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ABSTRACT As wind and solar power penetration increases, more and more conventional power plants
are being replaced; as a result, the nature of transient stability of the system evolves where the converter’s
behaviour play dominating role during network events. This has necessitated a re-assessment of the nonlinear
stability of the system. So far, the energy function-based transient stability method applied to synchronous
machines has been applied to the converter-based system. However, there is ambiguity in terms of the
damping quantification capturing the non-autonomous behaviour of the wind turbine systems, such as
post-fault active current ramp rate control. This work aims to clarify the similarity between the synchronous
machine model and a reduced large signal model of a wind turbine, and the difference in terms of the
damping characteristics and how this impacts the system’s stability from a nonlinear perspective. A non-
autonomous energy function is discussed that analytically proves that a wind turbine system with post-fault
active ramp rate control is more stable compared to no ramp rate control. Finally, the stability boundary
(region of attraction) is constructed and validated using time-domain simulation studies in PSCAD.

INDEX TERMS Non-autonomous systems, wind turbine converter system, PLL, transient stability assess-
ment, energy function, Lyapunov direct method.

I. INTRODUCTION capacity growth, including auctions, feed-in tariffs and

Presently there is about 743 GW of installed wind power
capacity worldwide, reducing 1.1 billion tonnes of CO2
emissions globally [1]. Through technology innovations and
economies of scale, the global wind power market has nearly
quadrupled over the past decade and established itself as
one of the most cost-competitive and resilient power sources
worldwide [2]. Growth in the wind industry is expected to
remain strong considering the policy support in the major-
ity of the world, where various types of policy are driving
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renewable energy portfolio standards.

As wind and solar power penetration increases, more and
more conventional power plants are being replaced; as a
result, the power system operators are concerned about their
systems’ stable and reliable operation. An AC power system
is a complex system which is vulnerable to disturbances,
however, the generation must not be lost due to temporary dis-
turbances of voltage or frequency. Traditionally, the stability
of windfarms has been analysed through linearised model-
based approach, such as eigenvalue analysis [3], [4], [5] or
impedance-based stability analysis [6], [7], [8]. Wherein two
types of instability events have been reported, such as the
interaction between converter controls, and the interaction
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between converter control and the AC grid. Nevertheless,
such methods assume the entire system, including the wind
turbine (WT) and the connected power system, has a linear
behaviour under small disturbances, and stability is only
analysed within the vicinity of the operating point, i.e. local
stability is investigated.

On the other hand, a nonlinear approach to stability
(transient stability) includes the assessment of large-signal
disturbance and can provide global asymptotic stability con-
clusions. It has been proven that the transient stability of
the WT system is mainly affected by the destabilisation of
the phase-locked loop (PLL) under large disturbances in
a weaker network [9]. Traditionally, transient stability has
been assessed by running batches of time-domain simulations
because of the lack of a closed-form solution for quantifying
the stability margins, i.e. post-disturbance region of attraction
(ROA) [10].

Conversely, analytical transient stability methods such as
Lyapunov’s direct method [11] are the main alternative to
simulation-based methods since it provides an analytical
representation of the system’s stability property. Herein an
energy function is constructed, such that post-disturbance,
a decrease in energy will result in the state trajectories
converging at an equilibrium point. As per literature, a clas-
sical energy function for synchronous generators is con-
structed based on its swing equation (autonomous differential
equation) [12]. Some efforts have been made to extend the
same analysis to WT systems [13]; however, the system is
assumed to be autonomous. Generally, WT models exhibit
non-autonomous system behaviour, i.e. the converter cur-
rents, the grid voltage, and the grid frequency are not nec-
essarily time-invariant during the synchronisation event. For
example, as per grid code requirements [14], the post-fault
active current must be ramped up slowly, i.e. the post-fault
active current is time-dependent; if an autonomous behaviour
is assumed, then the post-fault active current is a con-
stant. Therefore, assuming an autonomous WT model would
result in an unrealistic analysis of the system’s behaviour.
As per the authors’ knowledge, no research on energy-based
transient stability investigations has been carried out for
non-autonomous WT converter systems, and this gap has
been discussed in our earlier work [15].

Due to unavailability, black-boxed, or computationally
heavy EMT WT models, simplified reduced-order models
(ROMs) resembling the actual system behaviour have gained
prominence in stability studies. In general, the WT ROMs
in [16], [17], [18], [19] address some nonlinear character-
istics, such as low-frequency PLL dynamics and the impact
of weak grids on the transient system behaviour. However,
the non-autonomous system behaviour is not fully reflected.
In our earlier work [20], an improved ROM has been pro-
posed that considers a systematic approach to modelling the
WT during faults considering the non-autonomous system
behaviour.

This work extends our research on nonlinear modelling,
and transient stability assessment of wind power plants
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(WPPs) [15], [20], [21]. The following is the contribution of
the paper,

1) A tighter constraint on the stable equilibrium points
for a system is proposed, wherein, unlike existing con-
straints, the proposed constraint is dependent on the
PLL control.

2) A perspective on transient WT damping characteristics
is presented, showing that during transients, the damp-
ing could be both positive or negative, influencing the
system stability boundary.

3) An energy function for non-autonomous WT con-
verter control systems (Type-4) is presented. The
discussion shows that a non-autonomous energy func-
tion is needed since the ROA obtained from the
non-autonomous model is likely to be larger than that
of an autonomous model.

Section II presents the system modelling, discusses
the classical swing equation for synchronous generators,
and presents the equivalent swing equation for WTs
with autonomous and non-autonomous system behaviour.
Section III presents the WT system’s energy-based tran-
sient stability assessment methodology. Section IV verifies
the proposed energy-based stability assessment through
time domain simulations. Finally, Section V presents the
conclusion.

Il. SYSTEM MODELING

For a synchronous generator (SG) represented by a constant
voltage behind transient reactance, its motion is governed by
the differential equations,

[Ma) =T, — T,—Do o
d=w

where, § is the voltage angle behind transient reactance,
indicative of the generator’s rotor position; w is the rotor
speed; M is the generator inertia constant; D is the damping
coefficient. Both M and D are positive constants. 75, and T,
are the mechanical torque supplied by the alternator’s prime
mover and electrical torque output, respectively.

Equation (1) is often referred to as the swing equation.
When stability analysis for SG is conducted using (1), it is
customary to neglect the damping since it is not as important
during the first swing transient, as it has a negligible effect on
the magnitude of the swing. Furthermore, when synchronism
is maintained in the first swing, damping is assumed to reduce
the subsequent swings.

A. EQUIVALENT SWING EQUATION OF WTs

In earlier works [15], [20], and [21], it was discussed that
during grid faults, a type-4 WT could be reduced to a grid-side
converter with a constant DC voltage (as seen in Fig. 1a).
As aresult, the converter is just a current controlled source (as
seen in Fig. 1b), wherein the current references are obtained
from relevant grid codes [14]. Furthermore, the fast inner
current control dynamics can be neglected when analysing the
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FIGURE 1. Wind turbine model: (a) Full topology of Type-4 wind turbine system, highlighting the actions/assumptions during faults.
(b) Reduced order model (ROM) of the Type-4 wind turbine considering the actions/assumptions. Also showing the synchronisation
instability of wind turbine systems during grid faults. (c) System representation of ROM in the DQ domain.
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FIGURE 2. (a) SRF PLL control structure, (b) Frame misalignment between
the system reference frame (dq®) and converter reference frame (dq©).
The system in DQ frame rotates at a fixed frequency wg, where wg is the
grid frequency.

slow PLL dynamics for large-signal stability analysis. In [20],
it was also shown that the impact of the shunt capacitor
filter on the stability could be neglected when the current
is controlled on the grid-side LCL filter. A reduced-order
representation of the WT in the DQ domain is illustrated in
Fig. 1c. For synchronisation, an SRF PLL (shown in Fig. 2)
is considered.

The equivalent swing equation of the WT converter system
derived in [20] can be presented as,

Mey$ = T,y — Te,, — Degd 2)

eq Ceq
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where,

Mg =1 — kyLgi§
Toney = kp (gl + Llo + Lyig) + kilr, i
+ Lyft + Lyif,)
Te,, = (kiVgsind + k,V,sing) + May
Deg = kp(Vyo088 — L) — kil 3)

where, k, and k; are the PLL controller gains, i; and i; are
the converter currents in converter reference frame, r7, and
L, are the grid impedance, V, and wy is the grid voltage and
frequency. It must be noted that the WT system is modelled
in a DQ frame, rotating at a fixed frequency wg. The WT
model described in (2) is a second-order nonlinear damped
differential equation that considers the time variance of the
system parameters represented by the derivatives in (3).

From (1) and (2), it is observed that WTs share a similarity
with SGs in terms of the mathematical model describing
synchronisation dynamics during grid disturbances. Similar
to SGs, the synchronisation dynamics of WTs are affected
by the torque deviation (T, — T,). However, unlike SGs,
the damping coefficient D,, is not a constant and cannot
be ignored since it depends on the PLL angle §, and could
be negative. Since transient stability is a post-disturbance
stability problem, for a post-fault scenario, the model (2)
can be adapted into two variants: (a) simplified nonlinear
autonomous system, e.g. dy/dt = f(y); and (b) nonlinear non-
autonomous system, e.g. dy/dt = f(t,y).
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1) AUTONOMOUS WT MODEL

In (2), all the post-fault time-varying system parameters (i.e.
E, E, Vg and w,) are neglected, as a result, (2) can be
simplified into a simple nonlinear autonomous system (4).
Considering the assumption, a drawback of this model vari-
ant is that it cannot simulate the post-fault active current
recovery ramp rate needed for enhanced WT system stability.
Instead, a jump (step response) in post-fault active current is
considered,

)51 = X2
M'xy =T, — T,(x1) = D'(x1) - x2 “

where, x; = § and xp = 8,

M =1 —kyLyi§
Tr:1 = ki(rLgi; + Lgiga)g)
Te/(xl) = k;Vgsinx;
D'(x1) = kyVgcosx) — kiLgi 5)

2) NON-AUTONOMOUS WT MODEL

Here, all the post-fault time-varying system parameters
except E are neglected, as a result, (2) can be simplified i_nto
(6) which is a nonlinear non-autonomous system. When g is
a constant, it resembles the post-fault active current recovery
ramp rate (i.e. i§ = iy""). Then i = (5" "'t + i5) is
replaced in (2), where i is the active current injected during
the fault.

X1 =x
M"(t)xy = T (1) — T, (x1) — D" (¢, x1)x2 (6)

where,

M(t) = 1 — k,Lo (5™t + i)
T (1) = kp(Lgiy" "™ wg) + ki(r, i
+ Ly (i7"t + i50)wg)
Te”(xl) = k;Vgsinxg
D"(t,x1) = ky(Vgcosxy — Lgiy ™™y — kiLg(i5™"'t + i)

(N

This model simplification is slightly complex but realistic
in representing standard post-fault active current. Table 1
presents the parameters describing the WT system considered
in this study.

Ill. TRANSIENT STABILITY ASSESSMENT METHODOLOGY
The existence of an equilibrium point is a prerequisite for
the transient stability of a post-disturbed system. This section
presents a tighter constraint on the equilibrium points based
on small signal stability analysis and further presents an
energy-function-based transient stability assessment of a WT
converter system.
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TABLE 1. System and control parameters [22].

Symbol Description Value

Sh WT Rated power 1x12 MVA

Vg Nominal grid voltage (L-N, pk) | 690 1/2/3 V

fq Rated frequency 50 Hz

rrgs Lg Grid-side impedance SCR=3.3, X/R=16.3

i;, zfl Pre-disturbance active and reac- | 1.0, -0.1
tive currents (pu)

Kpn SRF PLL design: kp k; 0.005, 1.5

ig " Post fault active current ramp |2.84 kA/s, and 28.4
rate kA/s

The PLL gains are chosen to obtain a slow PLL bandwidth.

A. CONSTRAINTS ON EQUILIBRIUM POINTS
At steady state, the system (2) can be rewritten in ODE form

as,
X1 _ X2
M = [@(Tmeq — T, (1) — Deqxz)} ®)

There are two equilibrium points (when 7y, = T,,) for the
dynamical systems,
¥ = |:sin_1(y):| and ¥y = |:JT — sin_l(y)] )
0 0
where y = (rpgiy + Lewgig)/ Ve
It is worth noting that sin~!x is defined for | x |< 1in
R. This gives a static constraint on the steady-state operating
point, as shown in (10). In other words, (10) shows whether
the desired operating point is reachable from a load flow
perspective (no controller gains are present).

rLgig + Lga)gifg
Ve

Initially, to obtain the system (2), a fast current controller

dynamics compared to the PLL dynamics was considered,

ensuring no interaction between the two controllers. How-
ever, there could be an interaction between the PLL and the

lyl=sl= | <1 (10)

AC grid.
Linearisation of (8) around X, gives
of
A= a'x:i

0 1
= |: FhiVe N k,-LgiZ;k,,vgm} (1D
1—kpLgig 1—kpLgig

To have small-signal stability, A must be a Hurwitz matrix,
where the real part of all its eigenvalues should be negative.
If the Routh-Hurwitz criterion is applied to the characteristic
equation of A, then (12) must be satisfied to have a stable
equilibrium point. This constraint puts a tighter restriction on
the stable steady-state angle x| (considering PLL gains) and
also determines that X; is unstable. In (12), F indicates x; and
X, is obtained through subtraction and addition, respectively.

——————(kiLgi§ F hpVe /1 — ¥ <0
1 — kyLgi

FkiV,
"% J1=v2<0
1= kLeis V7 T

(12)
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FIGURE 3. Steady-state i injection with change in Vg (based on Table 1);
@: Unstable region; @u®): Stable region as per (10); 3: Stable region as
per (12).

During severe grid faults, considering a converter current
rating I, = 1.1p.u. and i; = -1.0p.u. (as per [14], for severe
voltage drop, i.e. less than 0.5 p.u., i; = -1.0p.u. must be
injected), the steady-state iy can be solved, using (10) or (12),
at each point of grid voltage V, € [0, 0.5] p.u., as shown in
Fig. 3. During faults, the equilibrium points obtained from
the static constraint (10) are depicted by the region @QUQ® .
Whereas the equilibrium points obtained from the proposed
tighter constraint (12) are depicted by region Q).

From Fig. 3, an important observation is that when the
system damping increases, the stable region obtained from
the proposed tighter constraint (12) tends to the stable region
obtained from the static constraint (10). Hence, it can be
concluded that the proposed equation (12) provides a tighter
constraint on the iy injection, guaranteeing a small-signal
stable system.

B. TRANSIENT DAMPING CHARACTERISTICS

The objective of the damping coefficient D,, in (2) is to
obtain negative feedback. For instance, when w,y; is larger
than w,, then positive D,, ensures a negative rate change
of wpy to aid the decrease of wpy, and vice versa. Hence,
a positive damping coefficient is helpful to the transient
stability. However, as seen in (2), D, is affected by the PLL
angle, therefore, positive D,, cannot be guaranteed during the
transients. When § is outside a certain range (8in, Smax)> Deg
becomes negative endangering transient stability. Later in the
paper, the range (Suin, Omax) 1S computed.

Fig. 4 shows an example of the D.,(6) trajectory during
transients. As long as D, is positive, i.e. § is within the
(8min> Smax ), the system is strictly stable (purple region). The
red boundary corresponds to the locus of unstable points
beyond which the trajectory can never converge to its stable
equilibrium point, i.e. the system will be strictly unstable.
The orange region corresponds to the negative damping
region, wherein if it enters, the trajectory could be stable
or unstable [23]. It is clearly seen that considering a strictly
positive D, may lead to a conservative analysis of the system
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FIGURE 4. Distribution diagram of the nonlinear damping term D¢gq in (2).

stability boundary. However, considering the same is a suf-
ficient condition for system stability. It may be pointed out
that not many existing literature reports the dependency of
post-fault active current ramp rate on transient damping. This
is particularly important when analysing the post-fault system
characteristics.

C. LARGE SIGNAL ANALYSIS

Even if a system is small signal stable, it may become unsta-
ble due to poor transient behaviour. Energy-based approaches
have been successfully applied to analyse the rotor-angle
transient stability of synchronous generators, and the same
could be extended to WT systems having an equivalent swing
equation. In this section, the energy function for various
models is discussed.

Assuming the post-disturbance system f(x) has a stable
equilibrium at xp. Then the system is locally asymptotically
stable in the region of attraction (ROA) A(xp) if an energy
function V(x) exists such that,

V) >0,V(xg) =0, V(x) = VV(@) - fx) <0 (13)

Analytically, it is difficult to obtain the exact A(xp).
Instead, several stability assessment methods try to find a
relaxed set defined as,

Apg(xo) = Alxo) N {x|V(x) < B} (14)

where f is a positive constant that determines the boundary
of Ag(xo) [24].

1) ENERGY FUNCTION FOR SYNCHRONOUS GENERATORS

For SGs described by (1), the standard energy-function as per
literature [12] can be constructed as,

t t
Vsg (8, w) = M/ wa(t)dt —/ (T, — Te)dt
0 0
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w
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PE(6cr)

]

6o &¢r =T-89

FIGURE 5. Synchronous generator: Stability boundary and potential
energy surface based on the energy function V.

5
=0.5 M(w? — o)) + / (To(8) — T,u)d$
3o

= KE(w) + PE(5) (15)
Vec(8, w) = —&’D =0 (damping neglected) (16)

If the system is to remain stable following a disturbance,
the energy must always be positive except at the equilibrium
point xo = (8p, 0) where it is zero, VS(;(S, w) < 0, and the
energy of the disturbed system must not exceed a critical level
B = PE(é.r), as described in (14). From [25], 6. = m — do.
For example, in Fig. 5, the region enclosed by PE(3,,) is the
estimated ROA (red dotted); therefore, as long as the ball is
within §.,, the system will be stable, i.e. once the ball crosses
dcr, it can never come back to its stable equilibrium point §.

2) ENERGY FUNCTION FOR AUTONOMOUS WT MODEL
Considering the fact that the WT model (4) is an autonomous
differential equation, its energy function can be constructed
similarly to (15). For post-disturbance equilibrium point
(x1,0, X2,0 = 0) the energy function obtained is,

t t
Valx) = M// XpXpdt —/ xz(T,/n — Té)dt
0 0
= 0.5 M'x3, — kiVg [cos(x1.1) — cos(x1,0)]

— [itRic + Lyigon | (i = 1.0

= KE(x2) + PE(x) (17)
Valx) = _xzz,;D/
= —x3 ,[kpVgcos(xrs) — kiLgi] (18)

Therefore, for VA (x) < 0, the dissipativity condition (D’ >
0) has to be satisfied. The range (8,1, Smax) at which D' > 0
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FIGURE 6. Autonomous WT model: Stability boundary based on the
energy function V.
can be calculated by solving,
kiLg i
Spr=o = cos™' (=34 (19)
k]’ Vg

For the system (4), a sample energy contour plot V4(x)
is illustrated in Fig. 6. The energy is always positive except
at the equilibrium point (x1 o, 0), where it is zero. However,
Va(x) < 0 is only guaranteed in the grey region. The esti-
mated ROA for the autonomous WT model is the energy level
set that touches §., = +38p/—.

3) ENERGY FUNCTION FOR NON-AUTONOMOUS WT
MODEL
For stable operation, many grid codes [14] require a slow
post-fault active current ramp rate. Unlike the autonomous
WT model (4), the energy function for the non-autonomous
model (6) cannot be constructed similarly to the energy func-
tion for SGs, since, in (6), the post-fault active current varies
over time.

In 1974, Baker [26] established some sufficient conditions
that guarantee the uniform stability of a second-order nonlin-
ear non-autonomous forced and damped system defined by,

PO+ GGt . i+ pOf (u) = ht,u, i) (20)
with the equivalent system,
X=y

y==[r®)y + ¢, x, y)y + p(t)f (x) — h(t, x, )]/ ()
(21)

where, under certain assumptions, the following energy func-
tion was proposed,

V(t, x, y) = exp(—E(1)) - [2p(t)r(t)F (x) + [r(1)y]* + 1]
(22)

Since our proposed WT model is a second-order nonlinear
non-autonomous system, (6) can be mapped onto (21), such
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thatx =6,y = S, and
r(t) =1 — kyLg(iy" ™1 + i) = M"
i(t) = —kyLgiy" "
o(t, x,y) = kpVycosx) — k,'Lg(ig’mmpt +i50);
(1) + ¢(t, x,y) = D"
pt)=1
f&x) =kiVgsinx; =T,
h(t, x,y) = kpLgiy" " wg + ki(rr, i
+ Ly(iy ™™t + igp)wg) = T,,  (23)

The assumptions under which the energy function (22) was
proposed must also hold in our model (6).
o lim;_, o p(t) exists,

In our model, p(z) = 1, therefore lim,_, o p(¢) always

existsin ¢t € [0, ¢].
o lim;_, o (?) exists,

The current ramp is only applied for a limited time,
and after the current reaches the final value it saturates,
therefore r(t) = 1 — kpLo(iy "t + i) is always
bounded in ¢ € [0, ¢].

o 19 < r(t) < rp, forall t > 0, where ry, r| are positive
constants,

In our model, () = M” which is always positive for
our system design [13].

o |F(®)| < p, forallt >0,

In our model, #(t) = —k,Lgi; """ which is a constant

and therefore is always bounded in ¢ € [0, ¢].
« f(0)=0,

In our model, £(0) = ;V, sin(0) = 0.
o« F(x) >0, where F(x) = [ f(s)ds

In our model,

X1
Fx) = / [k;Vgsinxy] dx;
0

= —k;Vg(cos(x1) — 1) = 0,V x1 (24)

o P(t,x,y) >0, forall x,yand¢ € [0, t],
As per (23), let
¢, x,y)=0
kpVocosx) — kiLe (™™t +i50) = 0
kiLg (i7"t +15)

COS X| =
kag
kiLo (it + i
%1 =cos™! (= G "0)) (25)
ka%

To satisfy ¢(¢, x, y) > 0, in our model x| € [-X1, +X1].

o ¢(t,x,y) > k(x,y) > 0, where, k(x, y) is the damping
coefficient for equivalent autonomous systems.
This constraint gives a relation between the damping of
a non-autonomous system against that of an equivalent
autonomous system, where ¢(z, x, y) > D'(x,y) > 0.

e xf(x) >0, forallx e R\ O,
Since in our model, x; € [-x1, +X;], therefore xf(x) =
x1 - kiVgsin(x1) > 0 for all x; € [-Xy, +1].
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o |h(t,x,y)| <e); (t,x,y) €1 x R?,
In our model e(¢) = |A(t, x, y)|.
e lim;_, o e(t) exists,
In our model, since the current ramp saturates at the final
value, therefore, e(¢) is always bounded in 7 € [0, ¢].
o lim 00 E(t) = Eg < 00, where, E(t) = [ e(s)ds,
In our model,

t
E(r) = /0 [kpLgiy" "™ wg + ki(rpig

+ Lo(i ™™t + i wg)] dt

Lokiw,i5"™™ 12
_ mg™ittgtd . .c,ramp
i w— + (rngqkl + Lgkpa)gld

+ LgiSokimg)t (26)

Once again, since the current ramp saturates at the final
value, E(t) is always bounded in ¢ € [0, t].
Since all the assumptions hold, the energy function (22)is a
valid Lyapunov function for our WT model (6). Furthermore,
it can easily be proved that (27) is the time derivative of (22),

Vi(t, x,y) = =2r(O)exp(—EO)$(t, x, y)y* (27

As discussed in the assumptions, (a) r(¢) is always positive;
(b) since E(¢) is bounded then exp(—E(t)) is always positive;
(c) also, since ¢(z, x, y) is positive in [-X;, +%1], therefore,
Va(t, x, y) is always less than zero in [-X], +X1].

From (25), it may be observed that §4—¢ (= X1) is time
dependent; this makes the estimated ROA a function of time.
To maximise the estimated ROA boundary, we must obtain its
corresponding value of §y—¢. 84—0 is maximum at the instant
of fault clearance (i.e. 7=0). However, at =0, the impact of the
current ramp rate is neglected; therefore, §y— is suggested to
be computed at time r=0". This presumption is true since the
values of the states do not change much from =0 to t=0".
Furthermore, as t increases, the ROA reduces until the active
current saturates. Therefore, the upper and lower bound of
ROA is given, where the ramp rate determines how fast the
ROA shrinks in the recovery phase. The slower it shrinks, the
system is more stable. The same could be seen in the time
domain simulations in Section IV.

For the system (6), a sample energy contour plot Vp(x)
is illustrated in Fig. 7 (with a ramp rate of 2.84 kA/s). The
energy is always positive except at the equilibrium point (6,
0), where it is zero. However, VB(x) < 0 1is only guaranteed
in the grey region [-84—0, +84=0]. The estimated ROA is the
energy level set that touches 8., = +83—0.

4) ROA SENSITIVITY ANALYSIS

The area of the ROA provides an estimate of how stable
the system is, i.e. a large ROA has a large stability margin.
Fig. 8 presents the ROA sensitivity of the autonomous WT
model (4) under high/ low damping and strong/ weak grid
scenarios. As expected, based on visual inspection, the area
of ROA for the low damping and weak grid scenario is the
least, i.e. this scenario would be the least stable for the same
grid disturbance applied to all the scenarios.
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Furthermore, Fig. 9 presents the ROA sensitivity of the
non-autonomous WT model (6) for a ramp rate of 2.84 kA/s
and 28.4 kA/s, respectively. An important observation is that
the ROA obtained for the system with slow current ramp
rate control has a larger area when compared to the system
with fast current ramp rate control. What this means is that a
post-fault system with a slow current ramp rate is more stable
than a system with fast current ramp rate control.

IV. TRANSIENT STABILITY — TIME DOMAIN
VERIFICATION

This section verifies the analytically estimated nonlinear
boundary, i.e., ROA for the WT reduced order model, against
an EMT WT switching model in PSCAD.

A. NEED FOR NON-AUTONOMOUS WT MODEL AND
ENERGY FUNCTION

As discussed in Section II, WT systems exhibit non-
autonomous system behaviour, i.e. the system states are
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not necessarily time-invariant during synchronisation. If an
autonomous behaviour of the WT is assumed, it will lead to
an unrealistic analysis of the system behaviour. For example,
in Fig. 10, the time domain plots for an identical distur-
bance with no ramp rate control (autonomous model) and
with ramp rate control (non-autonomous model) are pre-
sented, where it can be observed that the trajectory with
autonomous behaviour is unstable. In contrast, the trajectory
with non-autonomous behaviour is stable. This means that if
an energy-based stability analysis of a WT system is carried
out with the generally accepted energy function (considering
autonomous behaviour), which does not consider ramp rate
control, then an unrealistic analysis of the system’s behaviour
is obtained because, in reality, actual WT systems exhibit
non-autonomous behaviour, which has a stable trajectory.

B. TIME DEPENDENT NON-AUTONOMOUS SYSTEM ROA
BOUNDARY

As discussed in Section III, from (25), it may be recalled
that 840 (= 1) is time dependent; this makes the estimated
ROA, for the non-autonomous system, a function of time.
The same can be observed from Fig. 11. Post fault, 4—¢ is
maximum at =0 and minimum when the active current ramp
saturates. It may be recalled that to maximise the estimated
ROA boundary, the time =07 was proposed, presuming that
the states’ values do not change much from =0 to t=0". This
assumption is validated in Fig. 11, where in our calculations,
t=0"= 1 ms (post fault clearance).

C. ROA TIME DOMAIN VERIFICATION

The post-fault WT models with system parameters defined in
Table 1 are simulated with various initial conditions (resulting
from a grid voltage dip and varying fault clearing times).
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1) AUTONOMOUS WT MODEL — NO ACTIVE CURRENT
RAMP RATE

The fault ride through current references is presented in
Fig. 12a (subfigure one), where it can be observed that there
is no post-fault active current ramp. The two-dimensional
phase portrait for the event simulated is presented in Fig 12a
(subfigure two), and the analytically estimated ROA is also
presented. It can be observed that post-fault, the initial
point trajectory is inside the estimated ROA; as a result,
as expected, the trajectory converges to the stable equilibrium
point. Similarly, the energy trajectory for the simulated event
is presented in Fig. 12a (subfigure three). Where it can be
observed that the energy is always greater than or equal
to zero. Also, since the initial point trajectory is inside the
estimated ROA, the energy change rate is always less than or
equal to zero (t > 3.5 s). Furthermore, a general observation
is that since a step response on the post-fault active current
is applied, the trajectories are highly oscillatory, i.e. it has
a high settling time. It may be noted that since Lyapunov’s
direct method only provides sufficient conditions for stability,
therefore only stable cases are presented.

2) NON-AUTONOMOUS WT MODEL — WITH ACTIVE
CURRENT RAMP RATE

For an identical disturbance the system trajectories with two
different post-fault active current ramp rates (28.4 kA/s and
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2.84 kA/s) are presented in Fig. 12b and c, respectively. The
two-dimensional phase portraits for the simulated events are
presented in Fig 12b and c (subfigure two), and the estimated
ROAs are also presented. Since the post-fault initial point tra-
jectories are inside the estimated ROAs, the system converges
to the stable equilibrium point. Simultaneously, the energy
trajectories are always greater than or equal to zero, resulting
in the energy rate change to be always less than or equal to
zero. Furthermore, it is observed that, as expected, the system
with 28.4 kA/s ramp rate is more oscillatory compared to
the system with 2.84 kA/s ramp rate; however, they are less
oscillatory compared to the autonomous system.

In general, it is seen that the estimated ROA for the
non-autonomous system was larger than the ROA of an equiv-
alent autonomous system; this is supported by the fact that
for a post-fault scenario, a slow active current ramp rate
ensures a more stable operation compared to a jump in the
active current. This observation was also validated through
time domain simulations. A limitation of the proposed energy
function is that when the damping is very high for the system,
the boundary 84— tends to £m/2. As a result, the ROAs
are always conservative. However, even with the conservative
estimate of ROA, the results show that when the post-fault
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initial point trajectory is near the boundary, the system is
oscillatory. Hence, estimating a larger boundary may not be
beneficial as a more oscillatory response may not be valuable.
This understanding is especially true when the ROA estimate
is used to tune the PLL gains. Nevertheless, it is always
nice to have a sharper system boundary; in light of this,
it could be fruitful to consider the negative transient damping
characteristics within the energy function for the WT system.
While the primary focus of this work is on individual wind
turbines. It must be noted that our proposed method has the
potential for adaptability at the wind power plant (WPP) level
as well, where the WPP with multiple WTs can be aggregated
as a single machine equivalent, and this is a plausible future
extension of our research.

Overall, the proposed energy function has high confidence
in the application for transient stability investigation. The
advantages are two-fold. Firstly, during the system mod-
elling stage - the WT model need not be simplified to
an autonomous system, which diminishes the characteris-
tics of the transient behaviour of the original WT system.
Secondly, for transient stability assessment, a larger ROA
can be obtained, which gives a better estimate of the stability
margin of the system.

V. CONCLUSION
This work extends our research on nonlinear modelling and
transient stability assessment of wind power plants (WPPs)

76068

and presents a methodology for energy-based transient sta-
bility assessment of a non-autonomous type-4 WT system
model. The following are the conclusions of the paper,

1) Based on the linear analysis, tighter constraints on the
equilibrium points for a stable system are proposed,
ensuring no interaction exists between the PLL and the
AC grid. The model assumption of slow PLL band-
width with respect to the current controller ensures that
the current controller and the PLL does not interact.
Hence, the methodology ensures the system is always
small signal stable.

2) A small signal-stable system does not guarantee tran-
sient stability. In this regard, an energy-based tran-
sient stability assessment is carried out, wherein a
non-autonomous energy function for a WT system is
discussed, considering positive transient damping char-
acteristics. It was shown that an energy function for
non-autonomous WT systems is needed as the estab-
lished energy function for autonomous WT systems
may be unreliable. It was also seen that the ROA
obtained from a system with slow current ramp rate
control has a larger area when compared to the ROA
from a fast ramp rate control.

3) The upper limit for the proposed energy function dis-
cussed in the paper is [-7w/2, +7/2]. Hence, when
the damping is very high for the system, the bound-
ary 8yp—o tends to £m/2. As a result, the ROA is
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always conservative. However, even with the conser-
vative estimate of ROA, the results showed that the
system is highly oscillatory when the post-fault initial
point trajectory is near the estimated boundary. Hence,
estimating a larger boundary may not be beneficial
as a more oscillatory response may not be valuable.
This understanding is especially true when the ROA
estimate is used to tune the PLL gains.

4) From time-domain simulations, it is verified that as

long as the post-fault initial point trajectory is within
the estimated ROA, the energy is always positive except
at equilibrium, where it is zero. Moreover, during this
period, the energy change rate is always negative.

While the primary focus of this work is on individual wind
turbines. It must be noted that our proposed method has the
potential for adaptability at the wind power plant (WPP) level
as well, where the WPP with multiple WTs can be aggregated
as a single machine equivalent, and this is a plausible future
extension of our research.
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