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Abstract - Power optimization and control for grid-coupled
wind energy conversion systems (WECS) has caught a big
attention from early days. The methods widely used are
model based power optimization algorithms as the outer loop
and linear control methods in the inner loop. The method of
extremum seeking control is a non model based optimization
concept to extract maximum power from WECS in their
subrated region. Induction generators are used widely in
WECS since they are relatively inexpensive, robust and
require a little maintenance.. When operated using vector
control techniques fast dynamic response and accurate
torque control is obtained with the help of a matrix
converter. In this paper, inner loop nonlinear control based
on the principle of field oriented control (FOC) and feedback
linearization is used along with maximum power point
tracking (MPPT) in the outer loop. The proposed MPPT
method is Fractional Order Extremum Seeking Control
(FOESC).The convergence speed of FOESC is faster than the
Integer Order ESC. Simulation results are presented to show
the effectiveness of the proposed model.

Key Words: Non linear control systems, wind power
generation, power control, adaptive systems, fractional
order systems.

1. INTRODUCTION

A variable wind turbine (WT) generates power in subrated
and rated power regions. In the subrated region Fig.2.
region II , the maximum achievable turbine power is a
function of the turbine speed at any velocity. The maximum
power tracking algorithms developed in the recent are
model dependent. They have the drawback that the
controller needs to be redesigned for each wecs. A similar
system is presented in [1] where fuzzy control is used. It
works only for the specified fuzzy rules. Another method
based on the speed sensorless power signal feedback (PSF)
[2] uses lookup table values that are dependent on the
system model and parameter values. There is another
method of perturb and observe (P&O0) [3] is more accurate
but slow convergence. To overcome these difficulties, we
present fractional order extremum seeking (FOES)
algorithm which is non model based and with easily
tunable design parameters. The FOESC has many
advantages over ESC.A system with ESC is shown in [4]
which shows slow convergence. The convergence speed is
faster in FOESC hence transient response is improved.

The WECS uses Induction Generator (IG) which is relatively
inexpensive, robust and require a little maintenance. They
can respond relatively faster and more efficient to the
variable wind speed. The stator of the IG is connected to a
grid through a matrix converter (MC).The excitation or
reactive power control required is fed from the grid itself
by controlling the matrix converter. The stator frequency
and stator voltage is varied through the MC to control the
turbine speed. Inorder to implement field oriented control
(FOC) and to improve transient response and robustness,
an inner closed loop with a non linear controller is designed

Matrix Converter includes nine bidirectional switches
operating in 27 different combinations. MCs provide
bidirectional power flow, sinusoidal input/output currents,
and controllable input power factor. Due to the absence of
components with significant wear out characteristics (such
as electrolytic capacitors), MC can potentially be very
robust and reliable. The amount of space saved by an MC,
when compared with a conventional back-to-back
converter, has been estimated as a factor of three.
Therefore, due to its small size, in some applications, the
MC can be embedded in the machine.

2. WIND ENERGY CONVERSION SYSTEM

—

Output frequency = w, Sa - | Input frequency = w;

.

Wind turbine

Matrix converter

Fig-1: WECS including IG,MC,turbine,gearbox and grid
The wind power available on the blade impact area is
Py=1/2% AV, €Y)

Where A is the blade area, p is the density of air and Vj, is
wind speed
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Fig-2 : Power curve including four operating regions

The turbine power can be derived from the power
coefficient equation [4] is

((Vw/Rwy) —0.09) 3
exp(( Vw/Rwy) — 0.003) W

P.( V., wy) = 55.115 pA (2)

Where wy is the turbine speed.
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Fig-3 : Turbine power v/s turbine speed
Where P."the optimal turbine is power and C," is the
optimal power coefficient.

Fig.3. shows the turbine power is optimal at points different
for different wind speeds.

The WT shaft model is modeled as a spring damper.The
dynamic equations of turbine, shaft and gearbox are

do™~ -

9~ w,—w,/pn, ©7=0, - ©,/pn 3)
d

wWVe T 1/]e* (=T — T, Te=B(Vi, W)/ w; (4)

where w;, is the angular electrical frequency of the rotor of
IG, ©, is WT angular position, O, is the electrical angle of
the rotor of IG, p is the number of pole pairs of the IG, n is
the gearbox ratio, T; is the turbine torque generated by the
turbine power, T}, is the load torque created by the spring-
damper model of the shaft and ];is the turbine inertia
coefficient.

T, =K©6™ + B(w /pn)

t— Wr
where Kj is the stiffness coefficient of the spring and B is
the damping ratio. The generator rotor angular speed
equals w,./p

(5)

The block diagram of WECS is shown in fig.4.

Turbine and Gear Box

. PV, )
Y [cor, By =0, /pm]’ :

Induction Generator

Fig-4 : Block diagram of WECS

The electromagnetic torque generated by IG is

3 L .

Te=3py (ig Aq —iaAg) (6)
The state space dynamics of the WECS is

(:1;:( =—4dp i0(+ dq }\0( +a, Wy AB +CEZ 20 VOm (7)
d . . in®

Sip=—a0ig —a; w; )\a+a17\6+si U" Vom (8)
d .

dt )\(x =azlyg —ag )\ot — Wr }\B (9)
d .

EAB = a313 — dy }\B + Wy )\(x

(10)

d

T 6y = Wo (11)
4., = 3L i _PRs g~ _PBr . _Wr

ac’r T 24JLy (1[3 7\(1 ltxxB) nJ (S nJ [ Wi pn)

(12)

do”~ Wy

o = (we— o0 (13)
4w = - PVwwe)  Ks o~ B _Wr

a e Wit Je o Je (we pn (14)

Where w, and ©, are the stator or output electrical
frequency and stator electrical angle of the IG
Vom is the amplitude of the output voltage,

iq and ig are stator currents.
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Aq and Ag are rotor flux linkages, L, i s the mutual
inductance, Lg= Lig+L, is stator inductance, L.=L. + Ly, is

rotor inductance and 0 =1 — Ly,%/( Lg * L,).

3. OVERALL SYSTEM

MC GRID

GATE PULSES

PWM

TURBINE 16

Wy

CONTROLLER MODULATION

TURBINE POWER|

FLUX REFERENCE

Fig-5 : overal system including controller

The turbine power is measured from the equation(2) is
given to the outer loop controller that is FOESC which gives
an approximated value of the optimal turbine speed with
respect to Fig.2.It is then given to the inner loop nonlinear
control. The non linear control used here is feedback
linearization which performs FOC and avoids magnetic
saturation of the IG. It is a closed loop drives the turbine
speed to the optimal value found by the MPPT and drives
the rotor flux to the reference flux value given manually.
The conventional FOC control method with P&0O method is
shown in [5] and [6].The PI controller used causes high
response time and high overshooting if error is
unexpectedly very high. It is also difficult to design PI since
unpredictable variations in the machine parameters,
external load disturbance and non linear dynamics. The
other methods used for FOC concept are Fuzzy logic, gain
scheduled PI and relative gain array. The feedback
linearization gives a faster response and desired response
can be obtained by adjusting the feedback gains. The
controller gives stator frequency and stator voltage given to
modulation, the modulation and pulse generation for MC
can be referred from [4],[7] and [8] .The MC regulates the
stator electrical frequency to control the turbine speed. The
stator voltage amplitude can be maintained to regulate the
rotor flux. The turbine speed variation does not affect rotor
flux. Similarly the rotor flux reference can be varied even
independently of reference optimal speed found by the
MPPT. This is an improvement over FOC.

Remark1: The torque-speed characteristic of an induction
machine is normally quite steep in the neighborhood of
stator electrical frequency (synchronous speed) wy, and so
the electrical rotor speed w;, will be near the synchronous
speed. This means that changing the reference value of the
turbine speed w; which translates in variation of the
electrical rotor speed eventually results in changing the
stator electrical frequency [9]. Thus, by controlling the

stator electrical frequency, one can approximately control
the turbine speed or vice versa.

4. CONTROLLER DESIGN

Controller Wy = 1)

wy and ug
'

rof ! _ﬁ'um 137)
Wyt with v and vz
from (49)
! and (50)

______________________________________________

|r|_.||,\|._.|
_
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-
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Fig-6 : WECS with FOESC and inner loop nonlinear control.

Where xi(i:l to 9)~ [iou lB' )\OU }\B' eOl VOm,' Wo, GNJ Wt]T

When flux amplitude ’(Aa2+7\32), is regulated to a

constant reference value, and considering the fact that the
dynamics of w, are considerably slower than the electrical
dynamics, we can assume that the dynamics are linear, but
during flux transient, the system has nonlinear terms and it
is coupled. This method can be improved by achieving exact
input-output decoupling and linearization via a nonlinear
state feedback that is not more complex than the
conventional FOC [10].

From (2) and Fig.3, we know that the turbine speed
controls the power generation. In addition, we are
interested in decoupling the rotor flux and electromagnetic
torque to obtain the benefits of FOC. For these reasons, we
introduce turbine speed, y; =w;and flux amplitude, n; =
[A| 2, as measurable outputs. For future analysis, we
assume that the power coefficient and wind speed function
satisfy following assumption.

Assumption 1: The power coefficient C p (wy, V,,) and
wind speed function V,,(t) are bounded €3 functions with
bounded derivatives. Hence, the mechanical torque T; is a
bounded C3function with bounded derivatives.

Based on the selected outputs and having Assumption
1satisfied, we apply feedback linearization with the
following change of variables to WECS dynamics:

y1=%1() = w (15)

T
Y2 = L' Wi (x) = —a9(Xq — ﬁ) — agXg — f (16)
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y3 = Le 2 W (x) = bgg+ by _Lf W (x) + byxg +
Ty Tt

37, v 17
Va= Lbf Y (x) =by Le? W1 (x) +bs L W3 (X) + bexg —
T
:(;xa Aq = x7 (b; W,(x) + bg L W, (x)) + b9]—tt+
bygt— - (18)
Jt Jt
M= Y (x) =x3 2+ x, 2 (19)
Ny = LW, (X) = 2a384 - 2a, W, (%) (20)
Nz = L2 W,(x) =byp W, (X) — byy LW (x) +
byzx7( Le 2 ¥;(x) — by L ¥ (%)
— bty — by 1 42 0%, + 2y 2 (21)
A = x8 (22)
o= arctan(i—‘*) (23)
3
Where §q = X1 X3 + XX4 §q = X2 X3 X1 X4 ig =
> +ig2and
Ad] _[cosxs  sinxs][X3
[ ] - [—sinxs cosxs] [x4] (24)

The change of variables results in the following equations,

Y2 =Y1 (25)

Y3 = Y2 (26)

Va=Y3 (27)
bo Ag _ boag

= G+ S X6 Uy Lo %2

(28)

N2 = Mg (29)

N3 = T (30)
2a 2ag )

3= Go+ L: Xe U — L:cq up (31)

A y2 3 o _ Tt

A a9 ag aglt (32)

; Ty | T

(D=Wr+ _b1YZ_b2A_b3f+I) (33)

Where u, isthe stator electrical frequency wo and

u, is the voltage amplitude rate. (32) and (33) are zero
dynamics of the system

agb box
_6A 076 a4 )\q+

b
Gy = by ys+bsys _Yzi_ 29 (a3ld

X7 Ag) = X7(b7 1y + bg1n2) — X7(b7 r12 + bg 13)

—Delty py eyt Tt (34)
G, = — byynz+byn, + b13X'7Eq +Dby3 %7 (ya —

by y3 — baxg — b3 4+ _) +4 as?(a;8q — aols —

i) + X (@ ek~ Aq) (35)
Where
B ] g [ 1y 6)
Defining control signals as

vi- Gy
X ul] Ls o[ cos(® —6,) sin(d—6,) ] tio (37)
—sin(® — 6,y) cos(® — Oy)] [¥2=62
2a;3

Applying another step of change of variables
2= [y1 = Wrers Y20 Y3, Yal' (38)
{=[n1— (Alrep? mz, msl” (39)
Z, = 74 (40)
Z3 = I (41)
Zy = Z3 (42)
Vi = Z4 (43)
(2 = Z& (44)
€ zz (45)
V2= G (46)
L (47)
b =w, + onl(23—b122—b2A b3—+— (48)
Linear state feedback,
v, = —z;kl' — z,k2" — z5k3' — z,k4’ (49)
v, = — (k1" — k2" — (k3" (50)

By appropriate selection of the feedback gains in (49) and
(50) and using (37), we can obtain the desired closed-loop
response time. The controller drives the turbine speed w,
towards the reference value wy..s found by MPPT while
amplitude of rotor flux Ahas converged to its desired
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value |A|¢r.The values of a; and b; values are given in
appendix.

5. MPPT Using FOESC

Assumption 2: The following holds for the turbine power
map around its MPP for V cut-in <V w <V rated (see Fig. 3)
where wy * is the optimal turbine speed

Pt (Vw,wi) N _
L) (v ) = 0 (51)
Lapt(VWth) (Wt *) < O (52)

Bwt 6wt
Where w; * is the optimal turbine speed

ESC is a branch of adaptive control. The ES scheme
estimates the gradient of the cost function P;, by injecting a
small perturbation, a sin(Qt), which is very slow with
respect to the dynamics of the controller system and its
amplitude is enough small in comparison with w. The
high-pass filter removes the dc part of the signal. The
multiplication of the resulting signal by sin(Qt) creates an
estimate of the gradient of the cost function, which is
smoothed using a low-pass filter. When wy is larger than its
optimal value, the estimate of the gradient g”,is negative
and causes w; to decrease. On the other hand, when wy is
smaller than w,*, then g > 0, which increases w, the
toward wy .

In general,

M
A4+ h

asin

S1i1 (Ot

Fig-7 : The FOESC in a general case
The plant dynamics can be written as
y=f"+f"(6(t) -0") (53)
Considering cost function f to be minimized and assuming
f” is positive,
The error,

(54)

O(t) — 6 = 6" (t) + asin (wt)—O" = asin (wt)—O~(t)
(55)

Substituting in (53)

2¢l1 s
y=f+ 2y % 0~2 — af” O~ sin(wt) +
261
af cos(2wt) (56)

4

The quadratic terms can be neglected

The high pass filter eliminates the dc components and the
output obtained is

s [y] = - af"©" sin(wt) + ﬂcos(2wt) (57)
s9+h y 4

. sd 58
£= sin (wt) =—[y] (58)
£E= _ajf” 0" + az:” O~ cos(2wt)

2¢l1
+ 2 (sin (wt) - sin (3w1)) (59)

The integrator attenuates the high frequency terms.
Taking derivative D9 of eqn (54) gives

DIO~ =-D16" (60)
Also
£=D16" (61)

a2l

s907(s) = 22T 97(s) (62)

4

It is clear that the rate of error convergence depends on
integral gain k, perturbing signal amplitude a and
perturbing frequency 1/ w when taking time scale T=wt.

dd . -ka?f .
— O = )

dT 4w

(63)

The stability of FOESC based on averaging and jacobian can
be referred from [11]

The averaged linearized model of the FOESC in fig.7. can be
obtained from [12] is given as,

o)

o~ _ AA% +2h A +h? + w?)
0" (A3 + (2h +ka2) A2 + (h2+ w2 + kaZh) A + ka2w?)

(64)

Where A = s

The convergence of the FOESC can be verified by checking
the boundary stability of the root locus of integer order
IOESC and fractional order FOESC of the general system in
fig.8.
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Fig-8 : .rootlocus of IOESC and FOESC

It can be seen that the stability boundary is increased for
FOESC. The stability boundary condition is Arg(eig(A)) > %

where A is the state space matrix of the eqn (64).In the
fig.8, the eigen values of the IOESC system is near the
imaginary axis hence it has slowly damped poles but the
eigen values of FOESC system is not close to the stability
boundary of the system hence they can be damped faster.
The conditions for choosing parameters for the system
given in fig.6 are as follows.

According to eqn (63) , the convergence speed depends on
the order(a?) hence a should be sufficiently small. But a
higher value of a causes residual error and a very lower
value causes not to attain global stability. Perturbation
signal frequency w can be chosen sufficiently large. Since
integral gain k is the learning rate, it must be higher than
the period of perturbation w>>k so that it converges faster.
The value of high pass filter frequency can be chosen to
eliminate dc component can be a lower value. Similarly the
value of low pass filter frequency is chosen so that avoiding
high frequency terms for the averaging of integral.

The order of the FOESC q must be chosen carefully because
lower the order, the limiting (boundary) value of gain
increases which affects the convergence. Hence a quadratic
error term between turbine power after the FOESC and
directly measured power is taken and plotted for different

values of fractional order (0.3 to 1.3).The optimal fractional
order can be obtained corresponding to minimum error.
]q = ZE:O(P(kA)tfoesc - (P(kA)tm)z (65)

N is the width of the working time window and A is the time
sampling rate
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h W i [ I I I ] ]
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Fig-9 : Quadratic error v/s fractional order

6. SIMULATION RESULT

Control signals are designed such that the poles of z-error
subsystem (40)-(43) and C-error subsystems (44)-(46)
move to P z = [-550 - 600 - 650 - 700] and P ¢ = [-570
-620 -670], respectively. The response time of the closed-
loop system is about 20 ms, which is 25 times faster than
the open-loop system. We select the parameters of the
FOES loop of fig 6 as follows: W = 100 rad/s, Q; = 6 rad/s,
Qp =5 rad/s, a=0.1 and k = 0.004.The optimal value of
order q is found to be 0.8 from the fig.9. The wind speed
tracking of IOESC and FOESC is shown in fig 10 for a wind
speed of Gaussian signal 20m/s avg

FOESC

n
|0ESC

Fig-10 : wind speed tracking of IOESC and FOESC of the
proposed system
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The power tracking can be found more in FOESC in fig 11

FOESC

i | lL |
(‘ M H* M “"'»‘r'u,.m lh“‘www W”)’

10ESC

|
\‘m\ v'l” ] ;»"Jn J\( }" M |

Fig-11: power tracking for a wind speed of 20m/s

y\

‘“‘ Magid

)M‘\ J '“, A
9

The power tracked by the FOESC is found more than IOESC.
Thus FOESC is more efficient for maximum power tracking.
The efficiency and improvement of transient response
when including inner non linear controller can be verified
fom [4].

7. CONCLUSION

The system employed FOESC to extract maximum power
from the available wind power. The design employed an
inner loop non linear controller based on FOC and feedback
linearization to control the closed loop transient response
with respect to the optimal turbine speed tracked by
FOESC. It provides perfect input output decoupling and
better than conventional FOC which increases performance
robustness with respect to system parameters. Also the
control strategy prevents magnetic saturation of the IG. The
optimization algorithm can readily be extended to other
classes of WECS without major changes. The main
parameters to be adjusted are probing frequency and
amplitude of the perturbing signal. A comparison is done
with IOESC and FOESC is found better tracking of optimal
turbine speed and power. It results in higher efficiency and
since the WECS runs for a long period of time, a small
improvement in power efficiency guarantees extracting a
higher energy level and leads to cost reduction.

APPENDIX
TABLE-1 : Definition of Parameters and Their Numerical
Values
Blade length R 10m
Blade pitch angle 0
Air density p 1.25Kg/ m 3
Turbine inertia J, 100 Kgm 2
Gear box ratio 20

Stiffnes coefficient Ks 2*1076 Nm/rad
Damping coefficient B 5*10”5 Nm/rad/s
No of pole pairs of SCIG 2
Stator leakage inductance 3.2mH
Lls
Rotor leakage inductance 3.2 mH
I-'lr
Magnetizing inductance 143.36 mH
Lin
Moment of inertia of SCIG] | 11.06 Kgm ?
Stator resistance Ry 0.262 Q
Rotor resistance R, 0.187 Q

TABLE -2 : Constant Parameters

an azaz + s/ (oLs) [ agag (pre)

] gy t agfog + |.-T.,-" (prt) — ag

sz Lo (oL L) bo w;‘E..'"J..'n

ag L By /Ly by ag/ag + ay/ (pr)

g Ry j L ts i 23] [ ¥}

a5 Apt Lon /(20 L20) by aol + aqby — b3 /ag

g pf\.'_..-"l"...f.lrj by anba + agbo asha fag

ar pB/(Jn) b7 azby + asbgfaz

g K/ Sy g o/ (2a3)

rie} B/.J; by apbs + aybs ba fog

biya e i3 200y 20—.: big b [ty €Iy

biz 2az /by b1t ag + 3ag
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