Vol. 31, No. 4 2016 27

Control Strategy to Maximize
Power Extraction in Wind Turbine

R. Saravanakumar, Debashisha Jena

National Institute of Technology Karnataka,
Surathkal, Mangalore-575025, India

ABSTRACT

This article deals with nonlinear control of variable speed wind
turbine (VSWT), where the dynamics of the wind turbine (WT) is
obtained from a single mass model. The main objective of this work
is to maximize the energy capture form the wind with reduced oscil-
lation on the drive train. The generator torque is considered as the
control input to the WT. In general the conventional control techniques
such as Aerodynamic Torque Feed-Forward (ATF) and Indirect Speed
Control (ISC) are unable to track the dynamic aspect of the WT. To
overcome the above drawbacks the nonlinear controllers such Sliding
Mode Controller (SMC) and SMC with integral action (ISMC) with
the estimation of effective wind speed are proposed. The Modified
Newton Raphson (MNR) is used to estimate the effective wind speed
from aero dynamic torque and rotor speed. The proposed controller is
tested with different wind profiles with the presence of disturbances
and model uncertainty. From the results the proposed controller was
found to be suitable in maintaining a trade-off between the maximum
energy capture and reduced transient on the drive train. Finally both
the controllers are validated by using FAST (Fatigue, Aerodynamics,
Structures, and Turbulence) WT simulator.

Keywords: Variable speed Wind turbine, Integral sliding mode control-
ler, Modified Newton Raphson, ATF and ISC.
INTRODUCTION

Because of the power crises and environmental issues, renewable
energy sources play a vital role in the world energy market. Among
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all renewable energy sources wind energy is one of the rapidly grow-
ing energy technologies having own benefits such as less pollution or
cleaner than fossil energy and thus more environmental friendly. In
recent years due to the advanced in drive technology and grid intercon-
nection control the production of wind power is increased. Generally
wind turbine (WT) has two different types i.e. fixed speed WT (FSWT)
and variable speed WT (VSWT). By comparing these two technologies
VSWT is more versatile then FSWT. The main advantages of VSWT
over FSWT are the reduction in mechanical stress and power fluctua-
tions [1-2]. In VSWT the operating regions are classified in to two major
categories i.e. below and above rated wind speed. At below rated wind
speed the main objective of the controller (i.e. torque control) is to op-
timize the wind energy capture by tracking the wind speed. At above
rated wind speed the major objective of the controller (i.e. pitch control)
is to maintain the rated power of the WT. For extracting the maximum
power at below rated wind speed the WT rotor speed should operate
at reference rotor speed which is derived from effective wind speed. In
practical point of view, an accurate measurement of wind speed is very
difficult. Wind speed is measured by the anemometer, which provides
5-10 % accuracy in wind velocity measurement. One of the best ways
to achieve the effective wind speed is to use different estimation algo-
rithms. In literature some of the authors have discussed the control of
WT with the assumption of measurement of effective wind speed. In
[3] a fuzzy controller used to maximize the power capture, improve the
efficiency, and the controller was found to be more robust to the wind
gust and oscillatory torque. In [4] control algorithm i.e. fuzzy logic
control (FLC) tracks the maximum power by controlling the WT rotor
speed without estimation the effective wind speed. Several literatures
have reported WT control with estimation of effective wind speed. In
[5] the rotor speed and aerodynamic torque are estimated by the input
and state based estimation with the known pitch angle, the effective
wind speed is calculated by the inversion of the static aerodynamic
model. In [6-8] Kalman filter (KF) is used to estimate rotor speed and
aerodynamic torque and finally the effective wind speed is calculated
using Newton Raphson. For the single mass model give in [6-7] and
two mass model given in [8], nonlinear controllers such as nonlinear
static state feedback linearization with estimator (NSSFE) and Non-
linear dynamic state feedback linearization with estimator (NDSFE)
are used to control the WT at below rated wind speed. For both the



EXPLORING THE VALUE OF
ELECTRICITY

R L0y

Intended for electric utility managers, directors, R&D and power
system planners, economists, energy engineers, electrical manufac-
turers, and others involved in the field, this first-of-its-kind book
provides an in-depth look at both the hard facts and some of the
falsehoods about measuring the value of electricity. Coalescing
the many wide ranging and disparate value estimates, it examines
how we might better quantify the significance of avenues by which
electricity plays a role in sustaining and improving the quality of
life - i.e., via warmth, illumination, transportation, motive power,
medical diagnostics, and life-prolonging treatments. The author elucidates the numerous approaches
to estimating value, including electricity’s contribution toward the U.S. gross domestic product, its
role in medicine, and its ability to power communications. Traditional measures such the cost of
outages, the impact of storms, the cost of restoring power systems after storms, the value of lost load
(VOLL), consumer willingness to pay to avoid outages, and consumer surveys are also discussed.

ISBN: 0-88173-748-8 —CONTENTS——

1- Introduction: Electricity Is Valuable! Blackouts to Estimate Value
6x9,254 pp., lllus., 2 - What If There Were No Electricity? 7 - Consumer Willingness to Pay
Hardcover 3 - Living Without Electricity 8- Other Methods to Estimate Value

4 - 2020 Without Electricity 9 - Enhancing the Value of Electricity

5- Electricity’s Value to Society 10 - Open Market Energy Consumer
$110 6- Using the Economic Impacts of 11 - Summary of the Value of Electricity

ORDER CODE: 0708

BOOK ORDERFORM — — — — — — — — — (— — — >3

@ Complete quantity and amount due for each book you wish to order:

Quantity Book Title Order Code Price Amount Due
Exploring the Value of Electricity 0708 $110.00

@ Indicate shipping address: CODE: Journal 2014 Applicable Discount

Georgia Residents
add 6% Sales Tax

Shipping $10 first book
$4 each additional book 10.00

SIGNATURE (Required to process order) EMAIL ADDRESS

NAME (Please print) BUSINESS PHONE

COMPANY MEMBER DISCOUNTS—A 15% discount is allowed to
AEE members (discounts cannot be combined).
STREET ADDRESS ONLY (No P.O. Box) O AEEMember (MemberNo._____ )
Send your order to:
CITY, STATE, ZIP INTERNET ORDERING
AEE BOOKS www.aeecenter.org/books
Llakelcheckpayallc PO. Box 1026 (use discount code)
in U.S. funds to: Lilburn, GA 30048
Select method of payment: AEE ENERGY BOOKS
U] CHECK ENCLOSED TO ORDER BY PHONE TO ORDER BY FAX
[J CHARGE TO MY CREDIT CARD Use your credit card and call: Complete and Fax to:
O VIsA [ MASTERCARD [0 AMERICAN EXPRESS (770) 925-9558 (770) 381-9865
| | | | | | | | | | | | | | | | | INTERNATIONAL ORDERS
CARD NO. Must be prepaid in U.S. dollars and must include an additional charge
of $10.00 per book plus 15% for shipping and handling by surface mail.
Expiration date Signature




GUIDE TO
ENERGY MANAGEMENT Guide to

8th Edition

Barney L. Capehart
Wayne C. Turner, and William ]. Kennedy

Completely revised and edited throughout, the latest edition of this best-
selling reference includes four new chapters covering electrical distribution
systems; motors and drives; building commissioning; and the impact of
human behavior on facility energy management. Also updated are chapters
on lighting, HVAC systems, web based building automation and control

systems, green buildings, and greenhouse gas management. Written by Bepeyf Copeir, S8
three of the most respected energy professionals in the industry, this book Willam J. Kennedy, Phi

examines the fundamental objectives of energy management, and illustrates
techniques and tools proven effective for achieving results. Guide to Energy
Management continues as one of the leading educational resources, both for individuals who are currently
active as an energy managers or energy professionals, as well as for those just entering the field. It is the most
widely used college and university textbook on the topic, as well as one of the most extensively used books
for professional development training in the field, with well over 17,000 energy professionals having used it
as a part of their training. Additional topics covered include energy auditing, energy bills, life cycle costing,
electrical distribution systems, boilers, steam distribution systems, control systems and computers, energy sys-
tems maintenance, insulation, compressed air, renewable energy sources and water management, distributed
generation and creating green buildings.

ISBN: 0-88173-765-8 —CONTENTS———
1 - Introduction to Energy Management; 2 — The Energy Audit Process: An Overview; 3 —
6x9,749 vp., Illus., Hardcover Understanding Energy Bills; 4 — Economic Analysis and Life Cycle Costing; 5 — Electrical

Distribution Systems; 6 — Lighting; 7 — Electric Motors and Drives; 8- Heating, Ventilating
and Air Conditioning; 9- Understanding and Managing Boilers; 10 — Steam Distribution

, Systems; 11 — Control Systems and Computers; 12 — Energy Systems Maintenance; 13 —
Non-Member Price: $145.00 Insulation; 14 — Compressed Air Systems and Process Energy Management; 15 — Renewable
Order Code: 0714 Energy Sources and Water Management; 16 — Distributed Generation; 17 — Web-Based Build-

ing Automation Controls and Energy Information Systems; 18 — Creating Green Buildings;
19 - Greenhouse Gas Emissions Management; 20 - Commissioning for New and Existing
Buildings; 21 - Human Behavior and Facility Energy Management; Appendix, Index

BOOK ORDERFORM — — — — — —— >0

@ Complete quantity and amount due for each book you wish to order:

Quantity Book Title Order Code Price Amount Due
GUIDE TO ENERGY MANAGEMENT, 8th Edition 0714 $145.00
@ Indicate shipping address: CODE: Journal 2016 Applicable Discount

Georgia Residents
add 6% Sales Tax

Shipping $10 first book
$4 each additional book 10.00

SIGNATURE (Required to process order) EMAIL ADDRESS

NAME (Please print) BUSINESS PHONE

COMPANY MEMBER DISCOUNTS—A 15% discount is allowed to
AEE members (discounts cannot be combined).
STREET ADDRESS ONLY (No P.O. Box) O AEE Member (MemberNo._______ )
Send your order to:
CITY, STATE, ZIP y INTERNET ORDERING
AEE BOOKS www.aeecenter.org/books
Make check payable RO, Box 1026 (use discount code)
in U.S. funds to: Lilburn, GA 30048
Select method of payment: AEE ENERGY BOOKS
L] CHECK ENCLOSED TO ORDER BY PHONE TO ORDER BY FAX
[J CHARGE TO MY CREDIT CARD Use your credit card and call: Complete and Fax to:
0 VISA 00 MASTERCARD [ AMERICAN EXPRESS (770) 925-9558 (770) 381-9865
| | | | | | | | | | | | | | | | | INTERNATIONAL ORDERS
CARD NO. Must be prepaid in U.S. dollars and must include an additional charge
of $10.00 per book plus 15% for shipping and handling by surface mail.
Expiration date Signature




Vol. 31, No. 4 2016 31

controllers the wind speed is estimated using Newton Raphson. In [9]
calculation of effective wind speed is achieved by the particle filter and
FLC is used to control the WT at below rated wind speed. In [10-12]
the SMC based controllers are applied to the WT without estimating
the effective wind speed. Authors in [10-11] discussed higher order
sliding mode control (HSMC) of WT at below and above rated speed
and it was found that HSMC is more robust with respect to parameter
uncertainty of the WT. In [12] conventional sliding mode controller
(SMC) based control with adaptive sliding gain is used to control the
WT where the sliding gain is varied by an adaptation algorithm.

AIM AND SCOPE

The objective of this work is to maximize the energy capture form
the wind with reduced oscillation in drive train by using the proposed
ISMC control. Modified Newton Rapshon (MNR) is used to estimate
the effective wind speed. A comparison of WT efficiency, with respect
to maximum power capture, reduced transient load on drive train is
done between the conventional controller and the proposed ISMC. The
results are validated for different wind speed profile. Finally the con-
troller performances were validated by FAST wind turbine simulator
developed by National Renewable Energy Laboratory (NREL).

WT MODEL

A WT is a device which converts the kinetic energy of the wind
in to electric energy. Simulation complexity of the WT purely depends
on the type of control objectives. In case of WT modelling complex
simulators are required to verify the dynamic response of multiple
components and aerodynamic loading. Generally dynamic loads and
interaction of large components are verified by the aero elastic simu-
lator. For designing a WT controller, instead of going with complex
simulator the design objective can be achieved by using simplified
mathematical model. In this work WT model is described by the set
of nonlinear ordinary differential equation with limited degree of free-
dom. This article describes the control law for a simplified mathemati-
cal model with the objective of optimal power capture at below rated
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wind speed and reduced oscillation of the drive train. The proposed
controller is tested with different wind profiles in the presence of model
uncertainty and disturbances.

Generally VSWT system consists of the following components i.e.
Aerodynamics, Drive trains, and Generator are shown in figure 1.

L — L

Wind Rotor Drive ¢
Speed Aerodynamics | (), frans | 0, Generator ~ ———
~ <
N

Figure 1. Schematic of WT.

Equation 1 gives the nonlinear expression for aerodynamic power
capture by the rotor

1
Fa =5 PR Cp(4, B0’ (1)

Where R is the radius, p is the air density, o is the rotor speed (rad/
sec), Cp is the power coefficient of the WT and v is the wind speed
(m/sec). From equation 1 aerodynamic power (P,) is directly propor-
tional to the cube of the wind speed. The power coefficient Cp, is the
function of blade pitch angle (f) and tip speed ratio (A) and is defined
as ratio between linear tip speed and wind speed.

1= o, R

()
v
Generally wind speed is stochastic nature with respect to time.
Because of this tip speed ratio gets affected which leads to the variation
in power coefficient. The relationship between aerodynamic torque (T)
and rotor speed with respect to aerodynamic power P, is given next
by equation 3.

P, =T, (3)

_L s 2
Ta_2p7ZR Cq(ﬂ’rﬂ)u (4)

where C,_ is the torque coefficient given as
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Cp(4,pP)
Co(hp) === ®)
Substituting equation (5) in equation (4) we get
T, = 1 wCr (4,8) 02 (6)

2 A

In the above equation the nonlinear term C, can be approximated by
the 5t order polynomial.

5
Colh)=Y b =ay+ o + Lay + Pag+ May + Lag 7)
-0
Where a,, to a; are the WT power coefficient.

The values of approximated coefficients are given in Table 1.
Figure 2 shows the C, versus A curve.

Table 1. Coefficients values

a;=0.1667 as=-0.01617
a;=-0.2558 a4+~0.00095
a>=0.115 as=-2.05x107

0 2 4 6 8 10 12 14
Lamda

Figure 2. C, vs A curve

Figure 3 shows the two mass model of the WT. Equation 8 rep-
resents dynamics of the rotor speed w, with rotor inertia J, driven by
the aerodynamic torque (T)).
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s

Figure 3. Two mass model of the WT.

J,o,=T,-1,,-K 0, (8)

Breaking torque acting on the rotor is low speed shaft torque (T},)
which can be derived by using stiffness and damping factor of the low
speed shaft given in equation (9).

Tls = Bls (91‘ _els)+Kls(wr _wls) (9)

Equation (10) represents dynamics of the generator speed w, with
generator inertia ], driven by the high speed shaft torque (T),,) and
braking electromagnetlc torque (T,,,).

J gy =Ty —K yoo, T, (10)

em

Gearbox ratio is defined as

T, 4]
n:ls:g

¢ les @y ( H )

Transforming the generator side dynamics into the low speed
shaft side we will get

2
ngJ g, =Ty —n,K,w, —n,T,, (12)

If a perfectly rigid low-speed shaft is assumed, the dynamics of
the rotor characteristics of a single mass WT model can be expressed
by a first order differential equation given as

er)rzTa—Tg—Ktwr (13)
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where
Jo=d,+nyd, (14)
K, =K, +nK, (15)
Te =ncT,, (16)

CONTROL OBJECTIVES

Generally WT is classified into two types i.e. fixed and variable
speed WT. Variable speed WT has more advanced and flexible opera-
tion than to fixed speed WT. Operating regions in variable speed WT
are divided in to three types. Figure 4 shows the various operating
region in variable speed WT.

A
Prared Aecrodynamic Power
5}
5
~
Wagou
IV cutin (W ated Wind speed
_ Region1 | Region2 Region 3 -
< > Pt L

Figure 4. Power operating region of WT.

Region 1 represents the wind speed below the cut in wind speed.
Region 2 represents the wind speed between cut in and cut out. In this
region the main objective is to maximize the energy capture from the
wind with reduced oscillation on the drive train. Region 3 describes
the wind speed above the cut out speed. In this region pitch controller
is used to maintain the WT at its rated power.

To achieve the above objective (Region 2) the blade pitch angle
(ﬁopt) and tip speed ratio ()\opt) are set to be its optimal value. In order
to achieve the optimal tip speed ratio the rotor speed must be adjusted
to the reference/optimal rotor speed (w,,,) by adjusting the control
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input i.e. generator torque (T,). Equation 17 defines the reference/
p g q ¢ Bq

optimal rotor speed (w,,,).
AV
wropl = ]’; (17)

Figure 5 shows the WT control scheme. From this figure it is clear
that WT has two control loops i.e. inner and outer loop. The inner
control loop consists of electrical generator with power converters. The
outer loop having the aero turbine control which gives the reference
to the inner loop is shown in Figure 5. In this article we made an as-
sumption that, the inner loop is well controlled.

Conventional controllers

The results of conventional controllers such as aerodynamic
torque [ATF] control and indirect speed control [ISC] are compared
in this work. The ATF control is adapted for single mass model. The
aerodynamic torque and rotor speed are estimated by the Kalman filter
[13]. In ISC WT is considered as locally stable in aerodynamic efficiency
curve around its equilibrium point [14].

The above conventional control techniques have three major
drawbacks. First the ATF control has a steady state error and a more
accurate value of w,, is needed. Second the ISC control made the as-
sumption to operate the WT its optimal efficiency curve but unfortu-
nately is not suitable for high wind speed turbulence and it introduces
power losses. Third both the controllers are not robust with respect to
disturbances. In order to overcome these drawbacks the FSMC control
with MNR estimator in the presence of disturbance and model uncer-
tainty are proposed.

Wind speed estimator

The aero dynamic torque is approximated with the 5t order
polynomial given in equation 7 and the corresponding rotor speed is
measurable. Estimation of effective wind speed depends on aerody-
namic torque and rotor speed with the pitch angle at optimal value,
as follows

F)=T, —% PR’ CPT(/DUZ (18)

The MNR algorithm is used to solve equation 18. This equation
has unique solution at below rated region. Then, with known wind
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speed v the optimal rotor speed w,,, is calculated by using equation

17.

rop

Sliding mode control (SMC)

To achieve the maximum power at below rated wind speed, slid-
ing mode based torque control is proposed in [12]. The main objective
of this controller is to track the reference rotor speed w,,; for maximum
power extraction. The WT single mass model can be rearranged and
is given by

o, =—T ——Ltw ——T (19)

For speed control a sliding surface is defined as
SO = 0,(1) = 0,y (1) (20)

The reference rotor speed w,,, was established in equation 17. Next
taking the time derivative of the equation 20 we get

S(t) = @,(t) = @, (1) (21)

By substituting @, in the above equation (21) we get

Szizg—ﬁw,—iT — (22)
JT JT JT ¢
In order to evaluate the stability of the SMC by using Lyapunov
candidate function we define

I .2
V== 23
5 (23)
Taking the time derivative of the above equation (23) we have
. . 1 K 1 .
V=8S=8—1 ——Lo ——1, -0,
[J, R S } 2
if Vis negative definite
<0 for S>0
Ly Ky g g 4507008 (25)
Jo T >0 for S <0
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Stability of the controller is achieved provided the torque control
satisfies equation (25). So

<1, -K,w,—J,0,, forS>0
Tg{ croe } (26)

>T, - K0, —J,0,, for $<0

Finally the torque control structure is given in equation 27 and
28

Ty =T1,- K0, —J 0, +Jksign(S) (27)
T, =T, - K0, —J0, +Jk tanh($ ) (28)

where k is the sliding gain, sign is signum function and ¢ thickness of
the boundary layer.

The major drawback in the signum function is it has discontinued
values between +1 and -1. Because of this it introduces a chattering
phenomenon. So the signum function is changed by a smooth func-
tion, i.e. saturation (sat) and hyperbolic tangent (tanh) with a bound-
ary layer (¢). Thus, the chattering phenomenon is eliminated by the
boundary layer. For robust control the boundary layer thickness is
small, but if it is too small it increases the chattering. In order to select
the boundary layer thickness it is necessary to know about the system
behaviour inside the boundary layer

Proposed sliding mode control with integral action
The conventional sliding mode control sliding surface generally

depends on error and derivative of the error signal is given in equation
29.

d n—1
S(t) = (/1 + EJ e(1) (29)

Where A is the positive constant and # is the order of the uncon-
trolled system.

To improve the sliding surface and overcome the steady state
error the integral action is included in the sliding surface. A sliding
surface is defined as
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n—-1 ©
d
S(t)—(/1+EJ e(+K, ! e(r)d (30)
where K; is the integral gain.

The order of the system n=1 then the sliding surface modified as

S(1) = e(1)+ J' e(1)dr (1)
0
The major objective of the controller is the tracking error e(t)
should converge to zero. The stability of the controller is determined
by using the Lyapunov candidate function is already defined in equa-
tion 41 with V(0)=0 and V(#)>0 for S = 0.
By taking the time derivative of the equation 32

S(0) = é(t) + K,e(t) (32)
.o Tk 1 .
V=8S=S—7 —“—“‘to ——T. — + Ke(t

|:Jf a Jt @, Jt g a)ref ze( ):| (33)

Generally the SMC have two parts i.e. equivalent control u,, and
switching control U,,. By combining this two control to minimize the
tracking error and satisfies the stability of the controller.

U@ =U,, +U,, (34)

The Switching control is defined in two ways

U, =k sign(%) (35)
or
U, =k tanh(%) (36)

Finally the torque control structure is given in equation 37.

T, =T, Ko, —J 0, +J ke(t) + J,ktanh[%) (37)
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RESULT AND DISCUSSION

Figure 6 shows the test wind profile of the WT. Generally wind
speed consists of two parts i.e. mean and turbulent component. From
this figure it is clear that wind speed having the data 10min and it is
applied to a WT. Figure 7 shows the rotor speed comparisons different
control strategy. From this figure it is clear that ISMC is almost track-
ing the reference rotor speed without any turbulence. Figure 8 shows
the generator torque comparison for different control strategy.

For better clarity of the control action all the controllers are evalu-
ated with different objectives such as,

e  Electrical and aero dynamic efficiency.

e  Control input is evaluated by its maximum value and standard
deviation (STD).

e  Control algorithm tested with added disturbance and model un-
certainty.

As shown in Table 2 SMC is having the highest value of electrical
and aero dynamic efficiency i.e. 91.10% and 93.23 %. This ensures the
maximum power capture among all other controllers. In comparison
to ISMC, SMC is better in capturing the more power. At the same
time it is having more transient load on drive train because the STD
of T, is also having the highest value i.e. 1.928 kNm. According to

8.

B /T 1 R

Wind speed (rad/sec)
—_—

65t L L
0 100 200 300 400 500 600
Time (sec)

Figure 6. Wind profile of mean 7 m/sec
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Figure 8. Generator torque comparison of different control strategy

the STD of T,, ISMC is lowest compared to the all the controllers i.e.
1.26 kNm which indicate less transient load on drive train. As both
the objectives cannot be achieved simultaneously a compromise has to
be made between them. So for good control a trade-off is to be main-
tained between the maximum power capture and oscillation in drive
train. Analysis of Table 2 gives a complete comparison on the results
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obtained for different controllers which clears that ISMC having almost
same electrical and aerodynamic efficiency (91.06% and 93.21 %) with
the SMC (i.e. 91.10% and 93.23 %). But at the same time ISMC hav-
ing lowest standard deviation of control input which ensures reduced
transient load on drive train. Analysis of Table 2 also gives that, ISMC
is having better performance in terms of relative variation in genera-
tor torque, compared with its counterpart i.e. SMC. The conventional
controllers ATF and ISC are found to be unsuitable in capturing the
maximum power and less oscillation on the drive train.

Table 2. Comparison of different control strategy

Control Strategy ATF | ISC | SMC | ISMC
STD(To)kNm 242 212 |1.9281.260
L]eie(%0) 89.43 | 89.37 | 91.10 | 91.06
L]aero(%o) 91.6 |91.56|93.23 | 93.21
Relative variation 7, (%) | 30.41 | 25.30 | 17.25 | 14.04

In order to analyse the robustness of the controllers a parameter
uncertainty is introduced in the WT system parameters i.e. turbine in-
ertia J, and turbine damping K,. The WT parameter is varied between
+30% of its nominal values. Table 3 gives the controller performance
with the presence of +30% parameter uncertainty. From this table it is
found that for the proposed ISMC the STD of T, is lowest i.e. 2.219
kNm with acceptable tracking error. For SMC the change in STD of
Tg varies with a higher margin i.e. in the interval [0 1.543] (3.471-
1.928=1.543 kNm) whereas for ISMC this margin comes in the interval
[0 1.193] (2.219-1.260=0.959 kNm). The electrical and aerodynamic
efficiency for both the SMC and ISMC are found to be almost same
but the percentage of the relative variation in the generated torque is
minimum for ISMC i.e. at 22.34%. This indicates that in the presence of
parameter uncertainty, for achieving the desired objective of maximum
power capture and less oscillation on the drive train, ISMC is more
robust than SMC.

Table 3. Different control strategy with +30% uncertainty

Control Strategy SMC | ISMC
STD(T)kNm 347112219
#elel Y0) 90.46 | 90.40
7]aem(%) 93.23 1 93.19
Relative variation 7y (%) 2026 | 22.34
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The adaptability of the controller is analysed with different mean
wind speed profiles at below rated wind speed. Table 4 and Table 5
shows the performance of all the controllers with a mean wind speed of
8 m/sec and 8.5 m/sec respectively. The results shown in Table 4 and
5 ensure the suitability of proposed ISMC among other conventional
linear and nonlinear controllers that achieves the similar performance
even though the mean wind speed changes. As predicted, the maxi-
mum generator torque increases with increase in mean wind speed
which indicates the increase in power capture.

Power spectral density (PSD) is used to make the frequency
analysis of the drive train torque. Figure 9 shows the PSD for different
controllers. From this figure it is clear that ISMC curve is completely
below the SMC cure so it gives the minimum excitation to the drive
train. A trade off should be made between the power capture and
smooth control action. From the analysis of results it is clear that SMC
and ISMC are having almost same power capture but stress on the
drive train is minimum in ISMC.

Table 4. Comparison of different control strategy with mean wind
speed of 8 m/sec

Control Strategy ATF | ISC | SMC | ISMC
STD(Ts)kNm 2.719 | 2.623 | 2.542 | 1.384
MAX(7T¢)kNm 67.18 | 67.12 | 67.04 | 67.72
Hele(%0) 89.42 | 89.39 |1 91.45 | 91.48
Haero(%0) 91.66 | 91.65 | 93.38 | 93.43
Relative variation 7, (%) | 30.71 | 28.31 | 15.65 | 13.54

Table 5. Comparison of different control strategy with mean wind
speed of 8.5 m/sec

Control Strategy ATF | ISC | SMC | ISMC
STD(7,)kNm 2.785 | 2.747 | 2.426 | 1.424
MAX(7)kNm 73.59 | 73.65 | 74.69 | 74.94
Hele(%0) 89.56 | 89.53 | 91.83 | 91.79
Haero(%0) 91.66 | 91.65|93.6 |93.58
Relative variation 7, (%) | 26.09 | 25.72 | 14.46 | 12.56




Vol. 31, No. 4 2016 45

140

—SMC
-~=ISMC

120

—_
<
<

Power/Frequency (dB/Hz)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Frequency (Hz)

Figure 9. Power spectral density of generator torque.

VERIFICATION AND VALIDATION USING FAST

FAST is an aero elastic WT simulator which is developed by
NREL. It can model both two and three blade horizontal axis wind
turbine (HAWT). This FAST code can predict both extreme and fatigue
loads. The tower and flexible blade are modeled by using the assumed
mode method. Other components are modeled as rigid bodies. An
advanced certified code is used in FAST to model the aerodynamic
behavior of the WT. WT loads are calculated by using BEM (Blade
Element Momentum) and multiple component of wind speed profile.
FAST code is approved by the Germanischer Lioyd (GL) WindEnergie
GmbH for calculating onshore WT loads for design and certification.
Due to the above advantages and exact nonlinear modeling of the WT,
the proposed controllers are validated by using FAST. In general three
blade turbine have 24 DOF (Degree of Freedom) to represent the wind
turbine dynamics. In this work 3 DOF is considered for WT i.e. vari-
able generator, rotor speed and blade teeter. FAST codes are interface
with S-function and implemented with Simulink model. FAST uses an
AeroDyn file as an input for aerodynamic part. AeroDyn file contains
aerodynamic analysis routine and it requires status of a WT from the
dynamic analysis routine and returns the aerodynamic loads for each
blade element to the dynamic routine. Wind profile acts as the input
file for AeroDyn. The wind input file is generated by using TurbSim
which is developed by the NREL.
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Figure 10 shows the rotor speed comparison for SMC and ISMC
using FAST simulator. Both SMC and ISMC are almost tracking the
reference rotor speed. Figure 11 shows the PSD for generator torque
which ensures, SMC having more variation compared to ISMC. Table
6 gives the performance of different control strategy for different mean
wind speed using FAST simulator. From this table it is found that
electrical and aerodynamic efficiency of both the controllers are almost
same at the same time in STD of generated torque in ISMC is always
less than SMC. So in ISMC the drive train oscillation is comparatively
less than SMC.
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Figure 10. Rotor speed comparison for SMC and ISMC using FAST simulator

140

------- sMC
——1ISMC
120
8
= 100
=
ér
5 80
E]
g
g 60
o
~ i
40} %\._.._._._
S S .
e O - |
1
20 _ ' '
0 05 1 15 2 25 3 35 4 45 5

Frequen.cy (Hz)

Figure 11. Power spectral density of generator torque for SMC and ISMC
using FAST.
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Table 6. Comparison of different control strategy with different mean wind
speed.

| Control Strategy 7 m/s 8m/s 8.5m/s

SMC |ISMC | SMC |ISMC | SMC |ISMC
STD(7g) kNm 1513 | 1094 |12.81 |[11.03 [12.69 | 11.36
MAX(7Ty) kNm 82.35 | 77.02 |92.19 |8556 |97.10 |102.55
STD(7}) kNm 36.34 | 2323 |3440 |2434 13026 |27.19
MAX(7is) KNm 194.59 | 129.24 | 226.67 | 141.24 | 204.04 | 175.64
Nete (%0) 77.64 |76.02 | 7576 | 7491 |75.84 |74.69
Haero (Vo) 91.11 [92.17 ]190.13 [92.76 |91.17 |92.76

CONCLUSION

This article deals with the objective of extracting maximum power
generation with minimum mechanical stress on the drive train in
VSWTs. Here SMC with integral action is proposed to ensure the above
objective and to impose an ideal feedback control solution despite of
model disturbance and uncertainty in the model parameters. The ex-
isting classical control techniques such as ATE, ISC, are also adapted
in this article. Existing controllers are having the drawbacks of steady
state tracking error, significance power loss and complex control law.
In this work, a proposed ISMC is used to extract the maximum power
capture at below rated wind speed where the wind speed is estimated
using MNR. Different wind speed profiles are tested for proposed as
well as existing controllers. From these results it is concluded that, the
proposed ISMC controller gives better efficiency and reduced oscilla-
tion in the drive train compared with existing controllers. Indeed, the
integral sliding-mode approach is used to minimize the tracking error
between the rotor speed and optimal rotor speed.

APPENDIX A- Model Data

Rotor Radius R = 21.65m

Air Density p = 1.29Kg/m3
Rotor Inertia J, = 3.25.10°Kg.m?
Generator Inertia J, = 34.4Kg.m?
Shaft damping coefficient K}, = 9500Nm /rad

Shaft stiffness coefficient B, = 2.691.10°Nm/rad



48

Distributed Generation and Alternative Energy Journal

Rotor friction coefficient K, = 27.36 Nm/rad/sec
Generator friction coefficient K = 0.2 Nm/rad/sec
Gear ratio ne = 43.165
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