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Abstract—Accurate dynamic models of wind turbine gener-
ators are extremely important for assessing the effect of wind
generation on power system dynamic performance. The paper
considers a generic model for doubly-fed induction generator
(type-3) wind turbines. It is shown that two of its modules, those
associated with converter control and pitch control, duplicate
an integrator that seeks to drive frequency error to zero.
As a consequence of these duplicate integrators, the set of
equations describing steady-state conditions is under-determined.
Equilibria define a 1-manifold (curve) rather than the usual
point solutions. It is shown that if the duplicated integrators are
switched in unison, then pre- and post-disturbance equilibria will
coincide. However if switching of the duplicated integrators is not
coordinated, then post-disturbance transients will generically set-
tle to a steady-state that differs from pre-disturbance conditions.
These conclusions are illustrated using a standard WECC test
case.

Index Terms—Wind turbine modelling; ill-posed systems;
under-determined equilibria; switched systems.

I. INTRODUCTION

IND turbine generator (WTG) technology is vastly dif-

ferent to traditional synchronous generators [1], so the
dynamic characteristics of power systems may alter as wind
generation supplants an ever increasing amount of traditional
generation [2]. Accurate modelling of the dynamic behaviour
of WTGs is therefore extremely important for understanding
the impact of large-scale wind generation on system dynamic
performance [3]. Accordingly, the modelling of WTGs has
received considerable attention, see for example [2], [4], [5],
[6] and references therein.

Turbine manufacturers routinely develop and maintain ac-
curate models for their products, though disclosure of those
models is highly restricted. In some cases they have released
models that describe functionally similar behaviour [7], though
such practise is not common. Regional reliability organizations
need to exchange models and data that are relevant to their
jurisdiction. This has motivated the development of generic
models that can be used to capture the functional characteris-
tics of a wide variety of WTGs [8], [9], [10].

This paper focusses on doubly-fed induction generator
(DFIG) wind turbine models, which are also known as type-
3 WTGs. These wind turbines are currently the primary
technology for new wind-farm developments. However, the
modelling issues that are addressed in this paper also afflict
some full converter (type-4) wind-turbine models [10].

The electrical characteristics of type-3 WTGs are governed
by interactions between a wound-rotor induction machine and
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a back-to-back inverter. The inverter excites the rotor of the
induction machine with a variable AC source. This provides
control of the rotor flux frequency, enabling the rotor shaft
frequency to optimally track wind speed [1]. The inverter
response time is very fast relative to electromechanical time
constants. As a result, the natural dynamics of the induction
machine are largely masked from the power system. The
dynamic behaviour of a type-3 WTG, as seen from the grid,
is therefore dominated by controller response rather than
physical characteristics. This is in marked contrast to tradi-
tional synchronous generators, where behaviour is governed
by device physics.

The studies presented in this paper focus on the WECC
generic type-3 model [9], [10], which is effectively the same
as the GE model [7]. This model has been chosen because it is
widely used, and is indicative of type-3 models that are gener-
ally available. All such generic models are an approximation
of the actual dynamics exhibited by a WTG. It is important,
though, that such approximations reflect the physical reality
of the modelled device.

The paper is organized as follows. Section II provides an
overview of the WECC type-3 WTG model. It is shown in
Section III that switching associated with duplicate integrators
will result in pre- and post-disturbance equilibria not coincid-
ing. A remedy for this anomalous behaviour is also proposed.
Conclusions are presented in Section I'V.

II. TYPE-3 WTG MODEL

The WECC type-3 wind turbine generator model is de-
fined in [9], [10]. The complete WTG model is divided into
four functional blocks, as indicated in Figure 1. This paper
is primarily concerned with the dynamics of the converter
control module WT3E and the pitch control module WT3P.
Accordingly, only those two modules are described in detail
in the following analysis.

A. Converter control module WT3E

The converter control module is composed of separate
active and reactive power control functions. Reactive power
control is very fast, due to the power electronic converter.
This paper focuses on the slower dynamics associated with
interactions between active power (torque) control and pitch
control. Therefore only the active power model, which is
shown in Figure 2, will be discussed. Full details of the
reactive power controller are provided in [9], [10].

The non-windup (anti-windup) limits on the PI block in the
centre of Figure 2 are driven by the non-windup P,,q42/Pmin



Vreg bus V
term
v e |
Command
E @
Converter q Generator/
Control Command |  converter T DI
Model Model P Q ) (
gen’ ““gen
Pgen ’ Qgen
A
Power | Speed SSh:::j P
Order | Order P gen
y Yy ' Y
Blade i
Pitch Control Pitch Wind
Model Turbine
Model

Fig. 1. Type-3 WTG dynamic model connectivity, from [9], [10].
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Fig. 2. Converter control model WT3E, from [9], [10].

limits associated with the P,.; lag block. The model docu-
mentation stipulates that:
(i) If P,.q is on its P,,,, limit and w,,., (the input to the PI
block) is positive, then the Kj;.,-integrator is blocked,
i.e., the state 7, of that integrator is frozen.
(i) If P,.q is on the P,,;, limit and w,,, is negative, then
the Kj;.4-integrator state is frozen.
This form of non-windup limit is unusual. It has been shown in
[11], [12] that such non-windup logic can result in switching
deadlock [13].
The PI controller of the WT3E block contributes the
switched differential equation,

dz,
dt

where the auxiliary variable y,; equals O when the conditions
for blocking the Kj,q-integrator are satisfied and 1 otherwise.

= Kitrq(w - Wref) X Ys1 (1)

B. Pitch control module WT3P

The pitch control module WT3P is shown in Figure 3.
Of particular importance is the implementation of the non-
windup limiter on the pitch angle 6. As stated in the model
documentation,
“The Pitch Control and Pitch Compensation integrators
are non-windup integrators as a function of the pitch, i.e.,
the inputs of these integrators are set to zero when the
pitch is in limits (Pl,,q, or Pl,,;,) and the integrator
input tends to force the pitch command further against its
limit.”

This blocking philosophy is similar to that employed in the

converter control module WT3E, as discussed in Section II-A.
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Fig. 3. Pitch control model WT3P, from [9], [10].

It should again be mentioned that such blocking can result in
switching deadlock [12].

The pitch control integrator contributes the switched differ-
ential equation,

dz)
dt
where the auxiliary variable y,o equals 0 when the conditions

for blocking the pitch control integrator are satisfied and 1
otherwise.

= Kz (W - Wref) X Ys2 (2)

III. EQUILIBRIUM CONDITIONS
A. Duplicate integrators

It is clear from (1) and (2) that the WT3E and WT3P
modules duplicate an integrator, with each seeking to drive the
frequency error (w—wyey) to zero. In determining steady-state
conditions, these two integrators contribute the exact same
algebraic equation,

W — Wref = 0 3

but introduce two variables T;, and x,,. The resulting steady-
state description is therefore under-determined, implying that
equilibria lie along a 1-manifold.

For well-posed dynamical models, the post-disturbance
steady-state should match the pre-disturbance (initial) equi-
librium when pre- and post-disturbance parameter sets are
identical. This is generically not the case for the WECC type-3
WTG model, because of the duplicate integrators.

This indeterminacy is resolved when the duplicate integra-
tors (1) and (2) remain unblocked over the entire time horizon.
In that case, the integrator states can be written in integral
form,

t
T.,t) =TS+ Kitrq/ (w(T) — wref(T))dT )

0

t
zp(t) =2 + Kip [ (w(T) — wrep(7))dr )
where 77 and 7 are the initial values for the respective
states. Equating the integrals in (4) and (5) gives the affine
relationship,

Ki 0 _ KlpTB)) (6)

t) = T (t
xp( ) Kitrq ( )+ (mp Kitrq
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Fig. 4. Large disturbance response. No coordination between integrators.

which implies that any variation in T, () will be matched by
a corresponding variation in x,(t). This relationship provides
the extra equation required to uniquely determine the post-
disturbance steady-state, and in fact implies that if all parame-
ters remain unchanged, the system will evolve to a steady-state
that exactly matches the initialization point.

The assumption that the duplicate integrators remain un-
blocked for all time is seldom true, however. Blocking of one
or other of the integrators will alter the corresponding integral
term in (4) or (5), invalidating the relationship (6). Under
such conditions, it becomes impossible for both 7T, and z,, to
evolve back to their initial values. Consequently, the system
will settle to a post-disturbance steady-state that cannot equal
the initial point, even though the parameters of the system are
unchanged.

B. Example: uncoordinated integrator switching

The WECC test system given in [9], [12] can be used
to illustrate the effect of the duplicate integrators on post-
disturbance equilibrium conditions. Whilst the behaviour of
interest occurs for the default parameter set, in order to provide
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Fig. 5. Relationship between Ti,(t) and z,(t). No coordination between
integrators.

a clearer illustration, fault impedance has been increased to
0.02 pu, and the fault-on time extended to 1 s. This is
representative of a distant, slowly-cleared fault, an event that is
not atypical for sub-transmission networks where many wind-
farms are located.

The responses of the pitch angle and output power are
shown in Figure 4. Notice that the pitch angle evolves to a
steady-state value of 3.3 deg, even though it was initialized at
0 deg. Of even greater concern is the fact that the output power
only recovers to 0.925 pu, after being initialized at 1.0 pu. This
7.5% drop in power, when accumulated across multiple wind-
farms, could amount to a significant reduction in generation.
That deficit in wind-power output would result in a frequency
decline, causing governors of frequency-regulating plant to
respond. Consequently, the resulting post-event steady-state
achieved by simulation would not reflect reality.

Figure 5 shows the relationship between T, and x,,. These
two states initially follow a straight line given by (6), with
the states reaching the point (T,,,z,) = (0.837,0.160),
where the T, -integrator becomes blocked. The z,-integrator
continues to evolve, with (7,,,z,) reaching (0.837,4.137)
where T, becomes unblocked. The states then move in unison
along a straight line defined by (6), initially increasing to
(0.839,4.218) before decreasing to (0.816, 3.243) where the
xp-integrator becomes blocked. From this point, T;, evolves
until encountering (0.776, 3.243). Over the subsequent period
of staircase behaviour, the x,-integrator successively blocks
and unblocks due to a hysteresis band. The states emerge from
this period at (0.762,3.094), and evolve to their final steady-
state along a straight line that is again dictated by (6).

Notice that whenever both integrators are free, behaviour is
described by the affine relationship (6), with slope given by
K,/ Kiirq. But also notice that the offset constant is different
for each of those sections. Once either integrator blocks, the
states can never return to their original starting equilibrium
point.

This situation is a consequence of a model structure that
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Fig. 6. Large disturbance response. Synchronized switching of integrators.

involves disparate switching of duplicate integrators. Actual
WTGs controls do not have such a structure, so real WTGs
do not exhibit such abnormal behaviour. Nevertheless, the
behaviour is of concern to utilities engineers who are required
to use these generic models.

C. Coordinated switching of integrators

The non-uniqueness in equilibria that is inherent in dupli-
cate integrators only affects the post-disturbance steady-state
when the integrators switch asynchronously. That issue can
be addressed by forcing the duplicate integrators to switch
in unison. Referring to (1), (2), the desired strategy can be
achieved by introducing the modification

dr,
E = itrq(w - w'r‘ef) X Ys1 X Ys2 (N
dz
7{0 = Kip(w - wref) X Ys1 X Ys2 (8)

which ensures each integrator is subject to exactly the same
switching conditions.
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Fig. 7. Relationship between T, (t) and z(t). Synchronized switching of
integrators.

D. Example: synchronously-switched integrators

Repeating the example of Section III-B, with the modifi-
cation (7)-(8) implemented, gave the pitch angle and output
power responses shown in Figure 6. The output power has
recovered to its pre-disturbance value, while the pitch angle
is close to its original value. In the latter case, pitch angle
dynamic response is very slow when the angle is close to
zero, hence it has not quite stabilized. It does, in fact, settle
to zero by around 100 s.

The behaviour of i, and x), is shown in Figure 7. It is clear
in this case that T, and z,, satisfy the affine relationship (6) for
all time. Accordingly, the pre- and post-disturbance equilibria
coincide.

IV. CONCLUSIONS

The paper has considered the modelling of doubly-fed
induction generator (type-3) wind turbines, and has focussed
on the WECC type-3 wind turbine generator model. Two of
the modules within that model, the converter controller and
the pitch controller, have integrators that provide the same
function, namely to drive the frequency error to zero. It is
shown in the paper that these duplicate integrators add two
variables to the steady-state description, but only a single
equation. The resulting set of equations describing equilibria
is under-determined, so solutions form a 1-manifold (curve)
rather than points. This leads to situations where the post-
disturbance behaviour of a wind turbine settles to a steady-
state point that does not match pre-disturbance equilibrium
conditions. The paper shows that such a mismatch will occur
if the duplicate integrators do not switch synchronously. On the
other hand, if synchronous switching is enforced, then pre- and
post-disturbance equilibria will exactly match. These results
have been illustrated using a standard WECC test case.
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