in this article,
the model is no longer a simple second-order system in
stages 1, 3, and 4, but high-dimensional nonlinear systems,
as shown in (9) for stages 1 and 4, and (17) for stage 3.
Hence the EAC is no longer applicable. Except all these,
the existence of equilibrium point on stage 2 is used as
one criterion for the transient stability [31], which is also
completely different from the result in this article.

3) Finally, it is also interesting to compare transient stability
of the PMSG system with that of the SG system [40].
Although the basic condition for the transient stability
is the same in mathematics, there are many distinctions
in detail. For instance, usually for the SG, it has three
different stages including prefault, during-fault, and post-
fault. In each stage, usually the dynamical equations are
the same, but with different parameters. The key variables
for the (synchronous) rotor angle and its speed are always
continuous. Here, with the TSCs in the LVRT, the transient
dynamics becomes much more complicated. The system
exhibits four different stages including prefault, during-
fault, early postfault, and postfault accordingly. Not only
the parameters but also dynamical equations can be com-
pletely different. In addition, although the key variables
in the transient are determined by the PLL phase and fre-
quency outputs, ¢py and wpyi, wpy can show discontinuity
in each switch. Moreover, this hybrid switching dynamical
system can exhibit not only electromechanical-dominant,
but also electromagnetic-dominant behaviors under dif-
ferent stages. Clearly our mechanism model in this article
establishes a closer connection with the transient stability
of the SG system in a systematical way.

APPENDIX

For additional model verification, Figs. 25 and 26 show the
simulation comparison results between the simplified model and
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the detailed electromagnetic model of the PMSG grid-connected
system with the TSC when the SCR is 3 and 5, respectively. At
ty = 0.1 s, the infinite-bus voltage U, dips to 0.2 p.u. At t. =
0.7 s, the fault is cleared and U, recovers to 1 p.u. For the fault

duration time, t. — ty = 0.6 s. It can be seen that they fit well in
all transient stages, except some high-frequency oscillations.
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