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Abstract—Grid-connected renewable energy conversion sys-
tems (RECSs) are usually required by grid codes to possess the
low voltage ride through (LVRT) and reactive power support
capabilities so as to cope with grid voltage sags. During LVRT,
RECS’s terminal voltage becomes sensitive and changeable with
its output current, which brings a great challenge for the RECS to
resynchronize with the grid by means of phase-locked loops
(PLLs). This paper indicates that loss of synchronism (LOS) of
PLLs is responsible for the transient instability of grid-connected
RECSs during LVRT, and the LOS is essentially due to the tran-
sient interaction between the PLL and the weak terminal voltage.
For achieving a quantitative analysis, an equivalent swing equa-
tion model is developed to describe the transient interaction.
Based on the model, the transient instability mechanism of RECSs
during LVRT is clarified. Furthermore, a transient stability en-
hancement method is proposed to avoid the possibility of transient
instability. Simulations performed on the New England 39-bus
test system verify the effectiveness of the method.

Index Terms—Renewable energy conversion system, grid faults,
low voltage ride through, transient stability, power converter.

1. INTRODUCTION

RID-CONNECTED renewable energy conversion sys-

tems (RECSs), such as wind energy conversion systems
(WECSs) and photovoltaic (PV) generation systems, have be-
come an important part of the power system. RECSs present
quite different characteristics from conventional synchronous
generators (SGs). By employing power converters, RECSs
provide faster power response but more limited fault tolerant
capability than SGs while subjected to grid faults [1].

For the steady-state and transient performance of RECSs
after grid faults occur, three successive stages are characterized
in low voltage ride through (LVRT) studies [2]-[4].

1) Stage 1 is the first several cycles after grid faults, in which
protection or control countermeasures are taken to stand the
impact of transients in order to protect converters from damage.
2) Stage II is the low-voltage-sustaining stage, in which the
RECS’s resynchronization with the grid must be achieved as
soon as possible, and the control function of power converter
should be regained to support the grid voltage by supplying
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some reactive current, according to specifications from grid
codes [5]. For example, RECSs are required to output 100%
reactive current when the voltage at the point of common cou-
pling (PCC) dips below 50% [5]. RECSs are allowed to trip off
if the PCC voltage is below the specified voltage profile [5]. 3)
Stage Il is the voltage recovery stage after the fault clearance,
in which the reactive current injection is withdrawn and the
active power supply is restored gradually.

The LVRT capability, protection and control strategies in the
Stage I and Stage II have been extensively investigated in prior
studies [2]-[4]. However, these studies are mainly focused on
electromagnetic transient analysis of doubly-fed induction
generator (DFIG) after grid voltage dips, as well as enhance-
ments of the LVRT capability. In these studies, the RECS
terminal voltage dynamics during grid faults are neglected. In
other words, the terminal voltage is deemed constant or un-
changed, which is reasonable in stiff grid scenarios, but not so
for weak grid. In fact, the post-fault equivalent grid impedance
becomes considerable in weak grid and it makes the RECS
terminal voltage very responsive to the output current/power of
the RECS. The terminal voltage is then used as input to the
phase-locked loop (PLL) to estimate the phase-angle and fre-
quency of the power grid. Owing to the interaction between the
terminal voltage and the PLL output, it is difficult for the RECS
to achieve resynchronization with the power grid.

For the small-signal stability of PLL-synchronized RECSs
during riding through symmetrical or asymmetrical faults,
numerous studies such as [6]-[9] have been conducted using
eigenvalue analysis and impedance analysis based on the
small-signal model. The findings have indicated that weak grid
connection is able to deteriorate the small-signal stability. Be-
sides, improper PLL parameters are proved to have negative
impacts on the stability in terms of resynchronization with the
power grid [6]-[9]. However, the small-signal stability anal-
yses are only effective in the neighborhood of the specific
steady-state point rather than the full state space.

In the last few years, large-signal stability issues of RECSs
are attracting increasing attention [10]—[24]. Goksu et al. and
Dong et al. made pioneering contributions in [11] and [12],
respectively. Reference [11] investigated RECS’s loss of syn-
chronism (LOS) with the grid during deep voltage sags and
proposed a stability criterion focused on the existence of equi-
librium points. Reference [12] gave deep insights into
low-frequency nonlinear behaviors of PLLs and proposed an
equivalent criterion to that in [11]. However, a RECS satisfying
the criterion [11], [12] may still lose synchronism due to im-
proper initial states or poor transient properties, as found in our
prior work [13]-[16]. In [13]-[16], we revealed that the tran-
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sient stability is related to the existence of equilibrium points,
initial states, and system transient properties. Recently, X.
Wang’s research group [17]-[20] created a new perspective by
using the phase portrait method to analyze the transient stability
of grid-connected converters, though the method has high
complexity and low physical insight [20]. Besides, the Lya-
punov’s direct method have also been applied to investigate the
transient stability of voltage-controlled grid-connected con-
verters [21], [22]. However, it is still an unresolved problem to
develop a proper Lyapunov function candidate specially for
assessing the transient stability of PLL-synchronized cur-
rent-controlled converters [20].

The transient stability of conventional power systems (often
referred as to the rotor-angle stability) has been widely studied.
Based on the rotor swing equation and neglecting the system
damping, the equal area criterion (EAC) is easily employed to
assess the rotor-angle stability. Although various “swing equa-
tions” of grid-connected power converters have been developed
previously [25], [26] to investigate the capability of power
converter to mimic the inertia and frequency support charac-
teristics of SGs, the “swing equation” concept together with the
EAC method was rarely used to study the transient stability of
PLL-synchronized converters. References [23], [24] made such
innovative attempts. Actually, the EAC method is a special case
of the Lyapunov’s direct method [20]. Without considering the
system damping, the EAC method is quite easy to use and it has
high physical insight to understand the underlying mechanism
of the transient instability. In addition, quantitative criteria that
are simple and convenient for stability judgements can be
drawn from the EAC method, although the criteria are rela-
tively conservative since the system damping is neglected [20].

When it comes to the transient stability enhancement, it is
noticed that the prior arts [10], [11], [13] are inadequate be-
cause of various defects, as summarized in [20]. For example,
the PLL freezing method [11] cannot address grid phase jumps;
the adaptive current injecting method [13] requires to estimate
the network impedance X/R ratio. Therefore, other alternatives
to enhance the transient stability need to be further explored.

This paper continues our research [13]-[16]. The particular
attention is focused on the quantitative criterion and enhance-
ment method of the transient stability of RECSs. A novel
“swing equation” describing the transients after grid voltage
sags is developed in Section II. It indicates that the transient
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Fig. 1. An SMIB system embodying a simplified RECS, where P.” during
LVRT is typically set to zero [11], [13]. Note this study takes full-scale power
converter based RECSs as an example in analyzing the transient stability. The
modeling and analysis methods are also applicable to type IIl WECSs [13].

Other
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stability is affected by the interaction between the PLL and the
terminal voltage, and the interaction is also involved with the
active power control (APC). Basically, the transient stability
within the LVRT Stage II can be maintained as long as an ap-
propriate active power reference is given. A quantitative sta-
bility analysis is performed in Section III, yielding the quanti-
tative stability criterion. Also, a transient stability enhancement
method based on dynamic active power balance, by means of
automatically regulating the active power reference to improve
the transient stability, is developed in Section IV. Section V
verifies the effectiveness of the method. By comparison with
three state-of-the-art methods, the proposed method shows high
performance while maintaining the transient stability.

II. SYSTEM MODELLING

A typical diagram of the power grid integrated with a single
capability-rescaled RECS is shown in Fig. 1. The “Other Parts”
of the RECS is equivalent to a constant DC voltage source
during the LVRT Stage II considering that the utilized protec-
tive measures such as chopper circuit can maintain the DC-link
voltage [13]-[20]. The power grid is represented by a Thévenin
equivalent circuit with voltage amplitude U, and frequency w,.
The entire system is considered as a single-machine infi-
nite-bus (SMIB) system. In Fig. 1, u, is the terminal voltage of
the RECS, i, is the output current of the RECS and x =a, b, c; R,
and L, are the resistor and inductor of the equivalent grid im-
pedance, respectively; w,; and 6, are the frequency and phase
angle detected by the PLL, respectively. Note that all these
variables are expressed in the per unit system where time is
measured in seconds.

A. Reduced-Order Nonlinear Model

Both current control dynamics and electromagnetic transi-
ents of the terminal filter (not depicted in Fig. 1) can be ignored
while analyzing the nonlinear PLL dynamics [13]-[20], since
the bandwidth of the current control loop with appropriate
parameters is much higher than that of the PLL. Consequently,
the RECS during LVRT can be regarded as a controlled current
source [13]-[20]. The output current of the RECS is denoted as
is = i and i, = i,", where i," is specified by grid codes during
grid faults, e.g., i, = 1.0 p.u. [5], and i, could be given by the
active power control (APC) loop,

iy =P u, (D
where P, denotes the active power reference. Note that grid
codes have not yet specified that RECSs have to perform active
current injection during LVRT [13] and hence P." is typically
set to zero during LVRT in view of capacity limit of converters.

A typical PLL diagram is shown in Fig. 2(a), which is widely
utilized for symmetrical grid conditions. The frequency base w
in the per unit system is taken as the rated nominal frequency.

The PLL model is given by
de,l/dt =w,0,, @
d(w,0,,)/dt =k, du, [dt+ku,.

The gain parameters £, and k; are crucial to shape the dy-
namics of the PLL. On the choices of &, and %; as well as the
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Fig. 2. (a) Typical synchronous reference frame PLL (SRF-PLL), where wo is
the nominal frequency such as 100z. (b) Relationship between the PLL refer-
ence frame and the infinity bus reference frame.
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Fig. 3. Diagram of the system model. (a) Interaction illustration. (b) Equiva-
lent swing equation to (a). Note that the swing equation developed here is
intended for transient stability studies, distinct from existing ones in [25] and
[26] used to study inertia imitation in frequency regulation.

bandwidth of the PLL, a guideline is offered in Appendix.

The PLL reference frame [i.e., dg reference frame in Fig.
2(b)] and the infinity bus synchronous reference frame [i.e., XY
reference frame] are rotating with the PLL frequency wpw,; and
the actual grid frequency wpw,, respectively. The included
angle J between these two reference frames is denoted as

o= 0]1[1 - Hg (3)

where 0, is the absolute angle of the PLL relative to the sta-
tionary reference frame; 6, is the phase angle of the grid voltage
vector Uy; 6 is referred to as the relative angle of the PLL (PLL
angle for short thereinafter) relative to the XY reference frame
[see Fig. 2(b)]. Hence, the following expression can be derived,

dé‘/dt:a)b(a)p”—a) ) )

4
While neglecting the electromagnetic transients of grid im-
pedance, the quasi steady-state model is expressed in the PLL
reference frame as follow,

u, :[co.sﬁ sin&} U, R i'd ‘o, =i, ®)
u, —-sind coso || 0 £, PR

The above equations (1)—(5) describe the transient nonlinear
behaviors of the system, as illustrated in Fig. 3(a). There is an
interaction between the terminal voltage #, and the PLL output
0. The APC is also involved in the interaction since uq is used in
the APC to calculate the active current reference. Given that the
nonlinear model is second-order, it is doable to further trans-
form the model to an equivalent swing equation.

B. Equivalent Swing Equation

Based on (1)—(5), the equivalent swing equation can be de-
rived as (see Appendix for more details),

J,dw, [dt=P -P.-D, (0, -,) (6)

g
where J, and D., denote the equivalent inertial and damping
coefficients, respectively; P. is the actual active power output,
which is a function of § when given P.”, i,", and U,

P =u,i, +tu, =f(5)

E, i, Uy " )

The function f can be derived from (1), (5) and (7). It is not
shown here as its analytical form is too complex. From (A.10)
in Appendix, it is found that J., can be approximately consid-
ered as a constant since its last two terms are far less than 1.0.
By contrast, D., cannot be regarded as a constant since it
changes significantly with the PLL angle o.

Fig. 3(b) depicts the swing equation, which is the same in
form as swing equation of a SG. Hence, RECSs share a strong
similarity with SGs in terms of mathematical model describing
synchronization dynamics during symmetrical grid faults. The
synchronization dynamics of SGs are affected by the unbal-
anced power term. Similarly, the synchronization dynamics of
RECSs are affected by the active power deviation (P, — P.). In
fact, the motion of the PLL is really driven by its input variable
uq. Equation (A.8) establishes the relationship between u, and
the active power deviation (P,” — P,). Therefore, it is under-
standable that the motion of the PLL can be equivalently driven
by (P." — P.), in terms of mathematical analysis.

III. TRANSIENT STABILITY ANALYSIS

The transient stability mechanism and criterion have been
preliminarily studied in [11] and [12]. Briefly, after a grid
voltage sags, the existence of a new equilibrium point is a
prerequisite for the transient stability of the system. But even if
the criterion regarding the equilibrium point is met, the system
may still become unstable due to poor transient behaviors [13].
Here, it is summarized that the factors affecting the transient
stability include two aspects: 1) existence of equilibrium points
and 2) system transient properties. The first factor is explained
with the steady-state active power output range, and the second
factor is explained using the developed swing equation and the
easy-to-follow equal area criterion (EAC).

A. Steady-State Active Power Output Range

Equation (6) suggests that P.” is equal to P, while the oper-
ating point reaches the equilibrium point. For a RECS during
grid fault, there is an allowable range for actual active power
output. Hence, an appropriate active power reference, which
should be set within the active power output range, is signifi-
cant for the existence of the equilibrium point.

With a given grid voltage U,, the active power output range
is constrained by the maximum current limit /ma.x and the reac-
tive current requirement i, from grid codes. The steady-state
active power output range [Pemin, Pemax] can be solved by,

max, min P, =u,i,

s.t. U,cos6+R, i, — X, i, =u, ®
U,sin6-R,i —X,i,=0
i+i <

Taking Imax = 1.1 p.u. for example and i, =—1.0 p.u. [5], then
the steady-state active power range in (8) can be solved at each
point of grid voltage U, € [0, 1] p.u., as shown in Fig. 4. As the
increase of U,, the range [Pemin, Pemax] Widens. Furthermore, for
the case of resistance-inductance grid impedance in Fig. 4(a),
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Fig. 4. Steady-state active power output range of a RECS with the change of U,.
(a) Resistance-inductance grid impedance. (b) Pure inductive grid impedance.
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Fig. 5. Existence of equilibrium points when the grid voltage is quite small and
active power is zero. (a) There may be no equilibrium point in re-
sistance-inductance grid impedance scenarios. (b) Equilibrium points are cer-
tainly existent in pure inductive grid impedance scenarios.

Pemin is larger than zero when U, is smaller than 0.055, for
which a physical explanation is made as follows.
Equation (8) yields the steady-state active power output as:
Pe=IUgcos(5+0,)+12Rg ©)

| E—— Y
-P, Fioss

where 0; = arctan(i,/ig). If R, # 0, then both the active and re-
active currents will cause some active power loss on this resis-
tive component:

P

s = 'R, = I’Z cos 8, = IAU cos 0, (10)
where [ is the current amplitude; Z and 67 are the impedance
magnitude and angle, respectively; AU = IZ is the amplitude of
the voltage difference on the grid impedance. The power loss,
Pioss = P + Pg, could be compensated by both the power grid
and the RECS. If the grid voltage is too low in the case of re-
sistance-inductance grid impedance, P. has to be positive.

The vector diagram of voltage-oriented control is shown in
Fig. 5. The current vector I in Fig. 5(a) lags behind the terminal
voltage vector U with 90°, and the RECS accordingly outputs
zero active power. The voltage difference AU on the grid im-
pedance leads the current vector I with the impedance angle 6.
It can be observed that U= AU + U, impossibly holds since the
grid voltage amplitude Uy is too small. In this case, the maxi-
mum active power output from the power grid is

P =1U, (11)
which is too small to compensate the power loss owing to
U, <AUcos0,. (12)

If P, = 0 in this case, there will be no equilibrium point and
hence the RECS will not be able to synchronize with the grid.
The absence of equilibrium points is essentially because u, =0
as a basic steady-state condition of voltage-oriented vector
control cannot be met. In Fig. 5(b), there is certainly an equi-
librium point in the case of pure inductive grid impedance no
matter how small U, is, which is because of zero power loss on

002 004 006 P
(b)

Fig. 6. (a) The curve of De,(d) corresponding to P.”= 0.05 p.u.. The curve is not
an ideal sine/cosine curve since uq in (13) is also related to d. (b) The positive
damping range (dmin, max) slightly changes with P.", where the corresponding
stable equilibrium points (SEPs) is within (dmin, dmax) Whereas the unstable
equilibrium points (UEPs) is outside (dmin, Omax).

the grid impedance.

From the perspective of equilibrium point, it can be con-
cluded that an appropriate active power reference, which
should be set within the steady-state active power output range,
is much important for the RECS to possess an equilibrium point
after the grid fault.

B. Transient Damping Characteristics

If D., > 0, the role of the damping term in (6) is to achieve
negative feedback regulation. For example, if w,; is larger than
@y, then the positive damping term is able to contribute a neg-
ative change rate of wy to facilitate the decrease of w,;. Hence,
a positive damping coefficient is helpful to the transient stabil-
ity. The damping coefficient D., (see Appendix) is

—i,k,U,, 056 — a)pl,ZLgPe s113 o

uy + R P,

which is affected by the PLL angle J, grid voltage U,, power
reference P,", grid impedance, PLL parameters, etc. Generally,
the damping effect originates from the proportional unit of the
PLL, since if k, is taken as zero then D,, will become zero. A
large k, along with a small ; is conducive to the enhancement
of the damping effect. The impacts of these circuit parameters
and control parameters on the transient stability have been
comprehensively investigated in our prior work [16].

In particular, the sign of D, is determined by J. There is a
range (Omin, Omax) € [—7, @] in which D, > 0. When ¢ is outside
the range, the damping effect becomes negative, which en-
dangers the transient stability. Therefore, ¢ is supposed to lie
within the range to maintain a positive damping coefficient,

S €(8ins O ) (14)

where dmin, dmax can be calculated by solving D,,(6) = 0 together
with (1) and (5). Fig. 6(a) shows an example of the range, to
which the corresponding P,.” is 0.05 p.u. The positive damping
range (dmin, Omax) slightly changes with the active power refer-
ence P," as shown in Fig. 6(b). With P.," given, the corre-
sponding equilibrium points can be classified into stable equi-
librium point (SEP) within the range (dmin, Omax) and unstable
equilibrium point (UEP) outside the range (dmin, Omax)-

D, (6)=

eq

(13)

i

C. Transient Process Analysis
The existence of equilibrium points is a prerequisite for the
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transient stability. Even if equilibrium points exist, however,
there is a possibility of transient instability due to poor transient
behaviors such as too large overshoot and negative damping
[13]. The EAC method is often adopted to analyze the transient
rotor angle stability of SGs. In view of the mathematical simi-
larity of motion equation, the method is utilized in this study to
analyze the transient behaviors of RECSs.

The damping term in SGs’ swing equation is neglected in use
of the EAC method considering that the damping coefficient of
SGs are always positive and relatively small. Things are dif-
ferent for RECSs. One must firstly ensure that D, > 0, i.e., d is
within (dmin, Omax), in use of the EAC. Otherwise, the result from
the criterion may be overly optimistic. Based on this, one could
remove the damping term while using the EAC. Since the am-
plitude of D,, is significantly larger than J., (see Appendix),
removing the damping term might lead to a conservative crite-
rion. However, this EAC based stability analysis approach
itself is extremely useful for transient instability mechanism
analysis and parameter sensitivity investigation [16].

By combing (4) and (6), it can be derived that

S 4 *

5 =], (B -P)ds (15)
where do+ is the initial PLL angle after a grid fault occurs. A
grid fault often changes the Thévenin equivalent representation
of the grid, and accordingly ¢ also changes [13]. Here the
subscript “0+” is used to represent the instantaneous change. J;
in (15) is the PLL angle at any subsequent time ¢.

Once P.", i,", and U, in (7) are given, the active power output
P. = f{0) as a function of J is determined. The power curve is
plotted in Fig. 7, where P+ is the instantaneous active power
output corresponding to do+ at the initial time after a grid fault
occurs and Jsgp is the steady-state stable PLL angle corre-
sponding to P,". The PLL angle J should not exceed the range
(Omin, Omax) during transient processes. Otherwise, the negative
damping effect and even reverse regulation will appear. Note
that ¢ is not equal to the included angle between the terminal
voltage and the grid voltage during transient processes [see Fig.
2(b)], and thus ¢ should not be referred to as the power angle. In
this regard, there is a fundamental difference between RECSs
and SGs in the transient stability mechanism.

1 ) Pe* > Poo+

If the given P.” during the fault is larger than P+, then Jsep
will be larger than do+, as shown in Fig. 7(a). In the first period,
P,”> P, leads to a continuous increase of m,; and J. As a result,
P. increases as well and more active power is outputted to
balance with P.". When P, rises to P." at dsgp, @, reaches the
maximum but ¢ continues increasing because w,y is larger than
w,. Afterwards, P,” < P,, leads to a decrease of .

As analyzed above, w,; will increase in the first period.
Based on (15), the accelerating area can be expressed by

s.=[" (B -R)do.

1
Ejeq (a)pll - a)g )2

(16)

Then w,; decreases in the second period. If the accumulated
virtual energy in the PLL cannot be released completely before
o0 reaches dmax, then J will enter the negative damping zone. A
conservative analysis is made in this study. The range (dmin, Omax)
is regarded as the allowable motion range of J, beyond which

Sy

5 ™ é‘SEP é‘0

(b)

+

Fig. 7. Illustration of PLL accelerating and decelerating areas. (a) Pe™ > Peo+. (b)
P* < Peo+.

TABLEI
TRANSIENT STABILITY CRITERION

Active power references Results Causes
P> Pemax Instable Without SEPs
P." < Pemin Instable Without SEPs
Pemin< Pe" < Pemax, Pe" > Peo+, S+ <S-max  Stable Eq. (18) holds
Pemin < Pe" < Pemax, P’ < Peo+, S-< Simax  Stable Eq. (19) holds
Others Instable * Insufficient buffer

* Instable to a large extent rather than certainly instable unless reverse regulation
occurs since o further enters the adjacent reverse regulation zone.

the transient stability cannot be assessed by the EAC any longer.
Consequently, the maximum buffer area for decelerating is

S, = j: (P-P)ds. (17

From (16) and (17), the transient stability criterion in this
case can be derived as follows,
S, <8 .. (18)
2) P g* < P+
If the given P, during the fault is smaller than P.o+, then dsgp
is smaller than do+, as shown in Fig. 7(b). The transient stability
criterion can be similarly analyzed and derived as

S <S8, e (19)
The decelerating area is expressed as
s =| (B ~P)ds. (20)

0+

The maximum buffer area for accelerating is described as
Ssep "
S = |, (P =R)do5. @1

‘min

D. Transient Stability Criterion

The transient stability criterion can be finally summarized in
Table I, based on which the transient stability can be assessed.
Since (7) is much complex, numerical calculation instead of
analytical calculation is recommended in the stability assess-
ment. Note that the transient stability cannot be judged strictly
once the PLL angle J exceeds the maximum buffer area and
enters the negative damping zone. If J further enters the adja-
cent reverse regulation zone, the transient instability would be
undoubted. Table I suggests again that an appropriate active
power reference is crucial to the transient stability.

IV. TRANSIENT STABILITY ENHANCEMENT METHOD

The LOS during grid faults easily leads to RECSs’ tripping.
A great deal of RECSs’ tripping endangers the power system
stability. To address the transient instability risk associated
with the LOS, three typical stability enhancement methods
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Fig. 8. Three existing typical transient stability enhancement methods. (a)
PLL freezing method [10]. (b) PLL frequency based method [11]. (c) Adaptive
current injecting method [13].

TABLEII
PROS AND CONS OF SEVERAL STABILITY ENHANCEMENT METHODS
Methods Refs Pros Cons
PLL freezing method [10] Easy-to-use Static error exists
PLL freq. based Stability without
method (11} Easy-to-use theoretical proof
ACI method [13] Stable even Need post—fgult im-
zero voltage pedance estimation
Proposed method NA Stable and Maybe less reactive
easy-to-use power outputted

have been developed in [10], [11] and [13], as depicted in Fig. 8.
The simplest method is the PLL freezing method [10], [27],
which freezes the proportional-integral (PI) regulator of PLL
during grid faults. The PLL frequency (freq.) based method [11]
regulates the active current reference according to the detected
frequency. The adaptive current injecting (ACI) method [13]
specifies the ratio of active and reactive current references
according to the post-fault equivalent grid impedance. Though
these methods possess some advantages as shown in Table II,
they are insufficient to some extent because of the disad-
vantages shown in the last column. To this end, this study
proposes a novel transient stability enhancement method,
which is based on dynamic active power balance.

According to the developed stability criterion, the active
power reference should be set within the steady-state active
power output range. Besides, the decelerating or accelerating
area in the first period should be reduced as far as possible in
order to avoid entering the negative damping zone in the second
period. Due to the occurrence of the grid voltage sags after grid
faults occur, the active power output would drops to a certain
value P Ideally, if the active power reference is set to the
real-time measured active power P+, then the accelerating or
decelerating area in the first period could be minimized as far as
possible. Considering that it is easy to measure the active power
output at the RECS terminal, the active power reference can be
set to the measured active power output during grid faults. With
this consideration, the motion equation (6) becomes

J,do,[dt+D,, (a)p,l —wg):O @)
déldt = w, (a)pﬂ -0 )

4
Equation (22) indicates that the system would be stable if D.,

> 0, unstable if D,, < 0. Recalling (13), it suggests that D, > 0

|Gﬁd(bdeh;4 N P;

q

Fig. 9. Proposed transient stability enhancement method, where 1.0 is the
per-unit rated frequency intended for approximately representing the actual
grid frequency. The fault flag “Ff”: 0 — Normal mode, 1 — Fault mode.

Stability T

Enhancement Controller

Fig. 10. (a) System model diagram with the transient stability enhancement
method incorporated, where Ad is the state variable of the integral regulator.
(b) Rearranging the model to the simplest form, which is similar to the form of
the Phillips-Heffron model of SGs.

cannot be guaranteed since D., probably becomes negative
with J. To ensure positive damping effect, it is necessary to
compensate the damping coefficient. Moreover, (22) shows
that ¢ is another crucial state variable besides w,;. Hence, it is
necessary to keep ¢ within the closed-loop control system.

For these two purposes, a PI regulator is adopted to regulate
the frequency deviation. As shown in Fig. 9, the active power
reference during grid faults is given by

P..=P +(k€p +k, /s)(a)g —a)p”)

e_fault
~ P +(k, +k,/s)(1.0-0,,)

where k., and k.; are the gains of the PI regulator. In view of the
difficulty of fast measurement of the grid frequency w, in (23),
it is approximately represented by the rated frequency i.e., 1.0.
In spite of the approximation, it is still able to improve the
damping effect and the approximation is acceptable in engi-
neering practice. Furthermore, a low-pass filter is utilized to
filter harmonics in the output active power P, in order to avoid
harmonic instability, as shown in Fig. 9.

The system model with the stability enhancement method
incorporated is depicted in Fig. 10(a), which is further
rearranged to the simplest form in Fig. 10(b). It is interesting to
notice that the form is similar to the Phillips-Heffron model of
SGs [28]. This similarity again illustrates the roles of the
proportional regulator and the integral regulator, i.c., to
regulate the frequency deviation (i.e., enhance the damping
effect) and to regulate the PLL angle deviation. The model
shown in Fig. 10(b) is described by

(23)
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J, do, [dt+(k,+D, (o, -o,)+k,A5]0,=0

pi

dAS/dt = w, (a)p,, -, )

g

24)

where Ad denotes the state variable of the integral regulator [see
Fig. 10(a)]. The transient stability enhancement method is
disabled until grid faults occur, which suggests that the initial
value of Ad is zero. In addition, (24) implies that Ad converges
to zero at the steady state while w,; converges to w,.

A. Steady-State Performance Analysis

After a grid fault occurs at the time #, the PLL angle’s initial
value at #+ is denoted as do+, as done in Section III. The
relationship between J; and Ad, at any time ¢ can be obtained:

o, :50++a)bﬂ+(a)l,—wg)dr:5o++A5f (25)

2

where the initial value of Ad is zero. Given that Ad converges to
zero at the steady state, 0 accordingly converges to its initial
value do+ at the steady state according to (25), i.e.,

0, = 0,,. (206)

With the steady-state value ds, the steady-state active current

iz can be calculated from (5). Further, the steady-state active
power output can be calculated from (9), i.e.,

P =1,U, cos(5,+6,)+I, R

max g *®

27)

B. Transient Performance Analysis

While neglecting the grid frequency dynamics, rearranging
the system model (24) yields the second-order differential
equation:

J,, d*As/dt* +(k,, + D, )dAS/dt+k,A5=0.  (28)

The transient performance of the proposed method as well as
the influences of the gain parameters on the performance can be
easily assessed by thinking of (28) as a typical second-order
system. For assuring asymptotic stability, requirements are
made on the gain parameters:

k,+D, >0
k,20.

For analyzing the transient performance, the damping ratio &
and the natural frequency w, are derived:

£=(k,+D,)/ 2kt ) @, = k],

which indicates that the damping ratio is improved with the
increase of k., and decrease of k.. A large damping ratio is
beneficial for the transient stability. However, too large
damping ratio could lead to too long setting time. For &> 0.69,
the setting time can be approximately estimated by [29]

t, 2458w, =2.25(k, +D,,) [k, (1)

which suggests that a large k., as well as a small k.; makes the
setting time long.

29)

(30)

C. Parameter Tuning

Considering both the stability requirement in (29) and the
setting time in (31), there should be a tradeoff in the tuning of
kep. Once ke, is tuned, ke; can be tuned according to (30) by
taking & = 0.707 which is a commonly used damping ratio in
engineering practice. Following this guideline, 4, is set to 5 in

Fig. 11. Network topology of the New England 39-bus test system, in which
the capacity base of the WECS is 540 MVA.

TABLE IIT
DFIG’S PARAMETERS (PART)
Parameters Per-unit Parameters Per-unit

values values
Stator resistance 0.008 RSC inner loop £, 1.2
Stator leakage inductance 0.171 RSC inner loop ki 50
Rotor resistance 0.006 PLL &, 200

Rotor leakage inductance 0.156 PLL k; 2000

Mutual inductance 29 Fig. 9, kep 5

Turbine inertia constant 5.0s Fig. 9, kei 100
Grid coupling inductance 0.3 Fig. 9,7 0.01

this study considering that a typical damping coefficient D,
during severe grid faults is about within the range [-3.1, 2.5], as
shown in Appendix. Then k.; is set within the range (80, 150),
and the setting time is accordingly about 0.1 s. For actual ap-
plications, the method of trial and error combined with the
guideline is still recommended. Besides, the bandwidth of the
low-pass filter should be smaller than the switching frequency
but larger than the bandwidth of (28). The filtering time con-
stant 7 is finally set to 0.01 s.

The proposed transient stability enhancement method is
supposed to be activated after a grid fault and deactivated once
the grid fault clearance is detected. The resynchronization of
the RECS with the grid after the fault clearance is assuring
because the normal grid voltage amplitude facilitates sufficient
buffer areas and a quite large positive damping coefficient.

V. SIMULATION RESULTS

To obtain realistic responses and credible results, the RECS
in simulations is connected to the New England 39-bus test
system instead of the infinite bus, as shown in Fig. 11. Since the
SG on the Bus 37 in the original test system outputs almost zero
reactive power in the steady state, replacing it by a RECS with
the same capacity and unity-power factor control has little
effect on the steady-state power flow. The RECS is specifically
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modeled as a doubly-fed induction generator (DFIG) based
WECS, and the verification on other RECSs with full-scale
power converters can be made similarly. The simulations are
performed on the PSCAD/EMTDC, where the power converter
is modeled with switch-level accuracy and the SGs are
equipped with exciter and governor. Partial critical DFIG’s
parameters are summarized in Table III.

It has been known from Table I that there are two types of
transient instability. The one is that there is no SEP during grid
faults. The other is that the maximum buffer area is insufficient
though SEPs exist, accordingly leading the operating point to
enter the negative damping zone and even adjacent reverse
regulation zone. To separately produce these two types of in-
stability scenarios and evaluate the effectiveness of the pro-
posed transient stability enhancement method, two cases are
simulated, which are Case A: transient instability without SEPs
and Case B: transient instability due to insufficient buffer area.

A. Transient Instability Without SEPs

A three-phase line-to-ground fault occurs at 0.2 s and the
grounding resistance Ryin this case is 0.01 Q. Then the voltage
at Bus 37 dips to about 0.06 p.u. which is so small that there is
no SEP after the fault. Fig. 12 shows the simulation result with
the conventional method where the active power reference is
zero during the fault. The WECS enters the LVRT Stage I, in
which the crowbar circuit is activated to suppress the transients.
Subsequently (~30 ms), the crowbar circuit is deactivated, the
control function of the rotor-side converter is regained and the
WECS enters the LVRT Stage II. As shown in Fig. 12(b) and
(f), the reactive current reference and active power reference
are set to —1 p.u. and 0.0 p.u., respectively. Fig. 12(e) indicates
that the PLL frequency gradually deviates from the rated fre-
quency until reaching the limit 0.8 p.u. In other words, the
WECS cannot resynchronize with the grid during the LVRT
Stage II. Fig. 12(f) shows that the active power reference is
smaller than its actual value during the transient process, and
therefore the PLL frequency decreases, which coincides with
the theoretical analysis. Moreover, there are harmonics in the
output current and also in the terminal voltage due to the fre-
quency difference between the WECS and the power grid. In
practice, the LOS would lead to the tripping of the WECS.

The fault line is disconnected at 0.6 s by opening the circuit
breakers (CBs) on this line. At this time, both the grid voltage
and the terminal voltage returns to near the rated voltage, as
shown in Fig. 12(a). Fig. 12(e) displays that the WECS can
resynchronize with the power system again after the terminal
voltage recovery. After the fault is cleared at 1.0 s, the condi-
tion of successful reclosure is met. The CBs are accordingly
reclosed at 1.2 s. The grid impedance is instantly reduced by
half, which introduces a minor disturbance to the system.

The LOS in Fig. 12(e) during the fault is due to there is no
SEP, which is caused by zero active power reference. From the
circuit point of view, the reactive current produces active power
loss i,2R, on the grid impedance (resistive component), but the
grid voltage is too low to completely compensate the active
power loss. Therefore, the WECS is supposed to output some
active power in order to avoid the transient instability.
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Fig. 12. Simulation result of Case A with the conventional method. The
residual grid voltage is so small that there is no SEP, and hence the PLL cannot
resynchronize with the grid. Note the sudden increase of the PLL frequency at
the fault time is due to the phase jump of the grid voltage [27].
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Fig. 13. Simulation result of Case A with the proposed method, where an
active power reference larger than zero is generated, and hence the PLL is able
to resynchronize with the grid after the fault.

The simulation result with the proposed method enabled is
shown in Fig. 13. A nonzero active power reference is gener-
ated automatically during the fault by the additional control
loop, as shown in Fig. 13(f). Hence, the active power reference
is balanced with its actual value. Fig. 13(e) indicates that the
PLL frequency returns to the rated one immediately once the
active power balance is achieved. Since the current limit 7,4y is
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Fig. 14. Simulation result of Case B with the conventional method. The voltage
at Bus 37 dips to about 0.10 p.u. that is larger than that in Case A. Therefore
there is indeed a SEP after the fault, but the PLL is still not able to resynchro-
nize with the grid since the buffer area for accelerating is not enough.

set to 1.1 p.u., the reactive current can still reach 1.0 p.u. though
additional active current is outputted in the meantime.

B. Transient Instability Due to Insufficient Buffer Area

The grounding resistance Ry in this case is 0.04 Q. The fault
is not severer than that in Case A. It can be verified that the
post-fault SEP certainly exists in this case. Figs. 14 and 15
show the simulation results with the conventional method and
the proposed method, respectively. The transient response in
this case is similar to that in Case A. The main difference lies in
that the voltage at Bus 37 dips to about 0.10 p.u, which is
slightly larger than that in Case A. Hence, there is indeed a SEP
after the fault. Nonetheless, Fig. 14(e) shows that the PLL still
fails to resynchronize with the residual grid voltage. Referring
to the analysis in Fig. 7(b), the decelerating area in this case is
too large to match the maximum buffer area for accelerating
due to a zero active power reference that is not appropriate. Fig.
14(e) shows that the first swing of the PLL fails to reach the
rated frequency, which demonstrates again that the accelerating
area is insufficient. The consequent negative damping effect
and the reverse regulation in the adjacent decelerating zone are
the root cause of the transient instability.

In Fig. 15, a nonzero active power reference is generated
automatically by the proposed method, as shown in Fig. 15(%).
Fig. 15(e) shows that the PLL successfully resynchronizes with
the residual grid voltage. Besides, the damping effect is en-
hanced and hence the PLL frequency overshoot is suppressed.

The voltage, frequency, active power and reactive power of
several buses are displayed in Fig. 16. It shows that the voltage
sag at Bus 37 and the generation loss from the WECS (Bus 37)
have a large effect on the entire power system. Since the gen-
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Fig. 15. Simulation result of Case B with the proposed method, where the PLL
is able to resynchronize with the grid after the fault.
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Fig. 16. Bus 30, Bus 34, Bus 35, and Bus 37 voltage, frequency, active power
and reactive power in Case B simulation.

erators are not equipped with power system stabilizer (PSS),
the system takes a longer time to enter the steady state.

C. Comparisons with State-of-the-Art Methods

The proposed transient stability enhancement method is also
compared with three state-of-the-art methods in Table II. Fig.
17 shows all the methods address the LOS issue by outputting
positive instead of zero active power. Both the proposed
method and the PLL frequency based method [11] show high
performance in terms of small overshoot, fast convergence and
zero static error. However, the stability of the latter method [11]
has not been theoretically proven yet.

For the PLL freezing method, the frozen PLL can no longer

1949-3029 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSTE.2019.2932613, IEEE

Transactions on Sustainable Energy

- 1.2 T T
)
S f
g 11r n i
i) i
L a
: 1 N[ o if
3 v %
o 0.9 L/ L L Proposed method
0.4 = = = PLL freezing method
o : T iR PLL freq. based method
& o02) [ —— ACI method
S= i
>3 0° O vi{,\‘-—
é 0.2 | I B
S 04 . .
5 T f f 1
z B
as L 1) -
() é 0.5 l\" ’a"‘aﬂﬂﬁn—,‘
2 ol S = =4 o i
v/
; : Proposed method
0.6 T o PLL freezing method
) h PLL freq. based method
H ACI method
(oI
22 ]
©
Iod
)
nd

0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig. 17. Comparisons with other methods, where the proposed method shows
high performance in terms of overshoot and convergence speed.

detect the post-fault terminal voltage phase-angle which un-
dergoes a jump at the moment of the fault [27]. Consequently,
there is a static error in the PLL freezing method (see the
steady-state g-axis voltage). It should be noted that the static
error may cause the reactive power injection (—ugiy + ugiq) to be
negative, which would have a negative impact on the grid
voltage. In spite of this defect, this method is recommended by
North American Electric Reliability Corporation (NERC) to
address the LOS issue [30], probably considering that the
self-stability of RECSs takes precedence over grid-supportive
functions. By contrast, the proposed method in this study could
be regarded as a potentially practical method for transient sta-
bility enhancement.

VI. CONCLUSIONS

It is challenging for grid-connected RECSs to resynchronize
with the power grid after extremely severe grid voltage sags.
This paper describes RECS’ transient responses during LVRT
with a novel swing equation model to study the transient sta-
bility mechanism and criterion, where the unbalanced power
term is the difference between the reference and output of ac-
tive power. Based on the model, it is found that there is a tran-
sient instability possibility due to the interaction between the
PLL and the terminal voltage, in which the active power output
is also affected by both. The comprehensive analysis shows that,
the transient stability during severe grid voltage sags can be
maintained when the following two conditions are satisfied: 1)
the active power reference is set within the range of steady-state
active power output so that there is an equilibrium point; 2) the
equal area criterion is satisfied on the premise that the PLL
angle lies within the positive damping zone. It is clarified from
the transient mechanism and criterion that an appropriate active
power reference is crucial to the transient stability. Hence a

dynamic active power balance based transient stability en-
hancement method is proposed, evaluated and verified.

It should be noted that negative-sequence voltage compo-
nents appear when asymmetrical faults occur, and thus ad-
vanced PLLs should be adopted. Our future work will address
the transient stability and resynchronization issues involving
advanced PLLs coping with asymmetrical faults.
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APPENDIX

A. Guideline for PLL Parameter Tuning

It is known the small-signal model of the synchronous ref-
erence frame PLL (SRF-PLL) [31] in the per-unit system is

(0-6,,)(k, +k/s)/s=0, (A.1)
which yields the transfer function:
0,10 =(k,s+k)/(s* +k,s+k). (A2)

Hence, the PLL bandwidth can be calculated as follows,

fon = \/k; 2k, + ok + 4k, + 8K / (2v27) (Hz). (A.3)

The small-disturbance damping ratio of the SRF-PLL is

£ =k, / (2J%). (A4)

For RECSs, typical PLL bandwidth f, is about within the
range 20~40 Hz while the damping ratio &,; could be tuned
within 0.7~2.0 for enhanced damping effect of the entire sys-
tem. The parameters can be chosen within an empirical range in
advance and then check them with (A.3) and (A.4).

The PLL parameters in this study are chosen as 200, 2000,
and thus the PLL bandwidth is about 33 Hz while the damping
ratio is roughly 2.2. Even though the small-disturbance damp-
ing ratio of the PLL itself is large enough, the entire system is
still likely to become unstable after large-disturbance grid
faults. A detailed analysis has been made in Section III.

B. Derivation of the Equivalent Swing Equation
From (1) and (5), it can be obtained that
u,=U, cos5+RgP;/ud -, L

pll™~g

] . X (A.5)
u,=-U,sino+R,i, +o,LF, /ud
which give rise to

du . R P: du . dw I
d—t"=—Ugsm§a)b(a)p,,—a)g)— Zi d—t"—ngq dtp (A.6)

du LP do o L P du
— = U, coséw,(w, -, |+ _pl e e T2 (A7
dt ¢ (@ =) u, dt w: o dt (A7)

Substituting (A.6) into (A.7) obtains the expression of du,/dt.
Then, substituting it into (2) gives rise to the expression of
dawpy/dt. Further, consider that

P —P=-u,i

a9

(A.8)

where P." = ugiy" and P, = ugiq + tgiy = ugis + ugi, . Using (A.8)
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and rearranging the expression of dwpi/dt yields that

J,do,, [dt= P-P -D,, (a)p” —a)g) (A.9)
J, = [, _KLE kgwp,,ng{{i;
: s els (A.10)
g Z_i‘fﬂk—ljjgw” cos5—%§§?5 éD@q (5)

In fact, the motion of the PLL is directly driven by its input
variable u,. Equation (A.8) establishes the relationship between
u, and the active power deviation, hence suggesting that the
motion of the PLL can be driven equivalently by the active
power deviation, as mathematically described by (A.9). Equa-
tion (A.9) has mathematic meaning only if i,” is not zero. Oth-
erwise, P, = P, always holds. For this reason, (A.9) is devel-
oped mainly to analyze LVRT conditions and i,” # 0 is its ap-
plication condition.

Taking the simulation Case B as an example, the per-unit
inertia and damping coefficients during the grid fault can be
approximately calculated:

—i,®,
J zk—z0.16,Deqz—0.3+2.8005((5+0.14) (A.11)

eq
i

The response of the PLL is fast and accordingly J., is quite
small. Additionally, the intention in PLL parameter tuning is
almost no overshoot allowed, and hence the amplitude of D, is
large enough. Unfortunately, the damping coefficient affected
by 0 may become negative. These characteristics distinguish
RECSs from SGs in transient responses after grid faults.
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