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Abstract: The output power and terminal voltage of the fixed speed induction generator fluctuate
in the partial load region where the wind speed is below the rated vale, resulting in fluctuations in
the grid frequency and voltage. In this paper, a novel pitch angle control strategy has developed
by introducing an exponential moving average (EMA) concept from which the controller reference
power (signal) can be set for below-rated wind speeds. Therefore, the employed pitch angle controller
together with static synchronous compensator (STATCOM), named the unified voltage and pitch
angle controller (UVPC), addresses the objective of smoothing the output power and terminal voltage
regulation of a wind generator, subjected to below-rated wind speed variations. Moreover, an interval
type-2 fuzzy logic technique has incorporated in the pitch angle controller design, since it is more
efficient in handling the uncertainties in membership functions and rules than its traditional fuzzy
logic counterparts. Simulation results clearly show that the proposed UVPC effectively smoothens
out the generator output power and also regulates the terminal voltage at its constant magnitude.

Keywords: wind speed variations; fixed speed; induction generator; pitch angle controller;
STATCOM,; fuzzy logic controller; reference power setting; design

1. Introduction

Wind energy systems (WESs) are renewable energy sources that, at present, are enjoying drastic
growth due to economical and environmental considerations. Today, more than 341,320 wind turbines
are operating all over the world [1]. The different types of induction generator-based wind energy
systems have been studied [2,3].

Nowadays modern wind energy systems mostly utilize variable-speed induction generators
(doubly-fed) [4] but fixed-speed induction generators (FSIGs) are also still being used due to their low
cost, low maintenance and robustness. For example, in Australia, Germany and Denmark respectively,
about 87 MW, 48 MW and 47.1 MW of installed wind turbines (rated at 1.5 MW) are FSIG-based
wind turbines [5]. Although fixed speed wind energy systems exist around the world in considerable
number due to their own merits, they require dynamic reactive power support.

One of the concerns with fixed speed generators is wind speed variation. The output power of
wind generators fluctuate as the wind speed varies (the output of a wind turbine is proportional to
the cube of the wind speed). Moreover, the reactive power absorption by the induction generator
is coupled to the active power generation resulting in any variation of wind speed also causing
fluctuations in the reactive power of the generator. These fluctuating active and reactive powers
interact with the power network and lead to fluctuations in the grid voltage and frequency [6].
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The voltage regulation can be done by controlling the reactive power at the wind turbine generator.
In this approach, dynamic reactive power compensation devices such as static var compensators (SVCs)
have been employed [7]. However, compared to SVC the static synchronous compensator (STATCOM)
provides faster and smoother dynamic voltage control because it exhibits a quick response time (1-2
cycles) [8]. The main purpose of STATCOM connected at the wind farms is to improve the transient
stability as well as provide fault ride-through capability. In addition, it is well suited for voltage
fluctuation reduction at the generator terminal due to wind speed variations that results in voltage
flicker mitigation at the wind farm connection point. In this regard, a lot of research work on STATCOM
with wind energy systems has been reported [9-15].

The classical STATCOM only operated in lagging and leading mode. Therefore, its role in the
wind power system was limited to reactive power support. As a result, the wind generator output
power fluctuations due to wind speed variations cannot be smoothened out by employing STATCOM,
since it does not have an active power control capability. Thus, the STATCOM adopted with energy
storage system (ESS) is one solution to control both active and reactive power as reported in the
literature [16-20]. Energy storage systems (ESSs) have their own demerits. For example, battery energy
storage systems (BESSs) have issues like a chemical process basis, short life spans and slow response.
Superconducting magnetic energy storage (SMES) demands a huge initial installation cost and its
application is still critical from a practical point-of-view. On the other hand, STATCOM with the
pitch-angle controller is the best choice for controlling the active and reactive power of a wind energy
system (WES).

Therefore, recent studies employed a simultaneous control of STATCOM (reactive power control)
and pitch angle control (active power control) to enhance the wind farm low voltage ride- through
capability when subjected to network faults [21,22]. The idea of mixing electrical and mechanical parts
seems to be interesting but it has not been explored in respect of wind speed variations, due to which
the output power and voltage of the wind generator fluctuate. This is becoming more concerning as
the wind generator installations are increasing in number. Motivated by [21,22], this paper contributes
to smoothing the output power fluctuations and voltage regulation of the fixed speed wind generator,
subjected to below-rated wind speed variations using STATCOM and a pitch angle controller.

In general, a pitch angle controller limits the aerodynamic power at its rated level irrespective of
wind speed variations when the wind speed exceeds the rated speed, but at below-rated wind speed
(i.e., in the partial load region), there the pitch angle control system has no role in controlling the active
power (in this region the maximum power extraction is allowed). As a result, any variation in the wind
speed causes fluctuations in output power. Therefore, recently different pitch angle controller schemes
were employed for smoothing the generator output power fluctuations subjected to below-rated wind
speed variations [23-25].

Another contribution of this paper, the fuzzy logic controller (FLC) employed for below-rated
wind speed in [25], is best suited as it provides improved performance in tracking reference, simple
structure and is easily implemented as compared to other control techniques. However, once the
membership functions have been defined for designing the controller, the uncertainties in actual degree
of membership functions (MFs) cannot be modeled [26]. This may degrade the controller performance,
especially when the plant is subjected to disturbances. Therefore, an advanced fuzzy logic (interval
Type-2 FLC) was developed which deals with the issues of uncertainty in MFs and fuzzy rules [27,28].
Thus, an attempt has been made to design the pitch angle controller using an interval type-2 FLC.

Therefore, the novelty of this paper lies in providing a method for smoothening out the output
power fluctuations and terminal voltage regulation of the fixed speed wind generator, subjected to
below-rated wind speed variations by employing a type-2 FLC based typical pitch controller (specially
designed for below rated wind speeds) and STATCOM. We name this approach the UVPC strategy.
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2. Configuration of the System

To evaluate the proposed UVPC control strategy the typical power system considered in this
study is as shown in Figure 1. The stator winding of the generator is connected to the point of common
coupling (PCC) through a step-up transformer (0.69/25 kV) which exports power to the 120 kV grid
through a transmission line. Each induction generator (IG) works at the rated operating point and
supplies 1.5 MW of active power. The considered wind farm in this study consists of twenty-four
1.5 MW rated fixed speed wind turbines and thus a 36 MW wind farm has been connected to the
120 kV grid. The power factor correction capacitor (C) is connected to the low voltage terminal of each
wind turbine generator. Under steady-state conditions, the capacitors provide the required amount of
reactive power to the FSIGs, but they fail to supply the dynamic reactive power demanded by the FSIGs
under disturbances conditions. To supply the reactive power and maintain the voltage regulation
at the PCC under disturbances such as wind speed and faults, a STATCOM has been employed and
connected to the 25 kV bus. The design parameters of the generator and wind turbine are presented in
Appendix A.
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Figure 1. Single line diagram of the studied system.

The addition of STATCOM with pitch angle control is expected to control the voltage and output
power of wind farm subjected to wind speed disturbances. Therefore, in this paper the UVPC strategy
is proposed to control both the mechanical torque (resulting in active power control) and reactive
power (resulting in voltage control), by employing a pitch angle controller and STATCOM, respectively.

2.1. Aerodynamic Conversion of Wind Turbine

The mechanical power developed by the rotor of the wind turbine is directly proportional to the
cube of wind speed as:

1
Py = Pyr = EPATCP()\/ﬁ)Vz?J (1)

where, V, (m/s) is the wind speed, p (kg/ m3) is the air density, A, = 7TR? (m?) is the rotor swept
area, R (m) is the radius of the blade, and C, is the power coefficient which depends upon the
ratio of rotor-tip speed (A) and blade pitch-angle (). For commercial wind turbines, manufacturers
generally not provide any information about the power coefficient, therefore, several mathematical
approximations have been developed to determine this value. Many references have described the
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power coefficient curve with different appropriate equations. In this work, the power coefficient (C,)
characteristic is determined as follows [29]:

Cp(A, B) = c1(ca/Ai —c3B —ca)e /M + oA )

where:
1 1 0.035

A A+00088 B+1

The coefficients cg—cy are: cg = 0.0068, c5 =21, ¢4 =5, ¢c3 =0.4, cp =116 and ¢ = 0.5176 and the blade
tip-speed ration (A) can be defined as:

®)

_ tip speed of the blade ~ wR

== @

A wind speed Ve

where, w (rad/s) is the turbine shaft angular speed. Utilizing Equations (1)—(4), the power coefficient
versus tip-speed ratio (C, — A) curve for different values of the pitch-angle (B) is obtained as shown in
Figure 2. The maximum power can be extracted if the power coefficient (C,) is kept at maximum power
coefficient (Cpmax), which is obtained with the optimal values of the pitch-angle g and the tip-speed
ratio A i.e.,
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Figure 2. Performance coefficient C, (A, B) curve.

In this paper, the maximum value of Cymax reaches 0.48, with Agyt = 8.1 and Byt = 0° as shown in
Figure 2.

2.2. Modeling of Induction Generator

For the modeling of induction generator (IG), the a-b-c reference frame is transformed into the d-q
axis reference frame and the equivalent model is as shown in Figure 3 [29].

All electrical variables and parameters are referred to the stator, where @45, @45, @ar, Pgr, Vias, Vs,
Vir, Vgr and iy, igs, 14, igr are the flux linkages, voltages and currents of the stator and rotor in d-g
reference frame, respectively.

Lis and Ly, are the stator and rotor leakage inductances, wy, is the base speed of the reference and
wy is the generator rotor speed, Ls, L, and Ly, are the stator, rotor and mutual inductances, respectively.
Moreover, R; and R, are the stator and rotor resistances.

The per-unit equation of the electromagnetic torque is expressed as:

T, = @dsiqs - q)qsids (6)
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Since, the wind turbine and generator rotor can be modelled as single mass system, the dynamic
equation of motion can be written as:

w
pwm = ﬁ(Tm - T.) ()

where, H represents the induction generator rotor and wind turbine equivalent inertia constant.

R f)bg"qs

S

FAM—O-—

(b)

Figure 3. d-q reference frame of the induction generator: (a) d-axis; (b) g-axis.

3. The Employed STATCOM Control Scheme

The well-known STATCOM model employed is shown in Figure 4, which includes a power
electronic voltage source converter (VSC), coupling transformer and control system. The AC line
voltage (V) is compared with the reference voltage (V). The error/deviation in line voltages (AV) is
processed through the controller PIoc. For an AC voltage control loop the controller (PI5c) output
(I;) determines the amount of reactive power to be generated by STATCOM. In order to support the
STATCOM DC bus, DC bus voltage (V) is compared with the reference DC voltage (Vcer) and the
error voltage (AVpc) is passed through another controller (PIpc). The output (I}) of this controller
determines the source current active power component. The voltage regulation controller (PIsc),
which reacts to a sudden voltage variation and injects the appropriate amount of reactive power,
is therefore well adapted for system disturbances such as faults and wind speeds above and below the
rated wind speed. A detailed STATCOM control scheme is available [30].

L e 11
«— STATCOM
fn_la

PWM
Current Control

1

PCC

AV_V +

-
d D
Ve

Figure 4. Block diagram of the control scheme of STATCOM.
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The AC voltage error (AV) at the n-th instant is:
AV = Vier = Vi) 8

where, V ;) is the magnitude of the sensed three phase voltages at the PCC at the n-th instant, Vs is
the amplitude of the reference voltage.

The AC voltage controller (PI5c) output (I;‘(n)) at the n-th sampling to regulate the PCC voltage
can be expressed as:

I;(n) = I;(n—l) + KPuc{AV(n) - AV(nfl)} + KlacAV(n) )

where, Kp,c and Kj, are the proportional and integral gain constants of the AC voltage controller, AV,
and AV, 1y are the error voltages at the n-th and (7 — 1)-th instant and (I;(n—l)) is the quadrature
components of the reference current at the (n — 1)-th instant.

Similarly, the DC bus voltage error (AVpc) at the n-th sampling is:

AVDC(n) = Vdcref - Vdc(n) (10)

where, V. (,) is the sensed DC link voltage of the STATCOM at the n-th instant and Vieref is the reference
DC voltage. The output of the PIpc controller is to support the STATCOM DC voltage at the n-th
sampling and expressed as:

Liwy = Lin—1) T Kpac{AVDc(n) — AVDc(n-1)} + K1acAVpe(n) (11)

where I;(n) and I;(n—l) are the active power components of the source current at the n-th and (n — 1)-th
instant. Kpy. and Kj4. are the proportional and integral gain constants of the DC voltage controller.
Two PI controllers gains (Kp, = 4.6, Kjyc = 50, Kpye = 0.01 and Kp, = 0.2) of the STATCOM are obtained
at a specific operating point in order to achieve satisfactory performance when the system is subjected
to small and large disturbances.

4. Pitch Angle Controller Design for Below-Rated Wind Speeds

In the case of above rated wind speed (full load region), the pitch angle controller is employed to
regulate the output power at its rated value by generating a suitable pitch angle, but at below-rated
wind speeds (in the partial load region), the pitch angle controller plays no role and extracts the
maximum amount of output power according to wind speed variations. As a result, any variation in
the wind speed causes high fluctuations in the output power.

This study develops a novel type pitch angle controller for below-rated wind speeds, with
which the generator output power can be smoothened out by generating an appropriate pitch angle.
The major problem with this type of pitch angle controller is setting a reference power. The constant
rated reference power setting is not a good choice since in this region the generator output power is
less than the rated power. Therefore, in this paper an exponential moving average (EMA) concept has
been introduced to generate a reference power (Pé{g]{jI p) and thus a smoothed generator output power
can be obtained. The employed pitch angle controller is as shown in Figure 5.

A

+ 1 W
P, € B, 1] IND P
— & C(s) > Torl :%-»% > | Tny

s TURBINE

- Rate i
p REF Pitch Servo imi FPiteh apgle
e limiter saturation

Figure 5. Proposed pitch angle controller.
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The difference between the measured output power (P,) and reference power command (PgCEAZD)
goes through the controller C(s), which regulates the output power in accordance with error (g).
The optimum pitch angle B¢ from the controller C(s) is used as reference for the pitch actuator/servo
system. The purpose of the servo system is for proper orientation of the blades. By taking the
blades” direction into account the first order transfer function of the electric or hydraulic pitch servo is

developed and given by:
1

P= Tt

Be (12)

The blade angle 8 follows the reference pitch or optimum pitch B¢ by a first order lag with
time constant T, which depends on the pitch actuator. In order to get a realistic response from the
pitch control system, the pitch rate and the regulation range of pitch angle are set to £2°/s and
0-45°, respectively.

Computing Controller Reference Power Command (Pycyip,)

In order to control the active power of the wind generator under below-rated wind speed
conditions, an essential task is to calculate the reference power command (PgCEAPAD). Different
approaches such as exponential moving average (EMA) and simple moving average (SMA) can
be employed to determine the input power command [31]. However, in this paper the EMA concept
has been incorporated since it exhibits a smoother and faster response than SMA.

The numerical expression for EMA is given as:

EMA = [(C—P) xK] +P (13)

where, C represents the current value, and the preceding period of EMA is P, and K denotes a weighting
factor. For period-based EMA, the weighting factor (K) is equal to 2/(1 + N), where N is the number of
periods. A detailed explanation is presented in [31]. For example, for 50 periods the EMA weighting
factor is calculated as: 2/(1 + 50) = 0.0196. Figure 6 demonstrates the average EMA values calculated
for a given wind speed. It can be observed that the EMA starts from 50 s (each of 1 period) onwards.
However, in this paper, the average EMA values are calculated for generated wind power (not for
wind speed).

— Wind speed ===== EMA

16+

=y
N

=
o

Wind speed and its EMA (m/sec)
=

50 100 150 200 250 300
Time (sec)

&
S
o

Figure 6. Comparison of wind speed and EMA.
The input reference power command (ng&D) for the pitch angle controller is calculated as
follows:

Step 1: The wind turbine capture power (Pwr) can be obtained from Equation (1).

Step2: The average EMA value (Pyr) of captured wind turbine power (Pyr) is calculated from
Equation (13). In this paper, 50 periods of average value are used in the simulation. Therefore,
for every 50 s the EMA of the wind power computation has done. The EMA calculation as:
for e.g., if the generated wind power is equal to 0.82 MW at 50th period and 0.81 MW at 51st
period, respectively then the value of EMA at the time 51 s becomes [(0.81 — 0.82) x 0.0196] +
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0.82 = 0.819 MW. If wind power generated becomes 0.8 MW at 52nd period, then the value of
EMA at this instant calculated as [(0.8 — 0.819) x 0.0196] + 0.8 = 0.799 MW and so on.

Step 3: The standard deviation can be calculated as:

t J—
[ (Pwr — Pwr)dt

0
Pwrsta = n (14)

Step4: Finally, the input command power of controller can be obtained as:

PgCEI\IjID = (Pwr — Pwrsta) (15)

Figure 7 explains the whole calculation process of input power command.

IB v C v

. R
Vo> Eq. @) K| Bq @) P2 Ea () 2
w —r
PgléEl\;D PWTstd : I3WT

<«— Eq. (15) |e Eq. (14) |e Eq. (13) |

T

Figure 7. Computation of controller input power command.

5. The Proposed Unified Voltage and Pitch Angle Control (UVPC) Strategy

A reactive power compensator like STATCOM installed at the wind farm connection point can
supply the amount of reactive power to the wind generator results in voltage regulation subjected to
above/below rated wind speed disturbances. In the same trend, the novel pitch angle controller which
is discussed in Section 4 can control the mechanical torque of the generator and thus can smooth the
generator output power under below-rated wind speed conditions.

In this study, therefore, simultaneous control of STATCOM and pitch angle controller are
employed to smooth the voltage and output power fluctuations of the wind generator subjected
to below-rated wind speed disturbances. Figure 8 shows a proposed UVPC control scheme (dotted
box) comprising pitch angle and voltage control loops. During the wind speed disturbances, the UVPC
voltage control loops especially AC voltage controller generate a proper quadratic current command
(I;) which decide the amount of reactive power to be compensated by STATCOM. Besides, the pitch
angle control loop of UVPC can smooth the active power of generator by controlling the mechanical
torque through suitable pitch angle generation.

In order to achieve the successful reduction in power fluctuations and voltage regulation, the pitch
angle and voltage controllers of UVPC need to be designed with an effective control technique.
However, while the STATCOM voltage control loops designed by using conventional PI controller
offered satisfactory performance, but in pitch angle control loop the PI controller design is not a
good choice since the controller is required to work under below-rated wind speed variations [25].
In this trend, an advanced type-2 fuzzy logic controller is the best choice than a traditional fuzzy logic
counterpart, since it can handle higher uncertainty levels to produce better performance than the
traditional fuzzy logic controller (type-1 FLC) [32]. The primary membership grade of a type-2 FLC is
a normal fuzzy set in [0, 1] and the secondary membership is a crisp number in [0, 1] [33]. The range of
uncertainty and secondary membership function are decided by the third dimension of type-2 fuzzy
sets and footprint-of-uncertainty (FOU), respectively. Thus, in the design of type-2 FLC, these features
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can offer additional degree-of-freedom to handle various uncertainties. The following subsections
discuss the designing part of the interval type-2 FLC for the pitch angle controller.

VPCC

P, Subplant-1 Subplant-2
(WECS) (VSC)
A
B Tm Ta
PWM current
Control

P REF

9CMD

Pitch angle control

Figure 8. Block diagram of the proposed UVPC.

5.1. A type-2 FLC Design Algorithm for Pitch Angle Controller

Figure 9 shows the steps involved in the type-2 FLC design algorithm.

Crisp IT-2 Fuzzy

X

inputs . input set: Inference
Fuzzifier ut s

Engine

Reduced set

|
|
|
|
|
|
4
H A,
|
|
|
|
1

1
1
1
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Type :
:
1
1
1
1
[]
1

Figure 9. Schematic diagram of type-2 FLC.

At first, with help of various membership functions the crisp input is converted to fuzzy
inputs using the type-2 membership functions of various system parameters so as to account for

the uncertainty involved in the expert knowledge. Then using logical operators, a set of fuzzy rules
have been framed to combine the fuzzy output sets into a single set under the inference mechanism.
Using type reduction operation the output of inference engine is converted to type-1 fuzzy set then the
crisp output is obtained from type reduced sets using various defuzzification methods as done in the
traditional fuzzy logic (type-1 FLC). To achieve the better smoothing in generator output power during
the below-rated wind speed disturbances, the pitch angle controller C(s) of the UVPC (see Figure 8)
is replaced with an interval type-2 fuzzy logic controller and the proposed structure is as shown in

Figure 10.
p + error e
- 5 @ » K, >
o +
. ce
PgF(QZEI\/'I:D Z ! Kd >

Type-2
FLC — K

Rule Base

Figure 10. Proposed structure of type-2 FLC based pitch angle controller.
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The controller gains K, and K are used as a scaling gains for input and K, for the output signals.
These scaling gains can be variables or constants, and during the FLC design these can play an
important role to achieve suitable steady-state and transient-state responses. In this work these gains
considered to be constant and chosen by a trial and error method as K, =1, K; = 100 and K;, =10.

5.1.1. Fuzzificztion

The difference between P, and P(glr{CEI\IjID goes through the Type-2 FLC as an error (¢) and change
in error (ce) signals which are fuzzified by employing seven triangular linguistic variables MFs.
The notation for the fuzzy sets is: Negative Large (NL), Negative Medium (NM), Negative Small (NS),
Zero (ZR), Positive Small (PS), Positive Medium (PM), and Positive Large (PL). The designed MFs of
type-2 FLCs are shown in Figure 11. The MFs are selected based on prior knowledge and observations
from the various simulation results. For all the inputs and outputs the universe of discourse is chosen
as[—1, +1].

1 NL NM NS ZR PS PM PL

Degree of membership

Error

Figure 11. Type-2 FLC designed membership function.

5.1.2. Fuzzy logic rules/Inference Engine

The major function in the inference engine is the rules’ implementation, aggregation and type
reduction. With help of the experts’ knowledge on the controllers, a control strategy framed as a set of
IF-THEN rules and is as:

If (e is x1) and (ce is y1) then (B¢ is w1)

Similarly, 49 rules have been defined for all input-output MFs as shown in Table 1. In the type-2
FLCs, the union and intersection functions are defined by join and meet operations to map the input
and output sets with fired rules. A detailed mathematical relation between the meet and join operations
is presented in [33]. During the aggregation operation, all the fired rules are converted to become a
single output fuzzy set. However, due to computational limitations the output of inference engine
cannot be converted directly to crisp value. Thus, type reduction (TR) method has been suggested in
the type-2 FLC system to obtain type-1 fuzzy sets from type-2 output fuzzy sets, and later the normal
defuzzification techniques can be applied. Height, center-of-sets, center-of-sums and modified-height
are the most accepted TR methods [34], in which centroids of the embedded type-2 sets are calculated.
In the present work ‘height’ TR method has been used for the calculation of the centroid of type-2
FLCs as it involves much lesser computations as compared to other methods [34].
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Table 1. Controller rules.

Error (¢)

Change in Error (ce) NL NM NS ZR PS PM PL
NL NL NL NL NL NM NS ZR

NM NL NL NL NL NS 7R PS

NS NL NL NM NM ZR PS PM

ZR NL NM NS ZR PS PM PL

PS NM NS ZR PM PM PL PL

PM NS ZR PS PM PL PL PL

PL ZR PS PM PL PL PL PL

5.1.3. Defuzzification

The common defuzzification methods used for the type-2 FLC are the first (or last) of maxima,
centroid-of-area and mean-of-max methods. In this study, centroid-of-area method has been utilized
which is the most reasonable and popular method among the others. The centroid of the type-2 fuzzy
set is the collection of centroids of all of its embedded sets. The defuzzification method converts the
output fuzzy to crisp value.

6. Results and Discussion

In order to observe the power smoothing and voltage regulation capability contributed by the
proposed UVPC, the test system employed is as shown in Figure 1. Figure 12 shows the employed
below-rated wind speed data for the simulation study. To evaluate the effectiveness of UVPC strategy
three cases have been considered as case 1: System without compensation (i.e., without STATCOM
and pitch angle controller), case 2: System with STATCOM, and case 3: System with STATCOM and
pitch angle control i.e., UVPC.

14
13.5
E 13
E
= 125
>
12
—Wind speed
115 , , , , ,
100 200 300 400 500 600

Time (sec)

Figure 12. Wind speed profile.

6.1. Case 1: System without Compensation

In this case, the wind power system without compensation (i.e., without STATCOM and pitch
angle control) has been considered and subjected to below-rated wind speed variations as shown
in Figure 12. The responses of the generator voltage, active power, and rotor speed are as shown in
Figure 13a—c.

Figure 13a represents the magnitude of the generator terminal voltage obtained without
STATCOM. 1t is clear that the generator voltage fluctuates significantly as there is no dynamic reactive
power compensation. This leads to voltage fluctuations at the PCC in a reasonable range resulting in
flicker problems. Therefore, it (voltage flicker) is a major limiting factor with the connection of the
wind turbines into weak grids, where the wind penetration level is very high.

Since there is no pitch angle generation without pitch angle controller which ensures no point
of limiting the rotor speed as shown in Figure 13c and the wind turbine operates with its maximum



Energies 2018, 11, 58 12 of 18

possible efficiency. As a result, the generator active power followed the wind speed disturbances and
exhibits huge fluctuations as shown Figure 13b. If a large number of wind farms were realized and

connected to power system networks leads to grid frequency problems.
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Figure 13. Dynamic response of the system without compensation subjected to below-rated wind

speed: (a) Generator terminal voltage; (b) Generator output power; (c) Generator rotor speed.

6.2. Case 2: System with STATCOM

In this case, the STATCOM is employed and connected to the PCC point where the studied

wind power system is integrated (see Figure 1). The dynamic responses of the system, subjected
to below-rated wind speed variations are as shown in Figure 14a—c. Since the STATCOM provides
dynamic reactive power compensation, the voltage fluctuations caused by the wind speed variations
were regulated as shown in Figure 14a. Thus, it mitigates the voltage flicker occurring in the wind

farm for a smooth grid interaction.
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Figure 14. Dynamic response of the system with STATCOM subjected to below-rated wind speed: (a)
Generator terminal voltage; (b) Generator output power; (c) STATCOM reactive power compensation.
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Although, the STATCOM improves the voltage fluctuations due to wind speed variations by
controlling the reactive power, it does not have any capability to control the active power. As a
result, the generator output power follows the wind speed variations since no pitch angle controller
was employed and exhibits fluctuations as shown in Figure 14b. Thus, the consequence of power
fluctuations leads to network frequency stability problems. Figure 14c shows the amount of reactive
power compensation provided by the STATCOM to regulate the generator voltage terminal.

6.3. Case 3: System with STATCOM and Pitch Angle Control (i.e., with UVPC)

In this case, a control strategy (UVPC) has been employed through which a simultaneous control
of STATCOM reactive current and pitch angle were achieved. In addition, to compensate the reactive
power required during wind speed disturbances, the proposed strategy can control the mechanical
torque by changing the rotor blade angle of the wind turbine leads to active power control. The
simulation results obtained with proposed UVPC are as shown in Figure 15a—d.

As discussed earlier, to smoothen the output power fluctuations under below-rated wind speed
conditions, first it is required to determine the output command power (ngfw) and thereafter,
fuzzy logic approach (type-2 FLC) has implemented. From Figure 15b, it is observed that the active
power output of the wind energy system follows the reference command power and real power
fluctuations are being smoothened out more effectively compared to the previous case (see Figure 14b).
The pitch angle profile generated by the pitch angle controller for output power smoothing is as
shown in Figure 15d. Figure 15a shows the generator voltage regulation achieved with STATCOM
reactive power control. The reactive power compensation provided by the STACOM is shown in
Figure 15c. By observing the results, it is clear that by employing UVPC strategy simultaneous control
of STATCOM and pitch angle control has been achieved which leads to reduction of the generator
voltage and active power fluctuations. Moreover, by employing this control strategy the maximum
amount of reactive power required for compensation using STATCOM is around 7.5 Mvar where as
only with STATCOM (case 2) the amount of reactive power required is around 10 Mvar (see Figure 14c).
Thus, for a given operating condition the proposed strategy can reduce the capacity of STATCOM.
This is an economical benefit.
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Figure 15. Dynamic response of the system with STATCOM and pitch angle control i.e., UVPC subjected
to below-rated wind speed: (a) Generator terminal voltage; (b) Generator output power; (c) STATCOM
reactive power compensation; (d) Pitch angle.
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6.4. Performance Indices

To estimate the performance of the proposed UVPC, the output power smoothing (Pgy01,) and
maximum energy (Wmax) functions are calculated as [23]:

T
AP, (t
Psyooth :/ gt( )’dt (16)
0
T
Whmax = /Pg(t)dt (17)
0

where, P, is the generated output power and T is the total simulation time. In (16), Pg is the
generated output power (P,) integration of absolute value for the differentiation. Thus, if P04, is
small in magnitude, it indicates that the generated output power fluctuations are smoothened-out more.

Figure 16a shows the output power comparison without UVPC i.e., without compensation (case 1)
and with UVPC (case 3). It is clearly noticeable from Figure 16a that real output power smoothing has
been achieved with the proposed UVPC strategy. Figure 16b shows that the power smoothing function
(performance index) obtained with and without UVPC. The proposed method has smaller magnitude
as compared to without UVPC throughout the wind speed pattern considered.

Using Equation (17), the maximum energy output of WES obtained over the wind speed
disturbance was also determined considering case 1 (without UVPC) and case 3(with UVPC) but one
at a time. The plot is as shown in Figure 16¢c. The maximum energy has been obtained without UVPC
as there is no pitch angle generation it remains fixed at zero degrees, but with UVPC there is a drop in
the output power due to pitch angle generation. However, the purpose of this work is to smooth the
output power and thus drop cannot be avoided.

2
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Figure 16. Performance comparison of system without UVPC and with UVPC: (a) Generator active
power; (b) Generator output power smoothing function; (¢) Maximum energy function.

Similarly, the voltage regulation function (performance index) for the wind generator can also be
expressed by Equation (18). The corresponding regulation function outcome, with and without UVPC
is as shown in Figure 17. It indicates that the voltage regulation function with UVPC possesses smaller
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magnitude compared to without UVPC throughout the simulation and hence, provides good constant
voltage magnitude:

T
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re =
¢ dt
0
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Figure 17. Generator terminal voltage regulation function.

7. Conclusions

In this paper, a unified voltage and pitch angle control (UVPC) strategy has been implemented
for a fixed speed wind farm. A novel pitch angle control approach has been incorporated which works
under below-rated wind speed. Moreover, an interval type-2 fuzzy logic technique has been employed
to design a pitch angle controller, as it is more suitable than traditional fuzzy logic counterparts.
Therefore, a new type of pitch angle controller and STATCOM termed as UVPC can smooth the
generator active power and regulate the voltage to a constant magnitude subject to below-rated wind
speed variations. The simulation results show the suitability of the proposed UVPC control scheme in
wind power system applications.

Like the effective output power smoothing achieved with the proposed UVPC scheme, if the
system frequency is affected by power fluctuations it can also controlled within an acceptable limit. It is
also noticed from the simulation results that by employing the pitch angle controller and STATCOM
(case 3), the maximum amount of reactive power required to regulate the generator voltage is around
7.5 Mvar, whereas only with STATCOM (case 2) the amount of reactive power required is around
10 Mvar. This reveals that with the pitch angle controller the capacity of the STATCOM can be
minimized. Moreover, if a power storage system is employed to minimize the power fluctuations
by including this type of pitch angle controller, then the size of the power storage capacity can be
minimized. Although, the drops in the output power due to this type of pitch angle controller cannot
be avoided, but if employed along with STATCOM, BESS, SMES and STATCOM with BESS/SMES it
can reduce the capacity of the these devices as an economical benefit.
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Appendix A

System Parameters

In this appendix, Table Al provides the simulation parameters of the NM64c/1500 type wind
turbine manufactured by Neg Micon (Mecklenburg-Vorpommern, Germany) and the generator
parameters in Table A2.
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Table Al. Commercial fixed speed wind turbine parameters [5].

Parameters Values
Rated power 1.5 MW
Rotor diameter 64 m
Number of blades 3
Cut-in wind speed (Vi) 4m/s
Cut-out wind speed (VR) 25m/s
Rated wind speed (Vyr) 14m/s
Generator SCIG

Table A2. SCIG generator parameters [35].

Parameters Values

Pratedr Vyated 1.5 MW, 0.69 kV
R, Ry 0.004843 p.u., 0.004377 p.u.
L, Ly 0.1248 p.u., 0.1791p.u.
L, H 6.77 p.u., 5.04 (s)
C 200 kVAR
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