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Abstract

Large scale wind turbines are subjected to fatigue, aerodynamics, structural flexibility and wind turbulence
which lead to uncertain behavior of the wind turbine. The uncertainties are due to differences between the
mathematical model and the actual dynamics of the system in operation and the worn and torn effects.
These elements are combinations of mass, stiffness, damping factors and moments of inertia of the rotor and
generator. The uncertainties or perturbations in the wind turbine are indicated by variations between +25%

of the nominal values of the elements of the system matrix. These uncertainties in the wind turbine are dealt
with the proposed robustly stabilizing controller in this paper. The stable (K, K;) regions of a Proportional-
Integral (PI) controller are chosen by the Kharitonov’s theorem based 16-plant model. It can be shown that
a simple PI controller can become robust by the correct selection of its parameters. The furnished results
validate the above statement.

Received on 28 May 2019; accepted on 15 October 2018; published on 16 October 2019
Keywords: Robust control, Kharitonov’s theorem, 16-plant theorem, PI controller, interval polynomial, interval plant

Copyright © 2019 N. V. A. Ravikumar, licensed to EAI. This is an open access article distributed under the terms
of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/), which permits unlimited

use, distribution and reproduction in any medium so long as the original work is properly cited.

doi:10.4108/eai.16-10-2019.160841

1. Introduction

The present scenario in the world of energy experiences
a rapid growth in wind energy that challenges the
research interests of the systems and control domain.
Various researchers have contributed in the field of
wind turbine control. The description on the basic
structure of wind turbines, the control loops and the
controllers, [1], elaborates on the blade pitch control
system. Additionally, the recent developments in the
design of advanced controllers for wind turbines and
wind farms were described. In [2], the statistical data
is presented which clearly indicates that the overall
installed capacity of wind power worldwide increased
from 296,581 MW in the year 2013 to 539,291 MW
by the end of year 2017. It was announced by World
Wind Energy Association on 25 February 2019, that
the overall capacity of all wind turbines installed
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worldwide by the end of 2018 reached 600 Gigawatt.
According to preliminary statistics, 53,900 Megawatt
were added in the year 2018, slightly more than in
2017 when 52,552 Megawatt were installed. 2018 was
the second year in a row with growing number of new
installations but at a lower rate of 9.8%, after 10.8%
growth in 2017. All wind turbines installed by end of
2018 can cover close to 6% of the global electricity
demand.

This large wind power capture obviously leads to
usage of large wind turbines. Large turbines have
high specifications and a particular modern wind
turbine may be designed to generate several MWs.
The large wind turbines come with high cost, requires
good maintenance, should withstand extreme weather
conditions, mainly wind speed variations. The need
for control of a wind turbine arises in medium and
high wind speeds. Wind turbines are available as
vertical-axis (VAWT) and horizontal-axis wind turbines
(HAWT). Due to the evident advantages of HAWT over
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Figure 1. A Horizontal Axis Wind Turbine - components [4]

VAWT as mentioned in [1; 3] the HAWT machine is
considered for study in this paper. Figure 1 shows the
components of the up-wind HAWT machine as taken
from [4]. The design of pitch control for variable speed
wind turbine is reviewed in [5]. The pitch control
primarily limits power in high winds.

In [6], the authors dealt with individual pitch control
to limit power in high winds, particularly for large
turbines. In [7], a power system stabilizer is proposed
that is designed according to Kharitonov’s extremal
gain margin theory in a simulated environment. It
stabilizes simultaneously limited number of extreme
plants, and the resulting controller is a low-order
phase-lead compensator, which is robust to the change
of operating points. The design of PI controller to
stabilize an interval plant family is discussed in [8],
wherein a complete characterization of all stabilizing PI
controller for an interval plant family is obtained. In [9],
a robust controller is designed for an uncertain model
that shows the design of H,controller, u-controller
and loop shaping controller. The robust control under
parametric uncertainty is overviewed in [10].

The potential threat to the stability and performance
under the influence of uncertainties on the wind
turbines gained prominence and is hence considered for
analysis in this paper. The Kharitonov based design of
PI controller [11] is a prominent design method, that
specifically models a 16-plant model from the given
interval plant. An acceptable stabilizing region for Kp
and Ki values along with its Kharitonov rectangles are
formulated using this method. A better insight into
Kharitonov based controller is provided by various
researchers in [12], about the 16-plant theorem in [13],
the design of robust PID controllers in [14], [15], [16],
[17] and [18].

2 EA
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Figure 2. Feedback control of interval plant p(s, a, b)

Improper control of wind turbines subjected to
uncertainties owing to its large size and cost may lead
to loss in reliability and economic aspects. Therefore,
the focus lays generally on the active control of larger
flexible wind turbines subjected to uncertainties, that
lead to reduction in the losses incurred economically
and structurally which sums up to costly compensation
which are quoted in [19]. The point of interest lies in
the design of a controller for an uncertain wind turbine
under the Kharitonov’s ploynomial environment to
regulate the generator speed via the control of blade
pitch angle j.

In [20], an uncertainty to the range of +20% is applied
on the same wind turbine that is considered for study
in this paper. This £20% uncertainty is applied on 15
elements of its system matrix with size 7x7 and a robust
Hoo-controller is designed for speed regulation of an
uncertain wind turbine. In this paper, it is found that
when the uncertainty is applied on 13 elements of the
system matrix, the range of uncertainty is increased
to +25%. A robustly stabilizing K, and K; values of a
Proportional-Integral controller is proposed for design
of a 16-plant model based on the Kharitonov’s theorem.

This paper is organized as follows: The introduction
to an uncertain wind turbine and control methodologies
were discussed in section 1. Section 2 discusses
the linearized uncertain wind turbine CART2 model,
section 3 covers the modelling of uncertain wind
turbine while section 4 shows insights into the
basics of Kharitonov’s theorem. Section 5 shows the
robust controller design using the 16-plant model
while section 6 furnishes the simulation results for
various scenarios encountered by the uncertain wind
turbine model. Finally the conclusions are made from
the obtained results for different uncertainties with
the Kharitonov’s rectangles, Kp and Ki acceptable
stabilizing regions and the control of generator speed.

2. A Linearized Uncertain Modelling of the CART2
Wind Turbine

A Controls Advanced Research Turbine (CART2)
developed in the National Wind Technology Center
(NWTC), a sub-centre of National Renewable Energy
Laboratory [21], Colorado is considered for study in this
paper. The CART2 is a 600 kW, 2-bladed horizontal
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axis wind turbine having the rotor collective blade pitch where x(t) is the state vector of length 7, x(¢) denotes
angle as the control input and the measured output the time derivative of x(t), C represents the output
variable is the generator speed. In [21; 22], there are vector to be measured/controlled, M is a 7x7 mass
reliable models of 1-state, 3-states, 5-states, 7-states and matrix, A is a 7x7 system matrix, B is the control input
9-states which consider the flexible bodies (blades, low  gain matrix. The rotor collective blade pitch angle, u(t)
speed shaft and tower) and the rigid bodies (earth, base  is considered as the principal control blade pitch angle

plate, nacelle, generator and hub) of the wind turbine. input, .

Upon inclusion of +25% uncertainty for the study in A seven-state linearized wind turbine model consid-
this paper the controllability and the observability of  ered from [22] is given by equation (2).

the uncertain wind turbine were preserved. Hence, in The seven states of the system considered in this
this paper, a robust controller is proposed to design for =~ model are: x;(t) is the rotor first symmetric flap mode
an uncertain 7-state interval model of the wind turbine.  displacement, x,(¢) is the rotor first symmetric flap

The block diagram of an uncertain interval plant model = mode velocity, x3(#) is the rotor rotational speed, x4(t)
of the wind turbine and the robust controller is shown is the drive train torsional spring force, xs5(t) is the
in Figure 2. generator rotational speed, x¢(t) is the tower first fore-
aft mode displacement and xy(t) is the tower first fore-
aft mode velocity. In addition,  represents the rotor
2.1. A Seven-State Linear Wind Turbine Model collective pitch angle and is the basic control input
considered in this paper. The constants M;;, K;;, C;;
The state space linearized model of a wind turbine with ~ represents the mass, stiffness and damping elements
7 states, a control input (u) and the measured control of the respective matrices (i, j = 1,2,...7), C represents

output (y) is expressed as the partial derivative of the rotor aerodynamic torque
with respect to . I,,; and Ig, represents the moment
Mx(t) = Ax(t) + Bu(t) of inertia of rotor and generator refspectlvely, K;and Cy4
(1)  represents the stiffness and damping factors.[22]
() = Cx(t)
1 1 0 0 0 0 017[x] [ O 1 0 0 0 0 0 J[x1] [O]
0 My My 0 0 0 Myf|x; -Ky1p -Cpp -Gy 0 0 -Kyz -Cy7||x2| |G
0 2Myy Ly 0 0 0 0 |fx3] |-2Kyg -2Cy4 y-C; -1 C; -Ky —Cy7f|x3 C
0 0 0 1 0 0 0 |lx]=| o0 0 K, 0 -K; 0 0 ||xs|+]|0]|p
0 0 0 0 Igy 0 0 |[xs 0 0 Cy 1 -C; 0 0 ||xs 0 (2)
0 0 o o0 o0 1 0 |[x6 0 0 0 0 0 0 1 Xg 0
0 2M;; 0 0 0 0 Myflx;] [-2K;y -2C;4 -Cup O 0 -Kyz -Cyp7llx7] 1G]

y:[O 0 0 0 1 0 0”x1 Xy X3 X4 X5 Xg x7]T

By rewriting equations (1) or (2) into the standard  Table 1. General specifications of the CART2 HAWT Machine.
state space form, we have

Specifications Type/Numerical Values
%(t) = (ML A)x(t) + (M B)u(t) 3) Horizontal axis
y(t) = Cx(t) Turbine type upw1r.1d rotor
) ) teetering hub
which can further be written as Full span

Power regulation

%(t) = Ax(t) + Bu(t) blade pitch control

- (4)
y(t) = Cx(t) Number of blades 2
_ ) B Rotor speed 42 rpm
where A= M 1A, B=M"'B,andC=C Rotor diameter 43.3m
Hub-height 36.3m

2.2. Open Loop Nominal Wind Turbine

The nominal values of the CART2’s state matrices
A and B are taken from [22]. The open loop poles
obtained from the eigen analysis of matrix A are: -  5.8673j and -0.12094, which implies there are three
0.039888 + 22.574j; -4.4422 + 13.508j; -0.11715 +  pole-pairs and an individual pole. The first and third

EAI Endorsed Transactions on
C /O 3 Energy Web
S 06 2019 - 10 2019 | Volume 6 | Issue 24 | e6



N. V. A. Ravikumar & G. Saraswathi

pole-pairs are lightly damped and represent the drive-
train torsion mode and the tower first fore-aft mode
respectively, the second pole-pair represents the rotor
first symmetry flap mode which is highly damped
whereas the generator speed is represented by the
last pole [22]. Speed regulation improves when the
generator pole moves farther away to the left from its
own open loop value and when damping is increased
to the lightly damped pole-pairs. The real part of the
first pole is very close to the origin and the slightest
of uncertainties in the system parameters will further
deteriorate the robust properties which are further
discussed in section 3. The general specifications of the
wind turbine are given in Table 1.

3. Modelling of Uncertain Wind Turbine

In real time systems, uncertainties are unavoidable,
particularly uncertainties are evident in the operation
and performance of a wind turbine. Classification of
uncertainties may be done based on (i) disturbances
due to wind speed variations, noise generated while
measurement of the generator speed w and (ii) dynamic
perturbations, that are incurred due to the differences
in the mathematical model and the actual dynamics of
the wind turbine in operation. Typically the dynamic
perturbations include the unmodelled high-frequency
dynamics, neglected non-linearities and variations in
the system parameters that are due to changes in
the environmental conditions, wear-and-tear factors
of the wind turbine in operation. The stability and
performance of any control system may be adversely
affected by these factors.

These dynamic perturbations which occur anywhere
in the wind turbine can be lumped into a single block
known as the perturbation block or the uncertainty
block represented by A, as shown in Figure 3. It is called
as uncertainty transfer function block A(s). The actual
dynamics of the wind turbine model with perturbations
Gpert(s) (the dotted block in Figure 3) is given by

Gpert(s) = Gwr(s) + Als) (5)

where, Gy 1(s) is the transfer function of the nominal
wind turbine, A(s) corresponds to the parameter
variations and is formulated as a diagonal matrix
having a certain specified structure [9], therefore it is
called "structured uncertainty" represented in the block
A given by

A= diag[éiai] (6)

where, i = 1,2,3,.....,13. since, in this analysis there
are 13 elements that were chosen to introduce +25%
uncertainty. Uncertainties are caused due to the changes
in the values of the elements of the system matrix
comprising of mass, damper, spring and inertias of

O EA

Gper(
A
(Uncertainty Matrix)
u, Ya
Gy
BladePitch, p (Nominal Model) Generator
4 Speed, @ >

Figure 3. Block diagram representation of an uncertain wind
turbine [20].

Kharitonov Rectangles for O<w<10
with 25% uncertainty

Im{jeo)

3
x10°

Re(jo)

Figure 4. Kharitonov's Rectangles and the zero exclusion
principle. Star sign in red color indicates origin.

rotor and generator. In [20], uncertainty was included
in 15 elements of the system matrix while in this
study, the uncertainties were included in 13 elements to
achieve +25% uncertainty. The nominal system matrix
is represented by Equation (3). Here, a,’s are considered
as the system elements of Equation (3) and ¢; are
the are relative changes in these parameters given by
0; <= 1. The perturbed wind turbine with structured
uncertainty is represented in a block diagram as shown
in figure 3. It is also assumed in this paper that the wind
turbine is being operated in the region 2 of the wind
speed profile, i.e., from 6 m/s to 11.6 m/s as indicated
in [21]. For this range of wind speeds, the blade pitch
angle is controlled to regulate the generator speed of a
+25% uncertain CART2 wind turbine.

4. Mathematical Preliminaries of Kharitonov's
Theorem Applied to Wind Turbine

Unlike the Routh-Hurwitz stability test that deals with
polynomials having fixed coefficients, the Kharitonov’s
theorem studies the stability of interval polynomials,
precisely having uncertain coefficients. The stability of
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polynomials are defined in three different ways: firstly,
the stability of a polynomial is determined by the left
half s-plane roots, secondly, the interval polynomial is
said to be robustly stable when all the roots of the given
family of polynomials lie in the left half of s-plane
and third, when there are restrictions on the settling
time, damping factor, etc on the given polynomial or
family of polynomials then the concept of D stability is
considered where D is a subset of the left half of s-plane
and all the roots of the given family of polynomials lie
within this sub-region. [11]

Def: Interval polynomial: A family of all polynomials
is called an interval polynomial given by

p(s) = ag +ars' + ars® + ...+ a,s" (7)

where Vi,a; € [l;,u;]and 0 ¢ [1,,, u,,].

here, I; and u; denotes the minimum and maximum
boundary values of the i*" coefficient and 0 & [1,,, u,,] says
that all the members of the interval polynomial are of
degree n.

There will be four different Kharitonov’s Polynomials
that are formed from the minimum and maximum
boundary values [11; 17] given by the following
equation

n
p(s,a) =) a7, af]s’ (8)
i=1
These four fixed polynomials are given by:

Ki(s) = ag + ays' +abs® + a}s® +ags* + azs® +afs® + ..

— t +.1 -2 -3 +.4 +5 -6
Ky(s) =ay +ajs +a,s” +a3s” +ays” +azs” +ags’ +...
K3(s) = af +ays' +ays® +ays® + afs* + ass® + ags® + ...

— = +.1 +.2 -3 -4 +5 +.6
Ky(s) =ay +ajs +a,s” +azs” +ays™ +ass” +ags” +...

9)

Theorem: Kharitonov’s Theorem: A family of interval
polynomial p(s,a) is said to be robustly stable if and
only if its four Kharitonov’s polynomials are stable. [11]
Lemma: The n'" order interval polynomial p(s,a) =

i (a7, a}]s' is robustly stable if and only if the following
gltrue. [11]

e For n = 3, K5(s) is stable.

e For n =4, K,(s) and K3(s) are stable.

e For n =5, K,(s), K3(s) and Ky(s) are stable.

e Forn > 6, K (s), Ky(s), K3(s) and Ky4(s) are stable.

4.1. Kharitonov's Polynomials of the wind turbine

The transfer function between the output (generator
speed, w) and the control input (blade pitch angle, f)

O EA

Acceptable Stabilizing Region of Kp and Ki values
with 25% uncertainty

0.5} ll
2ot lti -

-1.5¢

fe=]
T

Py

th
1

Figure 5. The acceptable stabilizing region when +25%
uncertainty is introduced into the wind turbine model

% MP <10 and Ts <10 secs
Kp - Ki Stable Region

0.05——

Figure 6. The sub-region of Kp and Ki within the acceptable
stabilizing region for +25% uncertainty to obtain peak overshoot
< 10 % and settling time < 10 secs

of the wind turbine is given by the following equation

N(s)

G(s) = D(s) (10)
where, N(s) and D(s) are the numerator and denomi-
nator polynomials of the transfer function of the wind
turbine with +25% uncertainty. Each of the numerator
and denominator polynomials yields four Kharitonov’s
polynomials. The coefficients associated with numera-
tor polynomial and denominator polynomials accord-
ing to Equation (9) are furnished in Tables 2 and 3
respectively. The nominal, minimum and maximum
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values of each of the coefficients for numerator and
denominator can be written following the equation (9).

4.2. Kharitonov's Rectangles
For a given family of polynomials represented by
n
equation (9) p(s,a) = ) [a;, a;r]si rewritten here for
i=1
convenience. At a given frequency w = wy, p(jwg,a)
which is a set of possible values obtained and the
boundaries of the set are given by the four fixed
Kharitonov’s polynomials K (s), K»(s), K5(s) and Ky(s).
As w is varied from 0 to wg in small steps, there
is a formation of a rectangle for every step variation
of wy. If the origin (0,0), lies within these family
of rectangles, then the given interval polynomials
are unstable, otherwise, it is stable. The family of
Kharitonov’s rectangles obtained for +25% uncertainty
for the 7-state wind turbine given by equation (2) is
shown in Figure 4. Here, according to zero exclusion
principle [11], the origin (0,0) is depicted in red color
to mark its positioning outside the rectangles .

5. Robust Controller Design using 16-Plant Model

In the design of controller for the interval system
having uncertain coefficients in both its numerator and
denominator as shown in equation below:

¥ [ e
(s.0,b) = &) _ 5 (11)
P& =D = =1
s+ ) [b7, b s
i=0

The assumed equation p(s,a,b) must be a strictly
proper. The control scheme is depicted in figure 2
It is required to design a controller C(s) that stabilizes
all the members of the interval polynomials belonging
to p(s,a,b). There are two different approaches
using Kharitonov’s theorem: 1. applying kharitonov’s
theorem to the closed loop denominator and 2. the
16-plant theorem. In this paper, the later method is
used wherein Kharitonov polynomials for numerator
and denominator are obtained, i.e., Ny(s), N»(s), N3(s)
and Ny(s) and Dy (s), D,(s), D3(s) and Dy(s) are obtained.
Hence, there will be 16 Kharitonov plants that are
defined by:
- Ni(s)
P = D,Gs)
where ij,i, € 1,2, 3,4. The numerator and denomina-
tor polynomials are obtained from the coefficients fur-
nished in the Tables 2 and 3 respectively. The nominal,
minimum and maximum values of coefficients of the
numerator and denominator polynomials are given in
Table 2 and Table 3 respectively.
The procedural steps for the design of a suitable
controller having acceptable ranges of its parameters

O EA

(12)

for all the 16-plants obtained from the Kharitonov’s
theorem:

* The associated 16 plants are calculated from
equation (12).

* A first order controller, i.e., a Proportional-
Integral (PI) controller given by C(s) = K, + % is
selected. where, K, and K; are the proportional
and integral gain constants.

* The Routh-Hurwitz table is utilized to obtain the
acceptable ranges of parameters for each member
of the 16-plants separately.

* Finally, the intersection of all these 16 inequalities
gives the range for acceptable parameters of the
controller C(s) that robustly stabilize the given
interval plant.

5.1. Acceptable regions for Kp and Ki values of the
controller

The wind turbine shown in equation (2) has one
input (blade pitch angle, f) and one output (generator
speed, w). The uncertainties in the wind turbine shows
deviations in the system response and hence, there is
need to design a stabilizing region of Kp and KI to
obtain a robust controller. For this, an interval model of
the wind turbine is obtained with a +25% uncertainty,
the system matrix of the state space model is given
by M~'A in equation 2. The acceptable region for the
Kp and Ki values of the proposed PI controller is
depicted in Figure 5. It is found that any combination
of Kp and Ki in this acceptable region will stabilize the
performance of the +25% uncertain wind turbine, i’e.,
rated speed of 42 rpm.

Furthermore, a sub-region is provided in Figure 6
which is a part within the acceptable Kp and Ki region
is obtained in order to achieve the peak overshoot < 10
% and settling time less than 10 seconds.

In order to analyse the frequency response of the
uncertain wind turbine, a region that provides 309
phase margin is obtained and is depicted in Figures 7
and 8.

In Figure 8 the intersection of all 16 inequalities is
magnified and shown in the orange shade of the plot
that gives the range for acceptable parameters of the
controller C(s) to provide 30° phase margin and 11 dB
gain margin after robustly stabilizing the given interval
plant.

The corner points within the acceptable regions
shown in Figures 5, 6 and 7 are selected and plotted
for understanding robust stability of the wind turbine
in the results section of this paper.
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Table 2. Coefficients associated with numerator polynomials.

Coefficient term st s3 52 st s0
Nominal, (d;) 1080 | 5418 | -2.61x10° 2.073%10° | —1.005 %107
Min, (a;) 1080 | 3046 | —2.611+10° | 1.105+10° | —1.039+107
Max, (a]) 1080 | 5793 | —2.601%10° | 2.203%10°> | —1.005%107
Table 3. Coefficients associated with denominator polynomials.
Coefficient term | s7 s® s st s 52 st s?
Nominal, (;) 1 [ 9.314 | 749.8 | 5113 | 1.292%10° | 1.977+10° | 3.57x10° 4.33+10°
Min, (a;) 1 9.31 | 749.8 | 5092 | 1.289%10° | 1.878+10> | 3.524%10° | 3.426+10°
Max, (a7) 1 | 9328 | 750.5 | 5136 | 1.296%10° | 2.062+10° | 3.623+10° | 5.2x410°
5 Region providing 30 degrees of phase margin 6. Results and discussions
T T T T T 1
E:Zzg After the introduction of uncertainties in the system
1or Plant3 matrix A, a maximum of 150 iterations are simulated
- E:zzt; to obtain the maximum amd minimum values of both
Plant6 numerator and denominator coefficients. A 4" order
ok Plant7 numerator and a 7" order denominators are formed.
2 E:Zztg The 4 Kharitonov’s polynomials for numerator and
A Plant10 denominator are obtained separately. The required 16
Plant11 Kharitonov plants are formed from these 8 (4 each for
A0F Plant12 . . .
Plant13 numerator and denominator) Kharitonov polynomials.
sl Plant14 The numerator, N;(s) and denominator, D;(s) where i =
_._E:gmg 1,2,3,4 for the CART2 HAWT model of the 7-state wind
20 . s s - . I turbine are obtained and are already given in Tables 2
3 2 1 0 1 2 3
Kp and 3.

Figure 7. The region that provides robust stability with atleast
30° phase marin within the acceptable stabilizing region when
+25% uncertainty is introduced into the wind turbine model

Region providing 30 degrees of phase margin

stable
--| regior of ----1- 1
Kp and Ki

Ki

__________________________________

Figure 8. The intersection of all the 16 - Kharitonov plants
provides the region of robust stability with atleast 30° phase
marin. Magnified view of Figure 7.

O EA

In the following subsections, the time and frequency
responses of the performance of +25% uncertain wind
turbine are discussed. A few combinations of Kp and
Ki are selected from the acceptable regions to study
the robust stability. Moreover, the desired time response
specifications and frequency response specifications are
also discussed.

6.1. Analysis of wind turbine performance in the
acceptable Kp and Ki region

In order to analyse the performance of the wind turbine,
i.e., the regulation of speed under uncertain conditions
of the wind turbine, the following are the combination
of values of Kp and Ki considered. They are as follows:
(i) Kp1 = -0.02 and Kil = -0.02 (ii) Kp2 = -0.02 and Ki2
=-0.2 (iii) Kp3 = -0.12 and Ki3 = -0.2 (iv) Kp4 = -0.12
and Ki4 =-1.5 (v) Kp5 =-0.43 and Ki5 =-0.02 (vi) Kp6
=-0.43 and Ki6 = -1.79 (vii) Kp7 = -0.6 and Ki7 = -0.02
(viii) Kp8 = -0.6 and Ki8 = -1.2.

The simulations of all the 16 plants with these
aforementioned eight selected combinations are made
to achieve the rated speed 42 rpm of the generator as
shown in Figure 9.

The basis for selection of points in the acceptable
stabilizing region are as follows: (a) Increasing value of
Kp (b) Two different values of Ki for the same value of
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Kp1 =-0.02 and Ki1 =-0.02 Kp2 =-0.02 and Ki2 = -0.2

S o S o —— T 7
e [FT T T i e SOHA- AR g -
E 7o ' ; s
0 & i i | i i i i 0 i i i i i
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120
(a) Time (seconds) (b) Time (seconds)
Kp3 =-0.12 and Ki3 = -0.2 Plant1 Kp4 =-0.12 and Kid = -1.5
T T ! T T T T Plant2 T T T T
A N T R N I — Plant3 | :
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Figure 9. The step responses of 16-Kharitonov plants representing the requlation of speed to 42 rpm by the eight selected points
considered for illustration. The points are taken from the Kp and Ki stabilizing region of Figure 5.

Kp (c) The combination of Kp and Ki values selected in
the far end of the acceptable stabilizing region of Figure
5.

It is evident from Figure 9 (a and b), that in (a)
with Kp(-0.02) and Ki(-0.02) the peak overshoot is less
when compared with (b) for higher value of Ki(-0.2).
The oscillations are increasing as Ki is increased in
the negative direction. Similar oscillations and rise in
peak overshoots are visible in the remaining 3 sets of
combinations in Figure 9 (¢ and d), Figure 9 (e and f)
and in Figure 9 (f and h). But, eventually it is evident
that the effects of +25% uncertainty are not causing
problems in the performance of the uncertain wind
turbine, which is regulation of speed to its rated speed
of 42 rpm.

Similarly, as Kp is increased in the negative
direction, the oscillations and the overshoots for all
the 16 Kharitonov’s plants are reduced. Eventually the
minimal time response specifications are achieved.

The frequency response analysis is also made for the
same sets of Kp and Ki values and are depicted in
Figure 10. The plots are depicted for the open loop
transfer function to study the closed loop stability of
the uncertain wind turbine. The plots are depicted for
all the 16 Kharitonov plants.

O EA

6.2. Analysis of wind turbine performance in the
sub-region of the acceptable Kp and Ki region to
achieve the desired time response specifications

In order to achieve a desired peak overshoot of < 10 %
and settling time of < 10 seconds after the regulation
of speed to rated 42 rpm under uncertain conditions of
the wind turbine, the following are the combination of
values of Kp and Ki considered from Figure 6. They are
as follows: (i) Kp1 =-0.11 and Kil =-0.02 (ii) Kp2 =-0.2
and Ki2 = -0.03 (iii) Kp3 = -0.3 and Ki3 = -0.1 (iv) Kp4
-0.4 and Ki4 = -0.14 (v) Kp5 = -0.5 and Ki5 = -0.15
vi) Kp6 = -0.5 and Ki6 = -0.2 (vii) Kp7 = -0.6 and Ki7
-0.12 (viii) Kp8 = -0.6 and Ki8 =-0.24 .

The simulations of all the 16 plants with these
aforementioned eight selected combinations are made
to achieve the rated speed 42 rpm of the generator as
shown in Figure 11.

It is evident from Figure 11 (a to h), that for all
these values of Kp and Ki, the desired peak overshoot
of < 10 % and settling time of < 10 seconds are
achieved. The speed is also regulated to the rated 42
rpm under uncertain conditions of the wind turbine.
Here again, the effects of +25% uncertainty are not
causing hindrances in the performance of the uncertain
wind turbine, which is regulation of speed to its rated
speed of 42 rpm.

II"II
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Figure 10. The frequency responses of 16-Kharitonov plants for selected points considered for illustration. The points are taken from
the Kp and Ki stabilizing region of Figure 5.
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Figure 11. The step responses of 16-Kharitonov plants representing the requlation of speed to 42 rpm with minimal peak overshoot
and settling times. The eight selected points are taken from the Kp and Ki stabilizing region of Figure 6
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Figure 12. The frequency responses of 16-Kharitonov plants with Kp and Ki values considered from Figure 6. From figures a to h all
the 16 Kharitonov plants achieved a minimum of 30° phase margin and atleast 11 dB gain margin.

It is clearly evident from Figure 11 that the oscil-
lations and the overshoots for all the 16 Kharitonov’s
plants are reduced. Eventually the minimal time re-
sponse specifications are achieved.

The frequency response analysis is also made for the

same sets of Kp and Ki values and are depicted in Figure
12.
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Figure 13. The frequency response plot wherein atleast 30°

phase marin is achieved for all 16 Kharitonov plants with Kp(-0.3)
and Ki(-0.7) - a point from Figure 8.
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Figure 14. The step response for all 16 Kharitonov plants with
Kp(-0.3) and Ki(-0.7).

6.3. Analysis of wind turbine performance in the
sub-region of the acceptable Kp and Ki region to
achieve the desired frequency response specifications

A controller can be designed to satisfy some perfomance
criterion as well. A certain level of gain and phase
margins are considered as the desired gain and phase
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margin. In this paper, 30° phase margin is desired
[11]. As shown in Figures 7 and 8, the Kp and Ki
values are considered within the shaded region of
Figure 8. The values are -0.3 and -0.05 respectively. A
minimum of 30° phase margin is achieved for all the
16 Kharitonov plants. Similarly, the frequency response
plot for all the 16 plants are shown in Figure 13 to
achieve the minimum stability phase margin of 30° and
gain margin of 11 dB. The step responses of the 16
plants are depicted in Figure 14 wherein the rated speed
of 42 rpm is achieved.

7. Conclusion

A robustly stabilizing region of K, and K; is proposed
by utilizing the Kharitonov theorem based 16-plant
interval model for a large scale uncertain wind turbine.
The uncertainty in the wind turbine is prominently
due to factors like neglecting non-linearties, unmod-
elled high frequency dynamics, differences in the math-
ematical model and the actual dynamics and FAST
(fatigue, aerodynamics, structural flexibility and wind
turbulence). In order to represent these uncertainties a
+25% uncertainty is introduced into the 13 elements
of the system matrix of the mathematical model of
the wind turbine. This method helps to choose the
values of K, and K; of a simple PI controller that per-
forms robustly. In this paper, the robust nature of the
proposed controller is tested by choosing the robustly
stabilizing regions of K, and K; in three different ways.
Firstly, the acceptable stabilizing region of K, and K;
for +25% uncertain wind turbine is obtained. Secondly,
the sub-region within the above mentioned region in
order to achieve a maximum of 10 % peak overshoot
and a maximum settling time of 10 secs is achieved.
Lastly, the stabilizing region wherein, atleast 300 phase
margin is achieved by all the 16 Kharitonov plants. The
simulated results validated the selection of acceptable
stable regions, in order to regulate the speed of the wind
turbine to its rated speed of 42 rpm. In this paper, the
wind speed is considered to be in the region 2 of the
wind profile, this factor is considered for future scope
wherein, the authors are in the process of selecting the
acceptable regions for wind speed variations acting as
external disturbance in their immediate work.
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