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EWGs. Equations g (g ∈ Rm) are the algebraic equations
that include power flow equations, and f (f ∈ Rn) are the
differential equations.

B. Static Continuation Power Flow

The static continuation power flow (SCPF) technique takes
into account standard power flow models, i.e. constant PV
or PQ generators with reactive power limits, and static PQ
or voltage dependent loads. The interested reader can find a
detailed description of the standard continuation power flow
analysis in [17]. The stability information that can be obtained
by the SCPF is typically associated to the maximum loading
margin of the system. However, since this paper focuses on
wind penetration, the stability margin λ is defined in this paper
as a measure of the maximum level of wind power generation.
This margin is limited by voltage stability limits (saddle-
node bifurcation or limit-induced bifurcation) or security limits
(voltage limits, transmission line thermal limits).

For the SPCF, (1) becomes:

0 = g(y, u, λ) (2)

Wind generators are modeled as standard PQ or PV genera-
tors with reactive power limits and the generation margin λ
multiplies all active generator power. The slack bus, which is
assumed to be the high voltage feeder, is not multiplied by λ
and can reverse its flow for high wind power penetration.

C. Dynamic Continuation Power Flow

The dynamic continuation power flow (DCPF) technique
considers dynamic models of generators, loads and controllers
and computes the equilibrium points as the wind power
generation level increases. The DCPF also allows obtaining
information about the maximum loading level of the system.
The bounds that can be taken into account by the DCPF
are the same as SCPF plus dynamic bifurcations, such as
Hopf bifurcations. Furthermore, since regulators (e.g. AVRs
and turbine governors) are modeled with detailed differential
algebraic equations, the DCPF analysis is more precise than
SCPF for determining the loading level of a system.

For the SPCF, (1) becomes:

0 = f (x, y, u, λ) (3)
0 = g(x, y, u, λ)

Wind generators are modeled with their full DAE equations. In
this case the generation marging λ multiplies all wind speeds
that feed wind turbines. The slack bus, which is assumed to
be the high voltage feeder, is modeled as an infinite inertia
generator.

D. Quasi-static Time Domain Simulation

Quasi-static time domain simulation (QSTDS) is similar to
the DCPF, but in this case the wind power generation level
increases “slowly” as a function of time. The main difference
of the QSTDS with respect to the DCPF is that the effects of
the wind generation ramp are more realistically modeled.

For the QSTDS, (1) becomes:

0 ≈ úx = f (x, y, u, λ(t)) (4)
0 = g(x, y, u, λ(t))

E. Time Domain Simulation

Finally, standard time domain simulations (TDS) present
non-negligible time derivatives during the transients. TDS are
useful to assess the time response of controllers to fast power
variations of wind turbines. In this case, the wind speed is
assumed to undergo a fast ramp, thus system dynamics cannot
be neglected. The system is described by (1).

III. MODELING OF WIND TURBINES AND GENERATORS

Three models of wind turbines are considered in this paper:
constant speed induction generator wind turbine with squirrel
cage induction generator (CSIG), variable speed wind turbine
with doubly-fed (wound rotor) induction generator (DFIG)
and variable speed wind turbine with direct-drive synchronous
generator (DDSG). Controls and converter models are included
in the wind turbine equations. Wind turbine models presented
here are mostly based on models discussed in [8]. Figure 1
depicts the three wind turbines types. Due to space limitations,
following subsections only provide brief outlines of the EWG
models. Full mathematical models can be found in [19].

A. Constant Speed Induction Generator

The simplified electrical circuit used for the squirrel cage
induction generator is the same as the one for the single-
cage induction motor, the only difference with respect to
the induction motor being that the currents are positive if
injected in the network. A fixed capacitor bank is added at
the EWG busbar to provide the reactive power needed by
the induction generator and to maintain a power factor equal
to one at the network point of connection. The mechanical
differential equations take into account the turbine and rotor
inertias and shaft stiffness [20]. The tower shadow effect is
taken into account through a small-magnitude (0.025 p.u.)
periodic torque pulsation as described in [21].

B. Doubly-fed Induction Generator

Steady-state electrical equations of the doubly fed induction
generator are assumed, as the stator and rotor flux dynamics
are fast in comparison with grid dynamics and the converter
controls basically decouple the generator from the grid.

The generator active and reactive powers depend on the
stator and converter currents. Due to the converter operation
mode, the power injected in the grid can be written as a
function of stator and rotor currents. Assuming a lossless
converter model, the active power of the converter coincides
with the rotor active power. The reactive power injected into
the grid can be approximated neglecting stator resistance and
assuming that the d-axis coincides with the maximum of the
stator flux.

The generator motion equation is modeled as a single shaft,
as it is assumed that the converter controls are able to filter
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Fig. 1. Wind turbine types. (a) Constant speed wind turbine with squirrel cage
induction generator; (b) Variable speed wind turbine with doubly fed induction
generator; (c) Variable speed wind turbine with direct drive synchronous
generator.

shaft dynamics. For the same reason, no tower shadow effect
is considered in this model.

Converter dynamics are highly simplified, as they are fast
with respect to the electromechanical transients. Thus, the
converter is modeled as an ideal current source, where the
rotor direct and quadrature currents are state variables and
are used for the rotor speed control and the voltage control,
respectively. It is assumed that the wind power Pw = 0 if
ωm < 0.5 p.u. and that Pw = 1 p.u. if the rotor mechanical
speed ωm > 1 p.u. Thus, the rotor speed control only has
effect for sub-synchronous speeds [7]. Both the speed and
voltage controls undergo anti-windup limiters in order to avoid
converter over-currents [5], [6]. Finally, the pitch control works
only for super-synchronous speeds. An anti-windup limiter
locks the pitch angle to θp = 0 for sub-synchronous speeds
[4].

C. Direct-drive Synchronous Generator

Steady-state electrical equations of the direct drive syn-
chronous generator are assumed, as the stator and rotor flux
dynamics are fast in comparison with grid dynamics and the
converter controls basically decouple the generator from the
grid. We assume a lossless converter and a power factor equal

Bus 1

Bus 2

Bus 3

Bus 4

Bus 5

Bus 7Bus 8

Bus 9

Bus 10

Bus 11Bus 12

Bus 13

Bus 14
Bus 15

Bus 16

Bus 17

Bus 18

Bus 19

Bus 20

Bus 21

Bus 22

Bus 23

Bus 24

Bus 25Bus 26

Bus 27

Bus 28

Bus 29

Bus 30

Bus 31

Bus 32

Bus 32

Bus 33

Bus 34

Bus 35

Bus 36

Bus 37

Bus 38

Bus 39 Bus 40

Fig. 2. 40-bus test system.

to 1. Furthermore, the reactive power injected into the grid is
controlled by means of the converter direct current.

The generator motion equation is modeled as a single shaft,
as it is assumed that the converter controls are able to filter
shaft dynamics. As a consequence, no tower shadow effect is
considered in this model. The mechanical torque and power
are modeled as in the doubly fed induction motor.

The converter is highly simplified and is modeled as an ideal
current source, where generator stator direct and quadrature
currents, and the converter direct current are state variables
and are used for the rotor speed control and the reactive power
control and the voltage control, respectively.

The power-speed characteristic is computed in a similar way
as for DFIG models. Rotor speed, pitch and voltage controls
are the same as those used for the DFIG model.

IV. CASE STUDIES

This section describes a variety of case studies based on a
40-bus test system. All static and dynamic simulations were
solved using the software package PSAT [22].

Figure 2 depicts a partly meshed 40-bus distribution net-
work. This system is partly based on a simplified model of the
Southwest England power system. Most power flow data of the
test system can be found in [18] while other data that refer to
EWGs and control schemes are provided in [15]. The network
presents 40 buses, 65 lines and 17 loads for a total load of
about 41 MW and 7 MVAr. There are three voltage levels,
namely 132, 33 and 11 kV. The feeding substation is located
at bus 40 at 132 kV. Buses 20, 22, and 29-37 are at 11 kV,
while all remaining buses are at 33 kV. EWGs are located at
buses 6, 13, 18, 20, 22, 24 and 38. Furthermore all EWGs have
a nominal power of 20 MVA. Reactive power limits of EWGs
are taken into account in all simulations. EWG active power
limits are neglected in the static and dynamic CPF analyses,
as it is common practice. However, active power limits are
considered in the dynamic simulations for DFIGs and DDSGs
through the power and pitch angle controls.
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Fig. 3. Voltage at bus 29 as a function of the generation margin �. EWGs
are modeled as constant PQ generators. � max = 1.9185

Figure 3 shows the nose curve of a representative voltage
of the system as a function of the generation margin λ. The
EWGs only generate active powers and are modeled as con-
stant PQ generators. CSIG cannot control the reactive power,
as their capacitor banks are fixed; however, the approximation
of considering constant reactive power (qG = 0 ) for CSIG is
acceptable and does not affect results. For λ = 0 , there is no
wind generation, while λ = 0 corresponds to a medium level
EWGs generation. In the first half of the curve the voltage
increases. This behavior is due to the fact that the HV feeder
is decreasing its power injection into the distribution network.
In the second half of the curve, the voltage decreases, as it is
usual in nose curves. This happens because the feeder reverts
its power flow and the EWGs are not only supplying local
loads but also supplying power to the HV network. Since
active power limits are not enforced and transmission line
limits are considered to be high, the system collapses at a
saddle-node bifurcation for λmax = 1 .9185.

Figure 4 shows the nose curve of a representative voltage
of the system as a function of the generation margin λ. We
assume that EWGs generates active powers and control the
voltage (constant PV model). CSIG cannot control the voltage,
thus the PV model is adequate only for DFIGs and DDSGs.
The voltage regulations allow increasing the generator margin
(λmax = 2 .1162) with respect to the constant PQ generator
model. Observe that several limit-induced bifurcations occurs
before the voltage collapse. It is worth to be noted that the
voltage is always higher than 1 p.u., even close to the SNB.
Thus the voltage collapse cannot be forecasted based only on
voltage measures.

Figure 5 shows the wind speed ramps used for the quasi-
static time domain simulations (QSTDS). The wind speed
ramps simulate the increase of the wind power generation and
their effect is thus similar to the generation margin λ. Wind
speeds close to 1 p.u. corresponds to a medium-level wind
power generation. In the following, EWGs are modeled with
their detailed DAE equations and controls. Only results of the
quasi-static time domain simulations are shown since these
are the same as those obtained for the dynamic continuation
power flow (DCPF) analysis.

Figure 6 shows the QSTDS for the CSIG. In particular Fig. 6
shows the voltage at a representative bus of the distribution
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Fig. 4. Voltage at bus 29 as a function of the generation margin �. EWGs
are modeled as constant PV generators. � max = 2.1162
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Fig. 5. Wind speed ramps used for the quasi-static time domain simulations.

network. Observe that the system collapses for t ≈ 18 s that
corresponds to a generation margin of about λ ≈ 1, thus well
before than the generation margin obtained with the SCPF
analysis. This is due to the dynamic model of the induction
generator which becomes unstable for a generation level close
to 1 p.u.

Figures 7, 8, 10 and 9 show the QSTDS for the DFIG.
In particular, Fig. 7 shows the voltage at a representative bus
of the distribution network. Interestingly, the system does not
collapse thanks to the active power control (see Fig. 8) and
pitch control (see Fig. 9) of the DFIGs. These controls are
enforced only for super-synchronous speeds. Figure 9 shows
the reactive powers generated by the DFIGs. The reactive
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Fig. 6. CSIG and QSTD. Voltage magnitude at bus 29.






