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Abstract — Grid connected wind turbines are fluctuating power
sources due to wind speed variations, the wind shear and the
tower shadow effects. The fluctuating power may be able to
excite the power system oscillation at a frequency close to the
natural oscillation frequency of a power system. This paper
presents a simulation model of a variable speed wind farm with
permanent magnet synchronous generators (PMSGs) and full-
scale back-to-back converters in the simulation tool of
DIgSILENT/PowerFactory. In this paper, the impacts of wind
shear and tower shadow effects on the small signal stability of
power systems with large scale wind power penetrations are
investigated during continuous operation based on the wind
turbine model and the power system model.

I.  INTRODUCTION

Because of energy shortage and environment pollution, the
renewable energy, especially wind energy has attracted more
attentions all over the world. It has been widely considered as
one of the most rapidly increasing resource among other
distributed generation technologies [1]. By 2020, it is
expected that the total wind power generation will supply
around 12% of the total world electricity demands [2].

As wind power rapidly develops recently, it’s gradually
taking a larger and larger part of the generation capacity. This
could influence the topology and the power flow situation of
the original power system especially when the integration of
wind power increases to certain level. Consequently, the
small signal stability of the power system will also be
influenced, so it is necessary to investigate the small signal
stability of power system with large scale wind power
penetration [3].

Small signal stability is referred to as the ability of power
systems to remain in synchronism under small disturbances
[4], [5]. In today's interconnected power systems, small signal
stability problem is often associated with the oscillatory
stability problem which arises from lacking of sufficient
damping torque [4], [S]. Several studies analyze the impact of
fixed-speed wind turbines and variable-speed wind turbines
on power system small signal stability [6-9]. The influence on
the power system small signal stability of wind turbines based
on fixed-speed induction generators, doubly fed induction
generators (DFIGs) and permanent magnet synchronous
generators (PMSGs) with full-scale back-to-back converters

are compared [6-9]. The study found that increasing the
penetration of wind power generally had a positive effect,
with increased damping of the inter-area mode oscillation
between two interconnected power systems [9].

The wind power fluctuations produced by grid connected
variable speed wind turbines during continuous operation is
mainly caused by fluctuations in the aerodynamic torque due
to wind speed variations, the wind shear and the tower
shadow effects [10]. The wind shear and the tower shadow
effects are normally referred to as the 3p oscillations. As a
consequence, an output power drop will appear three times
per revolution for a three bladed wind turbine. The frequency
of the 3p oscillations is normally within the range associated
with the local or inter-area mode oscillation frequency of a
power system. So the 3p oscillations of wind power may be
able to excite the power system oscillation at a frequency
close to its natural oscillation frequency. In this paper, the
impacts of wind shear and tower shadow effects on the small
signal stability of power systems with large scale wind power
penetrations are investigated during continuous operation.

Variable speed wind turbines with multipole permanent
magnet synchronous generators and full-scale back-to-back
converters are becoming more popular worldwide, because of
some advantages such as no gearbox, high power density and
easy to control [11]. In this paper, a variable speed wind
turbine with a PMSG and a full-scale back-to-back converter
is chosen as the study case. A simulation model of a variable
speed wind farm with PMSGs and full-scale converters
developed in DIgSILENT/PowerFactory is presented, and the
control schemes of the wind turbine are described. Based on
the wind turbine model and the power system model, the
impacts of wind shear and tower shadow effects on the small
signal stability of power systems with large scale wind power
penetrations are investigated during continuous operation.

II. 'WIND TURBINE MODEL AND CONTROL SCHEMES

A. Wind Turbine Model

The wind turbine considered here applies a PMSG, using a
back-to-back full-scale PWM voltage source converter
connected to the grid. Variable speed operation of the wind
turbine can be realized by appropriate adjustment of the rotor
speed.

A complete wind turbine model includes the wind speed



model, the aerodynamic model of the wind turbine, the
mechanical model of the drive train and models of the
electrical components, namely the PMSG, PWM voltage
source converters, transformer, and the control and
supervisory system. Fig. 1 illustrates the main components of
the grid connected wind turbine as well as the control
schemes of the wind turbine.

Wind simulation plays an important task in the wind
turbine modeling, particularly for dynamic interaction
analysis between wind farms and the power system to which
they are connected. A wind model which is applied in this
paper has been developed [12]. The wind model provides an
equivalent wind speed for each wind turbine, which is
conveniently used as an input to a simplified aerodynamic
model of the wind turbine.

A simplified aerodynamic model is normally used when the
electrical behavior of the wind turbine is the main interest of
the study. The relation between the wind speed and
aerodynamic torque may be described by the following
equation:
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where 7w is the aerodynamic torque extracted from the wind
(Nm); p is the air density (kg/m’); R is the wind turbine

rotor radius (m); v, ” is the equivalent wind speed (m/s); @ is

the pitch angle of the rotor (deg), 4 =R /v,, is the tip speed

ratio; @ is the wind turbine rotor speed (rad/s); and C, is the
aerodynamic efficiency of the rotor.

3p torque oscillations are important parts in the
aerodynamic model. A comprehensive yet pragmatic model
of 3p torque oscillations due to wind shear and tower shadow
effects has been developed for a three-blade wind turbine
[13], which is applied in this paper. Based on this model, the

equivalent wind speed (v,, ) will have three components. The
first (v,, ) is the hub height wind speed, the second (v,, ) is
due to the wind shear, and the third (v,, ) is due to the tower

shadow. Therefore, the equivalent wind speed can be
expressed as (2) whose components are shown as (3)-(5)
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where Vj is the wind speed at hub height (m/s), « is the
empirical wind shear exponent, H is the elevation of rotor hub
(m), B is the azimuthal angle of the blade (deg), B, is

respectively the azimuthal angle of each blade (deg), a is the
tower radius (m), x is the distance from the blade origin to the

_ 2
tower midline (m), and m = [1_{_0!(0;%} is a coefficient

of the wind turbine.
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Fig. 1. Block diagram of a grid connected wind turbine with a PMSG and a full-scale converter.



As for the mechanical model, emphasis is put on the parts
of the dynamic structure of the wind turbine that contribute to
the interaction with the grid. Therefore, only the drive train is
considered, while the other parts of the wind turbine
structure, e.g. tower and flap bending modes, are neglected.

In this paper, the PMSG model with detailed description of
the stator direct and quadrature axis currents, the magnetic
strength and the rotor speed is applied, using generalized
machine theory [14]. Since the study interest is not
concentrated on the switches of the PWM converter, an
average model without switches is used instead of the
detailed PWM voltage source converter model so that the
simulation can be carried out with a larger time step resulting
in a simulation speed improvement [15].

B. Control Schemes

For a variable speed wind turbine with a PMSG and a
back-to-back full-scale converter, it is possible to control the
electromagnetic torque at the generator directly, so that the
speed of the turbine rotor can be varied within certain limits.
An advantage of the variable speed wind turbine is that the
rotor speed can be adjusted in proportion to the wind speed in
low to moderate wind speeds so that the optimal tip speed
ratio is maintained. At this tip speed ratio the aerodynamic
efficiency, Cp, is at maximum, which means that the energy
conversion is maximized. It is normally referred to as
maximum power point tracking (MPPT) [16].

In general, variable speed wind turbines may have two
different control goals, depending on the wind speed. In low
to moderate wind speeds, the control goal is to maintain a
constant optimum tip speed ratio for maximum aerodynamic
efficiency. In high wind speeds, the control goal is to keep the
rated output power fixed in order not to overload the system.

Vector control techniques have been well developed for
PMSG using back-to-back PWM converters [17]. Two vector
control schemes are designed respectively for the generator-
side and grid-side PWM converters, as shown in Fig. 1.

The objective of the vector-control scheme for the grid-
side PWM converter is to keep the DC-link voltage constant
regardless of the magnitude of the generator power, while
keeping sinusoidal grid currents. It may also be responsible
for controlling reactive power flow between the grid and the

grid-side converter by adjusting O, ... The objective of the

vector-control scheme for the generator-side PWM converter
is to control the optimal power tracking for maximum energy
capture from the wind by adjusting the speed of the wind
turbine. The reference value of the generator active power
P is obtained from the rotor speed controller. Normally,

s_ref

only the hub height wind speed v,, in equation (2) could be

measured by the wind speed sensor. The rotor speed reference
is obtained via a look-up table to enable the optimal tip speed
ratio. The rotor speed reference does not vary with the 3p
oscillations from the wind shear and tower shadow effects.
Normally, the reference values of both generator-side and
grid-side converters, Q and Q, are set to zero to

s_ref
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ensure unity power factor operation and reduce currents of
both generator-side and grid-side converters.

III. SMALL SIGNAL STABILITY

Small signal stability is the ability of a power system to
maintain synchronism among generators under small
disturbances. It is the nature of a power system at a certain
operating point [18].

A power system can be described by a state equation in the
form of (6) (with the assumption of zero input).

dX
—=f(X 6
= f(X) (6)

In (6), X denotes the state vector of the power system, ¢
denotes the time and f is normally a set of nonlinear
functions.

To analyze the small signal stability of the power system at
an operating point, the first step is to linearize the state
equation at this operating point by Taylor’s series expansion.
The linearized state equation is in the form of (7).

AX
anx =4-AX @)
dt

In (7), the prefix 4 denotes a small deviation and A4 is the
state matrix. The small signal stability is given by the
eigenvalues of matrix 4. Eigenvalues are in the form of (8).

A=ctj-o (®)

Each eigenvalue (or a conjugate pair) corresponds to an
oscillation mode of the power system at the analyzed
operating point. The real component of an eigenvalue o gives
the damping and the imaginary component w gives the
frequency of the corresponding mode. The small signal
stability is then determined as follows:

e when all eigenvalues have negative real parts, the system
is stable;

e when at least one eigenvalue has positive real part, the
system is unstable;

e when at least one eigenvalue has zero real part, the
stability of the system can not be told in this way.

The information of the decay rate of the oscillation can be
also drawn from eigenvalues by a variable termed as damping
ratio which is in the form of (9).

gzi
Vol + o

This is a common index of small signal stability analysis.
The larger { is, the system is considered to have wider
stability margin.

The frequency of the wind power 3p oscillations due to the
wind shear and tower shadow effects is normally within the
range associated with the local or inter-area mode oscillation
frequency of a power system. The 3p oscillations of wind
power may be able to excite the power system oscillation at a

)



frequency close to its natural oscillation frequency w in (8).
In this paper, the impacts of wind shear and tower shadow
effects on the small signal stability of power systems with
large scale wind power penetrations are investigated during
continuous operation.

IV. CASE STUDY

A two area test power system with large scale wind power
integration is selected and shown in Fig. 2. The test power
system is often used to study the fundamental nature of inter-
area oscillations [19]. The 12 bus test power system consists
of four synchronous generators, two loads, and an aggregated
wind farm. Area 1 has two synchronous generators, each with
a capacity of 380 MVA and Area 2 also has two synchronous
generators, each also with a capacity of 380 MVA. All four
synchronous generators are identical. A wind farm based on
PMSG and a full-scale back-to-back converter is connected to
the grid in Area 1. The maximum output of the wind farm is
assumed to be 500 MW, which supports 33% loads in the
studied power system. The aggregated wind farm is modeled
using a PMSG and a full-scale back-to-back converter as
described in Section II. It is assumed in this paper that all the
wind turbines in the wind farm rotate at the same speed and in
the same phase.

G1 BUS1 m BUSS BUS®  BUS10 BUS”TE\ BUS3 G3

1 L

-

LOAD1 COMP1  COMF2 LOAD2 BUSE

AREAT AREAZ

Fig. 2. The two area test power system with large scale wind power
integration.

Table I summaries the oscillation modes of the test power
system without wind power penetrations. There are three
oscillation modes in the power system, two intra-area
oscillation modes (mode 1 and mode 2) and one inter-area
oscillation mode (mode 3). It can be seen that the dominant
dynamic behavior of the power system is an inter-area
oscillation mode between the G1, G2 in the Area 1 and the
G3, G4 in the Area 2. So the following investigations focus
on the inter-area oscillation mode.

TABLE I
THE OSCILLATION MODES OF THE POWER SYSTEM
Oscillation Eigenvalue Frequency Damping
Mode (Hz) Ratio (%)
Mode 1 -0.935+j6.22 0.99 14.9
Mode 2 -0.906 £ j6.47 1.03 13.9
Mode 3 -0.192 £ j3.96 0.63 4.84

Fig. 3 illustrates the variation of the inter-area oscillation
damping ratio with the wind speed. The inter-area oscillation
damping ratio increases when the wind speed increases. It
implies that the power system is more stable when there are
larger wind power penetrations in the power system. Fig. 4
shows the variation of the inter-area natural oscillation
frequency and the wind turbine 3p frequency due to the wind
shear and tower shadow effects with the wind speed. It can be
seen that the inter-area natural oscillation frequency decreases
slightly when the wind speed increases. However, the wind
turbine 3p frequency due to the wind shear and tower shadow
effects increases when the wind speed increases. The 3p
frequency equals to the inter-area natural oscillation
frequency at a certain value of wind speed, which is around 8
m/s in this case.

B : :

Diamping ratio (%)

45 i i
g 10 18 20
Wind speed (mis)
Fig. 3. The variation of the inter-area oscillation damping ratio with the wind
speed.
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Frequency (Hz)
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Fig. 4. The variation of the inter-area natural oscillation frequency (blue
diamond) and the wind turbine 3p frequency (red asterisk) with the wind
speed.

Figs. 5-7 illustrate the equivalent wind speed, the wind
power, the active power of generator 1, the active power of
generator 3 and the active power of the transmission line
between bus 7 and bus 9 during different wind speed periods.



In the low wind speed period (v = 5 m/s), the power
oscillations caused by the wind shear and tower shadow
effects of the wind farm are small in the active power of
generator 1, generator 3 and the transmission line, even
though the inter-area oscillation damping ratio is very small.
The inter-area oscillation damping ratio increases when the
wind speed increases, which implies that the power system is
more stable. However, in the medium wind speed period (v =
8 m/s), the power oscillations caused by the wind shear and
tower shadow effects of the wind farm are much larger in the
active power of generator 1, generator 3 and the transmission
line, because the 3p oscillations of wind power excite the
power system inter-area natural oscillation in the medium
wind speed period. In the high wind speed period (v = 15
m/s), the power system oscillations are relatively small, since
the input 3p oscillation frequency of wind power is far away
from the inter-area natural oscillation frequency.

The wind power oscillations and the active power
oscillations in the transmission line between bus 7 and bus 9
with the wind speed is shown in Fig. 8. It can be seen that
wind power oscillations due to the wind shear and tower
shadow effects increase with the wind speed. However, the
power oscillations in the transmission line in the medium
wind speed period (v = 8 m/s) are larger than the power
oscillations in other wind speed periods.

m
in

Wind speed (/s
m

=
o

S
o

Wind power (W)
R
- [=x]
§
L

S
e

w
i)

w

@

=]
1

3805 \/\/\/W

3795 L 1 1 L L L L 1 1
7l

30045 T T T T T

795

w
“
0

-
=}
=
~
[N}
-
[}
~
s
~
h
~
@
~
-1
-~
o
~
[t}
@
=]

[N
o
in

Transmission power (W) Generator 3 pawer (VW) Generator 1 power (M)
o)
[ o
m =]
§ E D
L L 1

246 L 1 1 L L L L 1 1
7 71 72 73 74 K] 7B 77 78 79 80

Time (s)
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The amplifying factor (4F) between the transmission
power oscillations ( AP, ) and wind power oscillations

(AP, ) due to the wind shear and tower shadow effects

could be defined as

AP,
AF — line

wind

Fig. 9 illustrates the amplifying factor between the
transmission power oscillations and wind power oscillations
with the wind speed. It can be seen that amplifying factor are
larger in medium wind speed periods and lower in both low
and high wind speed periods, because the 3p oscillation
frequency due to the wind shear and tower shadow effects is
close to the inter-area natural oscillation frequency of the
power system in medium wind speed periods even though the
damping ratio is relatively high compared with the damping
ratio in low wind speed periods.
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Fig. 8. The wind power oscillations and the active power oscillations in the
transmission line between bus 7 and bus 9 with the wind speed.
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Fig. 9. The amplifying factor between the transmission power oscillations
and wind power oscillations with the wind speed.

V. CONCLUSION

In this paper, the model of variable speed wind turbines
with permanent magnet synchronous generators using the
full-scale back-to-back PWM voltage source converters and
the corresponding control schemes are developed in the
simulation tool of DIgSILENT/PowerFactory. On the basis of
the developed wind turbine model and power system model,
the small signal stability of power systems with large scale
wind power penetrations are investigated. The inter-area
oscillation damping ratio of the 12 bus test power system
increases when there are larger wind power penetrations in
the power system, which implies that the power system is
more stable. It can be concluded from the simulation results
that power system oscillations due to the wind shear and
tower shadow effects are larger in medium wind speed

periods, because 3p oscillation frequency of the studied wind
turbines is close to the inter-area natural oscillation frequency
of the test power system in medium wind speed periods.
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