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Abstract: A robust integral backstepping controller is designed in this paper in order to control
a new structure of twin wind turbines. The novelty of this concept is the free motion of the
arms carrying the two turbines. In order to initiate a yaw rotation, the pitch blades angles are
modified to create a difference between the drag forces of the two rotors. The controller aims
at maximizing the electrical power by an optimal orientation of the structure. A strategy based

on backstepping approach is proposed.
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1. INTRODUCTION

The wind variations (speed, direction) and the uncer-
tainties of the turbine modeling are the main reasons to
design robust controllers for such systems. A non-efficient
controller, which would be too much impacted by these
disturbances or uncertainties, would induce a reduced level
of energy production, that is not acceptable.

Several control strategies have been developed to improve
the power production, alleviate the fatigue loads and re-
duce the cost maintenance. The control of the wind tur-
bine, especially at below rated wind speed, aims to reach
high efficiency by controlling the rotor speed in order to
get a large value of the power coefficient [Beltran et al.
(2009)]-[Jafarnejadsani et al. (2013)].

Indeed, as previously suggested, this efficiency is affected
by the variation of wind direction. The most part of wind
turbines are equipped with a rotation system in nacelle
(actuator) to suppress the misalignment with the wind
direction [Shariatpanah et al. (2013)]. However, this tech-
nology makes a huge nacelle system which increase the
installation cost.

In this work, an integral backstepping controller is de-
signed to control an original new structure of twin wind
turbines patented by [Herskovits et al. (2014)]. The main
feature of this concept is the free rotation of the arm, which
carries the two identical wind turbines. It means that no
additional yaw drive motor is required to rotate the entire
structure face the wind.

With a variation of the pitch angles of the two wind
turbines blades, around an optimal value, a difference of
the aerodynamic coefficients (i.e. drag force) is created
between the two rotors. Therefore, this difference is used
to unbalance the yaw trim. The difficulty of the SEREO
system is that there is no additional yaw system (motor
drive), which is the novelty of this structure. Then, it is

* This work is supported by EU-METALIC II Program.

necessary to design an appropriate control strategy for
the SEREO structure without yaw actuation in order to
optimize the output power.

The main contributions of this work consist in designing
the nonlinear robust control applied to SEREO structure.
For the control part, the rotor speed of the two wind
turbines is controlled by adjusting the generator torque,
while the yaw rotation is controlled thanks to the pitch
angles variation (drag force difference).

The rest of this work is organized as follows. In Sec-
tion II, the nonlinear model of the TWT including the
aerodynamic model, yaw dynamics and the model of the
permanent magnet synchronous generator, is introduced.
Problem formulation and control strategy are described
in Section III. Then, simulation results are presented in
Section IV.

2. MODELING OF THE SEREO STRUCTURE

The new structure of twin wind turbines [Herskovits et al.
(2014)] is presented in Figure 1. The free rotation of the
arms, which are carrying the two turbines, is the main
novelty of this structure. It means that the two wind
turbines can be face the wind without using a motor actu-
ator, in contrast to standard wind turbines, which need an
actuator to rotate the nacelle system [Shariatpanah et al.
(2013)]-[Mesemanolis and Mademlis (2014)].

The control of such SEREO structure, which is displayed
in the next section, must guarantee an optimal energy
through the right orientation of the entire structure.

In this section, a full model of the SEREO structure
[Guenoune et al. (2016)] is detailed and composed of the
aerodynamic model, pitch angle dynamics, yaw dynamics,
and angular velocities dynamics of the generators.
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Fig. 1. SEREO structure [Herskovits et al. (2014)] com-
posed of twin wind turbines.

2.1 Aerodynamic and mechanical model

Figure 2 shows a simplified scheme of the SEREO struc-
ture, viewed from the Top. In the rest of the paper, the
turbines are denoted with an index ¢, such that ¢ € {1, 2},
which gives Turbine 1 and Turbine 2. From Figure 2, ¢
(resp. «) is the orientation of the full system with respect
to the True North (resp. the angle between the True North
and the wind direction).

‘Wind Direction

i

{ True North
- {
|

‘Wind Turbine 2

Fig. 2. Simplified model of the SEREO structure (view
from the top) [Guenoune et al. (2016)]

The mechanical power P,; captured by the turbine i, the
aerodynamic torque I'y; and the drag force Fy; are given
by [Munteanu et al. (2008)]-[Jafarnejadsani et al. (2013)]

FPoi = % Cp,i(Nis Bi) pm R (V cos(y) — a))?
Lo = %M pm R (Veos(p —a))® (1)

Fy = % Ca,i(Nis Bi) pm R* (V cos(ih — a))?

with R the radius of the wind turbines blades, p the
air density, V' the wind velocity, 5; the pitch angle of
the blades, and \; the tip-speed ratio (TSR). This latter
parameter is defined as

Q;
Ni=——"—"—"—R
V cos(y) — ) )
The power coefficient C},; depends on the TSR and the
pitch angle [Uehara et al. (2011)], and reads as

Cpi(Niy Bi) = 0.22(116a— 0.4 3; — 5) e~ 12%%  (3)
with
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The characteristics Cp; — A; for different values of pitch
angle is displayed in Figure 3. It can be observed that
there is a single pair ()\;, ;) for which the power coefficient
has a maximum value denoted C}"/*. The control must
force the two turbines to follow C]'** to produce the
maximal power, by varying the anguﬁir velocities in order
to maintain the system at the optimum speed ratio A" !
[Uehara et al. (2011)]-[Beltran et al. (2009)].

The black bold curve (AB) (Figure 3) corresponds to the
maximal power coefficient with respect to the value A; and
Bi. Along this curve, by applying the MPPT (Maximum
Point Power Tracking) strategy, the turbines operate in
high efficiency. Finally, this curve allows to link A; and
an optimal pitch angle 377 * which corresponds to optimal
value of Cp ;: in this case, for each value of \;, 3; has an
optimal value denoted ;"

In contrast to [Uehara et al. (2011)], in which the optimal
pitch angle is taken constant (5°P" = 2°), the optimal value
of pitch angle is given here by a function of \; [Tang et al.
(2011)]

BOPE = 0.0219 X% — 0.2810 A3 + 0.4421 A2 (4)
+11.8415 A; — 7.9378

The drag coefficient Cy; [Georg. et al. (2012)] is a
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Fig. 3. Power coefficient C), ; versus the tip-speed ratio A;,
for different values of pitch angle ;.

nonlinear function of the TSR and the pitch angle. A least
squares polynomial interpolation method allows to get an
expression of Cy; that reads as

Cai(Ni, Bi) = ap+ a1 N +ag A} +az A}

A (5)
+ (bo + b1 Xi + b2 XY 4+ b3 AY) -

B;
with ap = 0.25382, a; = —0.1369, ay = 0.04345, a3 =
—0.00263, bg = —0.008608, b1 = 0.0063, b, = —0.0015 and
b3 = 0.000118.

1 opt
)‘i

is the optimal value of the tip speed ratio.
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2.2 Blade pitch dynamics

The drag forces Fy; of the both wind turbines can be
modified by changing the pitch angles 81 and S5, allowing
to rotate the SEREO structure.

It is supposed that there is an inner loop for the control
of both pitch angles, such that these both angles read as
[see Guenoune et al. (2016)]

61 = fpz + Aﬂl (6)
B2 = B5" 4+ Ap2
with 897", B9P" defined from (4), AB; and ABs being

viewed as the control inputs controlling the rotation of
the structure.

2.3 Yaw dynamics

The dynamics of the rotation of the SEREO structure
around its vertical axis is given by

K =—=Dyip + (Fan — Fap) L (7)
with K, the inertia moment associated to yaw motion,
D,. the friction coefficient, and L the length between the
horizontal axis and the vertical axis (Figure 2).

From (1)-(5), one gets

1
Fy — Fpp = §p7r(RV cos(1p — a))? (Cq1 — Cy2)

= %pﬂ'(RV cos(p — a))? [A; — Ay (8)
+B1 - f1 — Ba - (2]
Define (%, B1, B2, A1, A2) as
o =C[A — Ay + By - p1 — By - o] 9)

1
with C = §p7r(RV cos(¢p — )%

2.4 Velocity dynamics of the turbines

The dynamics of the angular velocities of each generator
(PMSGQG) is given by [Munteanu et al. (2008)]

JQI = Fal _Feml —fUQ1
JQ? = ]-—‘a2 _Fem2 _va2

with e em2 the electromagnetic torques of the gener-
ators, J the total inertia, and f, the friction coefficient.
Note that the both electromagnetic torques will be viewed
as two control inputs, allowing to control the angular
velocities.

(10)

2.5 Nonlinear model of the SEREQO system

Assumption 1. One supposed that | Q; |=| Q2 |, which
gives that
A=A = X and A" = AP = \ort

From (4) and if the structure is face the wind, one has
Pt — RSPt = P! which gives

B = B+ AB

B = 67 + Ay .
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From Assumption 1, equation.(9) reads as
p=CB [ — )]
WithAl—AQZO,BlzBQZB.

(12)

Assumption 2. Given that the rotation of the structure
is made through the drag forces difference created between
the two rotors, one states AB; = —Apfy = AS, then

ﬁl = ﬁopt + AB
B2 = Bopt — AB (13)
From these assumptions, a reduced model is defined as
i = f@)+g(@)-u (14)
with @ = [ ¢ 1 Q]”, u = [AB Temt Lema]”
— /l/') -
-D, .
K, v
f= La1(M, 1,V 9)
J
Fa? ()‘27 Q?» Vv 1/})
L J J
(15)
i 0 0 07
L
E C (Bl + BQ) 0 0
9= —1
0 — 0
J
-1
0 0 —
J

where f, = 0 (see Uehara et al. (2011)).
3. ROBUST CONTROL STRATEGY

3.1 Problem formulation

When the wind turbines are face the wind, the control of
the SEREO structure has to ensure optimal production of
electrical power.

In case of a change of wind direction, the TWT must
rotate to follow this variation. The standard wind turbines
require an actuator to rotate the nacelle system [Shariat-
panah et al. (2013)]. With SEREO structure (Figure 1),
the rotation is made, with no additional actuator, but by
creating a drag force difference between the two rotors.
Then, two control problems have to be managed

e the first one consists in controlling the rotation veloc-
ity of each turbine, in order to get the larger value of
Cp,i;

e the second one consists in ensuring that the two
turbines are face the wind - it yields to ensure that
the error angle ¥ — o converges to 0, thanks to an
action on the blades pitch angles 51, (5.

Note that when the TWT is not face the wind, the
generated power is not optimal because the pitch angle is
not formally optimal, but it is used to ensure the rotation
of the structure.
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Yaw rotation of the structure  When the structure is
oriented face the wind, there is no difference of the drag
force (Fg1 — Fyo = 0). If the wind direction changes, a yaw
error appears (see Figure 2); then, the rotation of the twin
wind turbines is required to track this variation. As said
above, the yaw motion of the structure does not require a
driven motor. Therefore, the pitch angles of the two wind
turbines are changed, to create a drag force difference
between the rotors. Thanks to this difference, a yawing
torque I'y, defined as

Iy = (Fa1—Fa2) L
is appearing and forces the rotation.

(16)

Angular velocities control — As previously explained, the
two wind turbines have to reach the maximum power co-
efficient, by keeping their tip-speed ratios at their optimal
values. Therefore, the angular velocities are controlled at
a same reference (i.e. Q] = Q5 = QF), which are derived
from (2), by acting on the generators electromagnetic
torques. Then, the reference of the rotational speeds is
derived from (2) which gives

Vcos(v) — «) y\ort

R

with A\; and Ao replaced by A°P! to get the optimum
angular velocity.

Q= (17)

3.2 Control Strategy

The Backstepping control strategy is designed more for
nonlinear systems. The idea of this method is that the
closed-loop system is transformed into first order sub-
systems. By applying this control law, the asymptotic
stability of the tracking error and the system robustness
are established and checked thanks to Lyapunov approach
[Glumineau and d. L. Morales (2015)].

In this proposed control design, the error tracking is
modified by addition of integral terms, in order to improve
the robustness of the system against perturbations and
parameters uncertainties.

3.8 Control design

Speed control  The tracking error of the two angular
velocities is defined as

t
Zoi= 0~ it by [ (@7 -09at (13)
0
and its time derivative is given by
1 fo
Zai = Q* Tai + =Temi Q; + kg, (4 —Q;) (19

Choosing the Lyapunov function candidate and its deriva-
tive with respect to time as

1

Vai = ) Zlei (20)
1 v

Pai + = Femz + = f

J J 74
R - )}

Vai = Zﬂi{Qf -

(21)
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Applying the backstepping strategy, the control inputs are
chosen as

. 1 v
QT"‘_Fal f

Q
7 1

Pemt =J { = K1 Zan —

— ko (4 — Ql)} (22)
. 1 A
FemQZJ{ _KQQZQQ —QS—F jFaQ — %QQ
- kém Q3 - QQ)} (23)

Then, one gets
Var = —Ka1 73,
Voo = —Kq2Z3,, Ko, Kqz > 0.

Yaw angle control  To maintain the alignment of the twin

wind turbines with respect to the wind direction, the angle
1) — a must be forced at 0.

Step 1. Define the tracking error of the yaw angle as

t
zlzw—wwki/o(w—w*)dt (24)

with ¢* the reference value of the yaw angle defined as
. 0

v ={
o

Consider the candidate Lyapunov function and its time
derivative as

(Structure face the wind)
(yaw rotation — following ).

1 1
Vi= —Zf + —Z’2 (25)

Vi= &&+%% (26)

By taking Z, = —K, Z and Z, = —k} Z}, it follows that
Vi=—KZ7 -k 27 (27)

with K; and k] are the positive constants.

Step 2. In order to design the control law AfS, a new
tracking error is defined

t
Z=b—it ks [G-da 9
0
Choosing the following candidate Lyapunov function
1 1
V2:Vl+§Z22+§ZéQ» (29)

the time derivative of this candidate function is given as

-D,
K, w—l-f?LCBAﬂ P+

+ K35 — ") | + Z Ky — )

Va=Vi+Z { "
(30)
Choose the control input Af as

K,
8 = 5p o [~ KaZa+§r+ 22—k —97)] ()
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By substituting (31) in (30), one has
Vo= —K\ Z3 — K\ Z2 — Ko Z3 + {Zs + Z} Ky (" — ).
(32)

Since ¢ — 1)* = Zy — Zj, then equation (32) becomes

Vi
L -
Vo= —K1 27 — Ik 27 —(Ky — ky) Z3 — ky Z37 < —K Vs

(33)
where K = min{Kl, Ky { K2 — k), ké}

Finally, the control law inputs I'en1, Teme, AS force re-
spectively the angular velocities (21, 3) and the yaw
angle 9 to track their references;

Do — Q" = 7‘/ cos( — @) 0Pt

P —Y* = a.
4. RESULTS AND DISCUSSION

In order to evaluate the performances of the control
law, two permanent magnet synchronous generators (2 x
2MW) are implemented in the model of TWT thanks
to MATLAB/Simulink software. Parameters of the wind
turbines can be found in [Uehara et al. (2011)]-[Guenoune
et al. (2016)]. The proposed control strategy is compared
to a proportional integral PI with several scenarios. The
control parameters are given Table 1

\ IBC PI |
K1 =35,k =0.01 Kpyp =15, K;yy = 0.8
Ko =103, kb, =0.001 | Kpai =2-€-wn-J, Kig; =w2-J
Kqi =5, kf, = 0.001 €e=0.7, w, =1
Table 1. IBC and PI parameters.

Case 1. The TWT is considered to be face the wind
(e« = 0), and a variable wind speed profile is applied
(Figure 4-left).

Note that for this case, only results of WT 1 are displayed,
those obtained for WT 2 being similar.

Pitch angles and power coefficients are shown in Figure 4.
It can be observed that the C}; has a value close to its
optimal value (0.4) and is not affected by the wind speed
variation, when the TWT is controlled by the proposed
strategy. In contrast, with PI controller, Cp; is around
this optimal value. The time varying angular velocity
is displayed in Figure 5-top. A good tracking for € is
obtained with the two controllers, but an overshoot is
registered for PI. Figure 5-bottom shows the generated
power by applying the proposed strategy.

Case 2. The wind direction varies according three values;
a = 0°,10°,20°, whereas the wind speed is supposed to
be constant (V' = 11.5m/s). The yaw angle, drag forces
difference and pitch angles are displayed in Figure 6. It
can be observed that the structure requires some time to
be face the wind, due to the huge structure of SEREO
system. The pitch angles are actuated to inducing drag
forces difference (Figure 6 top-right) which rotates the
structure. The power coefficient and the generated power
are given in Figure 7. When the TWT operates in yaw
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Power coefficient
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20, 30
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Fig. 4. Case 1- Top-left - Wind speed (m/s) versus time
(sec). Top-right - Power coefficient (Cp1) versus time
(sec). Bottom-left - Pitch angle §; (°) with IBC
versus time (sec). Bottom-right - Pitch angle 8; (°)
with PI versus time (sec).

Angular velocity

1.4 i i i L L L I i L
0 5 10 15 20 25 30 35 40 45 50

Time (s)

Fig. 5. Case 1 - Top - Angular velocity Q1 (rad/s) versus
time (sec). Bottom - Electrical power (W) with IBC
versus time (sec).

o
a2 5

Yaw angle ()
s

angle with PI ()

Pitch angle with IBC ()
Pitch

80 100 0 20 40 60
Time (s)

M’Time(s)s0

Fig. 6. Case 2 -Top-left - Yaw angle (°) versus time (sec).
Top-right - Drag forces difference (N) versus time
(sec). Bottom-left - Pitch angles 3; (°) with IBC
versus time (sec). Bottom-right - Pitch angles 5;
(°) with PI versus time (sec).

mode, the power coefficients are degraded, because the
pitch angles are modified (not formally optimal) to move
the structure. Consequently, a power loss is got during
the rotation. The loss of power with the PI controller is
more important than with the proposed strategy (Figure
7-bottom).
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Case 3. The goal of this test is to check the effectiveness

.
5| MPPT mode: !

20 100

40 60 40 60
Time (s) Time (s)

Fig. 7. Case 2 - Top-left - Power coefficient C,; with
IBC versus time (sec). Top-right - power coefficient
with PI versus time. Bottom-left - Generated power
(W) with IBC versus time (sec). Bottom-right -
Generated power (W) with PI versus time (sec).

of the proposed strategy against the parameters uncer-
tainties. A similar scenario as Scenario 2 is considered,
but by supposing uncertainties on the drag forces Fy;
and aerodynamic torques I'y;. One assumes uncertainties
of 15% and 10% respectively between torques and drag
forces appearing in the model. Similar results are close to
those obtained previously with the integral backstepping
strategy. With the standard PI, there is a modification in
pitch angles, which deteriorates the power coefficient, i.e.
energy producing (see Figure 8-bottom).

40 60 60 80

0. - mnm _ = =
z ( L s 219 ] o q
€03 4 g_

H T 1 1 g

£ \ [\ ] " 3

< 02 ' ' 12 Vo vy
Vo vy S [ v
Vo ' ' |
Vo Vo F—
Vo Vot 1

[

Fig. 8. Case 3 - Top-left - Yaw angle (°) versus time
(sec). Top-right - Pitch angles 8, (°) versus time
(sec). Bottom-left - Power coefficient C); versus
time (sec). Bottom-right - Generated power (W)

versus time (sec).

5. CONCLUSION AND FUTURE WORK

An integral backstepping controller applied on the new
structure of the twin wind turbines has been presented in
this work. The power optimization strategy is combined
with a control of the yaw rotation to produce the maximum
energy. The motion of the yaw angle is achieved without
using an actuator, in contrast to standard wind turbine
which uses a motor to rotate the nacelle. The control of
the SEREO system includes two parts. The yaw angle
is controlled, by acting on the drag forces difference, in

100
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order to keep the structure face the wind. The control of
electrical part consists in controlling the angular velocities
at their optimal values, and by adjusting the generators
torques to get a larger value of power coefficient. The pro-
posed control strategy guarantees the global asymptotic
convergence of the system. Future works consist in

e establishing an other solution to rotate the twin wind
turbines face the wind by controlling the output
generator power of the two wind turbines;

in comparing the gains of the SEREQ structure with
two standard wind turbines which are equipped with
an actuator for nacelle system, in order to evaluate
the power production in both modes, MPPT and yaw
motion.
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