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Abstract

The power converter is one of the most vulnerable components of a wind
turbine. When the converter of an offshore wind turbine malfunctions, it
could be difficult to resolve due to poor accessibility. A turbine generally
has a dedicated controller that regulates its operation. In this paper, a
collective control approach that allows a cluster of turbines to share a single
converter, hence a single controller, that could be placed in a more accessible
location. The resulting simplified turbines are constant-speed stall-regulated
with standard asynchronous generators. Each cluster is connected by a mini-
AC network, whose frequency can be varied through a centralised AC-DC-
AC power converter. Potential benefits include improved reliability of each
turbine due to simplification of the turbines and enhanced profit owing to
improved accessibility. A cluster of 5 turbines is assessed compared to the
situation with each turbine having its own converter. A collective control
strategy that acts in response to the poorest control is proposed, as opposed
to acting in response to the average control. The strategy is applied to a
cluster model, and simulation results demonstrate that the control strategy
could be more cost-effective than each turbine having its own converter,
especially with optimal rotor design.

Keywords: offshore wind farm control, collective control, wind turbine
control, wind turbine modelling, stall-regulated wind turbines.
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1. Introduction

There is much interest in renewable energy due to concern over the envi-
ronment, and wind is considered to be one of the most promising renewable
energy sources. One of the reasons is that wind is an infinite and free source
of energy with no harmful waste products. A wind turbine converts the ki-
netic energy from the wind into mechanical energy. It is then converted into
electricity, which is sent to a power grid. There are two basic configurations,
vertical and horizontal-axis wind turbines. This paper is concerned with
horizontal-axis wind turbines, having three blades [1]. The yaw mechanism,
which is responsible for orientating the turbine towards the wind, is ignored
in this paper.

The power converter is one of the most vulnerable components of a wind
turbine. When the converter of an offshore wind turbine develops a fault, it
could be difficult to repair due to accessibility problems, e.g. as a result of
bad weather, etc. Normally, a wind turbine is equipped with a dedicated full
envelope controller that regulates its operation. In this paper, a collective
control approach that allows a cluster of (5 to 10) wind turbines to share
a single converter (hence a single controller), which could be located in a
place where it is more accessible away from the turbines, is proposed. Main-
taining a dedicated power converter for an individual turbine and placing
each of them away from the turbines (i.e. for improved accessibility) would
be significantly more expensive, and, therefore, a single converter is shared
between all the turbines in a cluster. The resulting simplified turbines are
constant-speed stall-regulated [2] machines with standard asynchronous gen-
erators. Constant-speed and stall-regulated turbines are known to be more
reliable than variable-speed and pitch-regulated turbines, respectively. Each
cluster is connected by a mini-AC grid (or network), whose frequency can be
varied through a centralised AC-DC-AC power converter.

A number of clusters with its own dedicated mini-grid would be linked to
constitute an offshore wind farm, which could subsequently be interconnected
with an onshore wind farm through an appropriate transmission system.
Various types of transmission system can be found in the literature, including
the ones that exploit the high-voltage direct current (HVDC) [3, 4, 5], but
this topic is not discussed in this paper.

The AC frequency of the cluster is altered by a controller responding to
measurements of generator torque (or generator power) from each turbine
within the cluster, thus, varying the rotor speed of the turbine. If each
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turbine experienced the same wind speed, the regulation of each turbine
would be almost identical to the situation with each turbine having its own
converter and controller. However, each turbine experiences a different wind
speed, and, therefore, the operational state of each turbine deviates from
the required control strategy to the extent that drive-train torque and rotor
speed transients are increased. When the cluster size becomes too large, the
regulation would become unacceptable.

The idea of sharing a single converter between several turbines is not
common but has been considered in the literature. In [6, 7] a single converter
is also shared between several turbines but for different purposes; that is, for
the purpose of re-powering smaller old wind turbines (e.g. 35 kW turbines)
and for the purpose of reducing fluctuations on the wind farm power output
in above rated wind speed (whereas the full operational envelop of wind speed
is considered in this paper) focusing on the generator, respectively. In this
paper, the impact of the proposed collective control strategy on the turbines’
operation, including power efficiency and loads on the turbines, is studied.
Another significant difference between these studies and the study presented
here is that in [6, 7], it is assumed that each turbine is capable of providing
an individual control by pitching while all the stall-regulated wind turbines
considered in this study share a single collective control, i.e. the sole control
action here is the collective control. Moreover, since the turbines considered
in [6, 7] are relatively small, it is assumed that each turbine experiences the
same wind speed therein. In this study, each turbine is significantly larger,
being a 5 MW machine, and the turbines are therefore placed approximately
1 km apart. Hence, each turbine experiences a unique wind speed (although
correlated to be realistic), significantly impacting on the control performance.

The main contribution of this paper can now be summarised as propos-
ing, implementing and testing the set-up whereby a single power converter
and the controller are shared between multiple turbines. The novel objective
is achieved by the use of a collective control strategy that is further improved
to take account of the worst performing turbines when necessary. Potential
benefits include improved reliability of each turbine due to simplification of
the turbines and increased profit as a result of improved accessibility. Reli-
ability improves further due to the use of constant-speed and stall-regulated
wind turbines as opposed to variable-speed and pitch-regulated wind tur-
bines. Note that even though the wind turbines are constant-speed machines
8], a variable-speed operating strategy is exploited in this study because the
frequency of each cluster can be altered through a centralised AC-DC-AC
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power converter. The disadvantage is that the control of each turbine is
deteriorated with implications of potentially reduced energy capture and in-
creased loads. These disadvantages undoubtedly become greater as the size
(i.e. the number of turbines) of the cluster increases. In this paper, a cluster
consisting of 5 turbines is investigated in comparison to the situation with
each turbine having its own converter and controller. In order to develop
the proposed collective control scheme, a wind turbine controller based on
an existing strategy is first designed and implemented; that is, this controller
serves as the basis for the collective control scheme. The importance of the
choice of rotor design on the performance of the collective control strategy is
also discussed.

A modified version of the wind turbine reported in [9] is modelled in
Matlab/SIMULINK® in Section 2. The parameters of the SUPERGEN
Wind Energy Technologies Consortium (Supergen) 5MW turbine are ex-
ploited. This model is subsequently utilised as a control model [10] for
designing a full envelope controller for the turbine as reported in Section
3. Model Predictive Control (MPC) [11] is chosen as the controller design
algorithm. The process input and output are grid frequency and generator
torque, respectively, in contrast to the standard control strategy in which
the process input and output are generator torque demand and generator
speed, respectively. A stall-regulated variable-speed operating strategy [12]
over the whole operational envelope is designed for a single turbine and its
performance assessed in Section 3.

Subsequently, a cluster model of 5 wind turbines is developed by replicat-
ing the single turbine model in combination with a DNV-GL-Bladed (Bladed)
model of the same turbine (i.e. Supergen 5MW exemplar wind turbine) in
Section 4. Suitable stochastic models for the wind speeds for each turbine,
taking account of the correct correlation for layout of the cluster, are incorpo-
rated into the cluster model. As with the single turbine case, the plant input
and output for the cluster are the frequency of the local network connect-
ing the cluster and measurements of generator torque (or power) from each
turbine, respectively. A collective control strategy for the cluster of turbines
that acts in response to the turbines with the poorest control when necessary
is proposed, and the simulation results are compared with the situation with
each turbine having its own converter and controller. Conclusions are drawn
and future work discussed in Section 5.
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2. Modelling

A simple Matlab/SIMULINK simulation model is developed in this sec-
tion, based on the equations provided in [9]. This simplified model is the
control design model exploited for designing the controllers in Sections 3 and
4. Research is still being conducted to develop more detailed models to pre-
dict wind turbines’ response and performance more accurately [13, 14], but
the controllers are still designed based on simplified models similar to the
one reported in this section [15, 16, 17]. In fact, it is recommended that
the control design model be kept not too complex since it could cause the
controllers to be active at high frequencies and to lack robustness. A high
fidelity aero-elastic model (of the same turbine) in Bladed is thus utilised to
simulate the plant in Section 3. This model produces additional dynamics
enabling further results to be obtained, including all significant variables and
loads and lifetime equivalent fatigue load estimates.

The model employs the parameters of the 5SMW exemplar wind turbine
of Supergen. As the size of a cluster increases, each wind turbine would
experience greater drive-train load transients and fluctuations in generated
power in above rated wind speed as a result of increasing differences in the
wind speed each turbine experiences. In order to ameliorate these effects
to an extent, the model replaces the existing synchronous generator with an
asynchronous induction generator since the latter would provide considerably
greater damping.

2.1. Wind speed model

The wind stochastically varies with time and continuously interacts with
the rotor [18]. The effective wind speed is wind speed averaged over the rotor
area so that the power spectrum of aerodynamic torque remains intact. In
this paper, it is derived by filtering the point wind speed [12] through the
filter introduced in [18]. The point wind speeds that take account of the
correlation of the cluster layout is obtained from Bladed. The effective wind
speeds are required to simulate the Matlab/SIMULINK models in Section
4. In Section 3, the wind is simulated in Bladed, and, thus, the effective
wind speed model is not required. Turbulence intensity of 10% is employed
throughout this paper.
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2.2. Aerodynamics

The aerodynamic torque, T, has a nonlinear relationship with the effec-
tive wind speed, U, and the rotor speed, €2, as follows:
Cp(A)

1
Ty = EpﬂU2R3pT (1)

where the tip-speed ratio, A, is defined as

RO
A= N2 (2)

R denotes the rotor radius, C, the aerodynamic power coefficient, and p the
air density. From equations (1) and (2), it is clear that, for each wind speed,
the maximum power is produced at the value of the tip-speed ratio for which
the aerodynamic power coefficient is at a maximum. Hence, the value of T
that corresponds to the maximum power values is proportional to 2.

2.83. Drive-train Dynamaics

Rotor speed, (2, and generator speed, wgy, are dependent on aerodynamic
torque, T, and generator reaction torque, 7. as follow

)
Wgq

The simplified model introduced here neglects the intermediate and high
frequency components, and A(s), —B(s)/N, C(s)/N, and —D(s)/N? are
reduced to

A(s)  B(s)
C(s) D(s)

Ty

. (3)

1
(I + N2Iy)s + (71 + N?792))

(4)

where I; (= 3.9 x 107 kg m?) denotes rotor inertia, I (= 534.1 kg m?) gen-
erator inertia, N (97) gearbox ratio, v (= 1.5 x 105 Nm/rad/s) low-speed
shaft external damping coefficient, and v, (= 5 Nm/rad/s) high speed shaft
external damping coefficient.
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2.4. Induction Generator Unit Dynamics

The model introduced in [9] includes a synchronous generator, but the
model introduced here is modified to include an induction generator as pre-
viously mentioned. The the induction generator model is represented by the
following equation

fg

0.087, + T, = 5 x 10*(w, —
Tp

) (5)
where f, denotes the grid frequency and n, the number of poles.

3. Full Envelope Control

The controller design for regulating variable-speed wind turbines could be
categorised into two parts — the determination of the operating strategy of the
controller and its synthesis. Recall that although the turbines are constant-
speed machines, variable operating strategy is exploited in this study since
the frequency of each cluster can be varied through a centralised AC-DC-
AC power converter. The method of synthesis is Model Predictive Control
(MPC) although other control algorithms, including Linear Quadratic Gaus-
sian (LQG) [19], [20] and H [21], [22], would also be equally pertinent.

Normally, the determination of control strategy is more challenging as
the implementation issues such as accommodation of the variation in turbine
dynamics, and thus control regulation, over the full operational envelope,
actuator constraints, which are most significant to the application, switching
transients, start-up and shut-down all need to be identified and the controller
realisation that best resolves them chosen. That is, this is related to nonlinear
aspects of the turbine dynamics, and a careful investigation of the global
behaviour of the system is essential. In this study, a control strategy that has
been thoroughly tested and is currently in operation in real life is exploited.
The details can be found in [23], but the control regulation and switching
parts are briefly revised in this section.

3.1. Rotor Characteristics and Control Strategy

Two rotors having different aerodynamic characteristics are initially con-
sidered. The aerodynamic power coefficients for Rotor A [9] and Rotor B
(provided by Supergen) are presented in Figure 1, which demonstrates that
Rotor A has a peaked C), — A curve whereas Rotor B has a broad flat C}, — A
curve. The difference impacts greatly on the control strategy.

7
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The control strategies for both rotors are depicted in Figures 2 and 3.
For both, in mode 1, a constant rotor speed is maintained in the lowest wind
speeds; in mode 2, the rotor speed is varied to maximise the aerodynamic ef-
ficiency in intermediate wind speeds; in mode 3, constant rotor speed (higher
than the first mode) is again maintained in higher wind speed; in mode 4, the
rotor stalls to maintain rated power in above rated wind speeds. In Figure
2, mode 3 is only present to reduce the overshoot that could occur when
switching between modes 2 and 4.

Rotor A and Rotor B are, respectively, suitable for stall regulation and
pitch regulation because, as depicted in Figures 2 and 3, rotor speed needs
to be reduced much more rapidly as it switches from mode 3 to mode 4 with
Rotor B (i.e. the distance between mode 3 and the stall region is significantly
larger with Rotor B as depicted in the figures). However, when the number
of turbines in each cluster increases to 5, reduced energy capture cannot be
avoided. Rotor A is more vulnerable to reduced energy capture than Rotor
B since turbines with Rotor A need to operate much closer to the stall region
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Figure 2: Operational strategy using Rotor A on the torque/speed plane.

as illustrated in the figures.

In summary, Rotor A provides improved results when there is only one
turbine in a cluster, and Rotor B outperforms Rotor A for a cluster of 5
turbines. Consequently, it would be appropriate to exploit a rotor that shares
the characteristics of Rotor A and Rotor B. Unfortunately, such a rotor is
not available for this study, and Rotor B is utilised throughout this paper to
maintain improved energy capture.

3.2. Control Regulation

In mode 2, T} is caused to track the Cp,.,; curve. Because the Cppay
curve is proportional to 2, the corresponding output, ;, which is also the
input to the controller as depicted in Figure 4, is defined as follows [23]

fori=1,..., N, where N denotes the number of turbines in each cluster.



x106

T T T T T T

E
Z
Y ]
> Increasing
o .
s wind speel
° curve
5
S T
8
CT) E
<C

0 1 | ] 1 1 1 1 1

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Rotor speed (rad/s)

Figure 3: Operational strategy using Rotor B on the torque/speed plane.

Ty; cannot be directly measured and is, therefore, estimated from the
measured drive-train torque, 7¢ ;. The equation thus becomes

Y; = NTe’i + h(S)QZ — I{ZQ? (7)
In order to obtain h(s), equation (3) can be re-expressed as

Tf’i:A(S) A(S) et (8>

Since B(s) = —A(s)N (refer to equation (4)), Ty; in equation (8) can be
redefined as

Ty = A7(s)% + NT,, (9)
Hence, h(s) is obtained as
h(s) = — (10)
VAl
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However, since the derivative term in A(s) could amplify the high frequency
noise, a low-pass filter is introduced, modifying h(s) in equation (10) as
follows

b

"= A6

(11)

where b is in the range of 5 to 10 rad/s.

In mode 3, T}, is caused to track the constant rotor speed segment of
the operating strategy curve shown in Figures 2 and 3. The corresponding
output is, therefore, as follows

yi = Q2 — Qo (12)

where )y denotes the relevant constant rotor speed. This particular regu-
lation could lead to significant reduce energy capture, but it is necessary to
include this regulation since it enables smoother transition between modes 2
and 4.

In mode 4, the rated power, Fy, is maintained, in above rated wind speed,
by causing T, to track the constant power curve. The corresponding output
is, therefore, as follows

Fy

Y = Tfﬂ' — ﬁ (1?))

As with equation (7), equation (13) is modified to

P
Y = Te,i —f- h(S)QZ — 50 (14)

11
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3.8. Linearisation

From the nonlinear model introduced in Section 2, together with either
equation (6), (12) or (14), depending on the mode of operation, a state space
model can be linearised for the three operating points, modes 2, 3 and 4, as
follows:

AX]C+1 = AAXk + BAuk
Ay = CAxy, (15)

where A, B, and C are the state space matrices. Ay, € R", Au, € R™ and
Axj € R" (where n, m, and r are respectively 1, 3, and 1) are defined as

AYr = Yr — Yryo (16)
Auk = Uk — uk,o (17)
AXk: =Xk — Xk,0 (18)

Yk, Uk, and x; are the output, input, and states, respectively, and vy o, U0,
and x;, are the operating points around which the models are linearised.
The process input is the grid frequency, and the process output is y, which
is generator torque, from either equation (6), (12) or (14) according to the
wind speed.

For the sake of brevity, the equation can be rewritten as

Xk+1 = AXk + Buk (19)
Ye = Oxy, (20)

3.4. Model Predictive Control

For the linear model shown in equations (19) and (20), the prediction
equations for MPC can be derived as [24]

[ Xyl | r A7 i B, 0 0 . KU
xpes | = | A | x, o | AB.  AB, By | | wges
_Xk+ny_ _Any_ Any—lBu Any—QBu Any—SBu _Uk+ny_
N—— - ~ -
(21)

12
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and

k] [ CpA ] [ C,B 0 0
yk+2 CgA2 CgAB CgB 0
Yet+s | = CgAS Xg + CgAzB CyAB CyB u
_>
| Yk+n, ] | CgA™ | c,Am»'B C,A™?B C,A™ 3B ...
S——— ~ ~ -~
y P i
(22)
where n, denotes prediction horizon, and u is
_)
T
[ukﬂ uk+2 uk+nu_1 uk+nu Uk+nu uk+nu] (23)

if control horizon, n,, is smaller than prediction horizon, n,. Prediction
horizon n, should not be smaller than n,,.

The control solution is obtained by minimising the following objective
function [25]

2 2
J= Hr—Hu—Pfck—LdH +)\HuH (24)
- 2 — 112

subject to the following constraints

u; < up < Uy (25>
Au; < Au; < AT (26)

where u; and w; denote the upper and lower limits on w;, respectively, and
Au; and Aw; the upper and lower limits on Aw;, the rate of change of input,
respectively. r denotes the reference signal, H and P are from equation (22),
and L is a vector of ones. The offset d (= y — y) is included to produce
unbiased predictions and offset correction. The first ||.|| term is to reduce
the reference tracking error and the second ||.|| term to reduce the control
action. Consequently, A gives a trade-off between two conflicting problems.
X;, comes from the internal model here but the use of a state estimator such
as the Kalman filter could also be appropriate.

13
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3.5. Switching

The controller needs to operate over the full operational envelope of wind
speed as described in Section 3.1. The MPC designed linear controllers are
combined through a switching procedure in a smooth manner that avoids the
introduction of large transients. One of the switching procedures introduced
in [23] is employed.

As illustrated in Figure 5, switching between the three Single Input Single
Output (SISO) controllers (i.e. Cy, Cy and Cj, respectively for modes 2, 3
and 4) is required. The integral action, present in all the controllers, is
placed after the switch, thereby smoothing the discontinuities, which occur
on switching, and avoiding integral wind-up, which would otherwise occur
because the mean value of e; (for i = 1,2,3) is not zero when ¢ acts in
response to ¢; (for i = 1,2,3). The difference in the spectra is partially
removed by the controllers C, Cy and Cj3, but a residual difference, mainly
due to the relationships of e; (for i = 1,2, 3) to the wind speed, remains. The
filters, f;(s) (fori = 1,2,3), are designed to reduce this residual difference and
also the high frequency components of the spectra to reduce chattering due
to too rapid switching. Also, hysteresis needs to be incorporated to remove
chattering even further. Finally, the scaling constants, g; (for ¢ = 1,2,3), are
present to adjust the relative distances to the curve.

14
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3.6. Simulation Results

The controller is initially tuned through the application of the controllers
to the Matlab/SIMULINK model. The open-loop frequency response (the
controller applied to the model with open-loop) at each operating point is
depicted in Figure 6. Each gain crossover frequency is near 1 rad/s, which
implies that the control action would be neither too relaxed nor too aggressive
[26]. It is also indispensable to ensure that the controllers at each mode are
stable [27, 28]. As depicted in the figure, phase margins for the below rated
(mode 2), constant speed (mode 3) and above rated (mode 4) controllers are
approximately 81, 84 and 75°, respectively, indicating that their closed-loop
responses would be stable. Note that the MPC controllers incorporate a
positive feedback, i.e., the phase at the gain crossover frequency should be
added to a multiple of 360 degrees instead of 180 degrees to derive the phase
margin.

Once the controller is designed and tuned against the Matlab/SIMULINK

15
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Figure 7: Behaviour of the turbine on the torque/speed plane.

model (i.e. the control model), the controller is applied to the Bladed model
(i.e. the plant model of the same Supergen 5MW exemplar turbine) and
detuned. The differences between the control and plant models provide a
degree of model-plant mismatch to test the robustness of design. Moreover,
aero-elastic models, such as the plant model, includes more dynamics en-
abling further results to be obtained, including all significant variables and
loads and lifetime equivalent fatigue load estimates. Note that the use of
aero-elastic models is common in controller design before the application to
the real-life wind turbines. StrathControl Gateway, a commercial software
package that fully integrates the simulation, is utilised to allow the controller
designed in Matlab/SIMULINK to be applied to the Bladed model.

Figures 7 and 8 depict the behaviour of the control strategy on the
torque/speed planes [23]. In order to tune the controller, it is first applied
to the control design model, i.e. the simplified model developed in Mat-
lab/SIMULINK, as depicted in Figures 7b and 8b, and subsequently to the
Bladed model as shown in Figures 7a and 8a. Recall that the Bladed model
simulates the plant in this paper. The simulations in this section are carried
out at mean wind speeds of 8, 9, 11, 12, 14 and 16 m/s for the duration of
500 s.

As previously mentioned, the controller employs a switching mechanism
that has been tested exhaustively [23]. It is a switching mechanism that is
currently exploited in industry and is briefly revised in Section 3.5. Since
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this rotor is not originally designed for stall-regulation, the overshoots that
occur when switching, especially between mode 3 and mode 4, are inevitable.
Nonetheless, the perturbations of aerodynamic power and generator power
stay within acceptable 20% at wind speed above rated when applied to the
Bladed model. Recall that the results can be improved significantly by util-
ising Rotor A, but Rotor B needs to be used here because Rotor B outper-
forms Rotor A when there are 5 turbines in a cluster, as discussed in the
following section. The difference between the results when the controller is
applied to the Matlab/SIMULINK and Bladed models mainly arises from
rotational sampling and unsteady aerodynamics, which are included in the
Bladed model only. Rotational sampling and unsteady aerodynamics should
not impact on the control design [2], and thus it is evident that the use
of a simplified model is sufficient for designing a wind turbine controller.
Moreover, successful application to the Bladed model demonstrates that the
controller designed based on the simplified model is robust. This controller
serves as the basis for the collective control strategy introduced in Section 4.

The power efficiency at wind speed below rated cannot be obtained from
Bladed simulations since the effective wind speed [18], required for the cal-
culation of the power efficiency, is not available. However, it is illustrated in
[29] that the power efficiency obtained by applying the controller to the Mat-
lab/SIMULINK model, instead, provides almost identical results. Therefore,
the power efficiency (through the application of the controller to the Mat-
lab/SIMULINK model as opposed to the Bladed model) at wind speed below
rated (i.e. 8 m/s) is plotted in Figure 9. It stays relatively high at above
97.5%. Improvement is possible at the cost of “generator” power efficiency.
The average power efficiency over time is 99.6% as shown in Figure 9.
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Figure 9: Power efficiency; 1 turbine in a cluster.
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4. Collective Control

Initially, the controller designed in Section 3 has been applied to the model
for a cluster of 5 wind turbines. It responds to the average of y;(i =1, ..., N)
from equation (6), (12) or (14), depending on the current operating mode.
In this approach, the controller tends to perform satisfactorily when N is
relatively small. However, as it reaches 5, the performance becomes poorer
because wind speed would be less uniform across a larger cluster than a
smaller cluster, hence the difference between any y; and the average would
increase.

For improved results, a new collective strategy is introduced in this section
to take into account the worst control by choosing y; that is the furthest from
the average when necessary. When wind speed is relatively uniform across the
cluster, the average is chosen, otherwise, the controller chooses the turbine
that is operating furthest from the average. The details of this strategy are
described as follows, referring to Figure 10.

4.1. Collective Control Strategy

1. Error is defined as y;(i = 1,..., N) from equations (6), (12) and (14),
depending on the current operating mode. Average error is the mean
of y;(i =1,...,N). Largest error refers to the absolute largest error.

2. If the largest error is in Region BR1/ARI1, the largest error is the
control input. It improves the performance significantly over the use
of the average error as the control input. In order to enable smoother
transition between the largest errors, a low-pass filter is incorporated.
Thresholds 1 and 4 are defined in the same way as defining the Cp40
tracking curve in below rated wind speed; that is, using equation (6),
but with a different k. Thresholds 2 and 3 are defined in the same way
as defining the constant power curve in above rated wind speed, using
equation (13), but with a different Fj.

3. If the largest error is in Region BR2/AR2, the average error is the
control input. In this situation where wind speed is relatively uniform
across the cluster, the use of the average error compared to the largest
error improves the performance. If the largest error was used at all
times, too much chattering would occur as the largest error “changes”
— e.g. Turbine 1 has had the largest error so far, but now Turbine 2
has the largest error. When the average error is tracked, the low-pass
filter used in Region BR1/ARI is no longer required.
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Figure 11: 4 effective wind speeds (mean of 8m/s) used with the Matlab/SIMULINK
models, turbines 1, 2, 4 and 5.

4.2. Simulation Results

The Bladed model provides greater details for the structural loads, while
the Matlab/SIMULINK model enables many turbines to be included in a
cluster as previously mentioned. The cluster model thus consists of 4 Mat-
lab/SIMULINK models (introduced in Section 2) and 1 Bladed model (of the
same turbine). The two software packages are connected using StrathControl
Gateway, a commercial software package that fully integrates the simulation.
Modelling mismatch exists between the Bladed and Matlab/SIMULINK mod-
els, but it would also exist in real life. As introduced in Section 2, point wind
speeds are obtained using Bladed and filtered to produce effective wind speeds
to be incorporated into the Matlab/SIMULINK models. For the Bladed
model, this procedure is not needed since the software allows users to design
wind models more easily. 4 correlated wind speeds at a mean of 8 m/s, used
with the Matlab/SIMULINK models, are depicted in Figure 11. Similar wind
speeds are obtained for different mean wind speeds.
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Simulations in this section are carried out at mean wind speeds of 8, 9.5,
11, 12, 14 and 16 m/s. Although switching takes place at mean wind speeds
of 10 and 12 m/s in the situation with each turbine having its own converter
and controller, as shown in Section 3.6, in the situation where there are 5
turbines sharing a set of converter and controller, switching takes place at
different mean wind speeds of 9.5 and 11 m/s. Therefore, 9.5 and 11 m/s,
instead of 8 and 10 m/s, are chosen. This is because at any mean wind speed,
the range of rotor speed is significantly reduced as the collective controller
responds to the average of y;(i = 1,..., N) in comparison to the situation
with each turbine having its own converter and controller.

Figures 12 and 13 depict the performance of the control strategy on the
speed/torque planes. In comparison to the situation with each turbine having
its own converter and controller, Figure 13 depicts greater drive-train load
transients and larger fluctuations in generator power, especially in Turbines
4 and 5, which cross over +£20 %. Referring to Figure 12, increased loads
on the rotor can be surmised. Variance of the measurements of Turbine 3 is
larger than the others since the Bladed model includes more dynamics than
the Matlab/SIMULINK model, e.g. unsteady aerodynamics and rotational
sampling.

The power efficiencies and their mean at wind speed below rated (i.e.
8 m/s) are plotted in Figure 14 for each turbine. Turbine 3 is excluded
here since the direct calculation of its power efficiency cannot be attained in
Bladed, as explained in Section 3.6. Despite the increased number of turbines,
they stay relatively high, with the average and the lowest power efficiencies
exceeding 98 % and 95 %, respectively. When Rotor A is employed, the
power efficiencies are significantly lower, with the average and the lowest
power efficiencies not exceeding 80 % and 60 % [30]. This is the reason that
Rotor B instead of Rotor A is utilised in this study even though Rotor A is
more suitable for stall-regulated operations.

The results in this section depict that the performance of each turbine
degrades compared with the situation with each turbine having its own con-
verter and controller. However, the deficit as a result of this degradation
could be outweighed by the savings that could be made by sharing a set of
converter and controller among 5 turbines. Furthermore, the results would
improve significantly if improved rotors can be utilised.

As each turbine experiences a different wind speed, the state of each tur-
bine deviates from the required control strategy to the extent that drive-train
torque and rotor speed transients are increased as previously mentioned.
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Table 1: Performance indices for 1, 3 and 5 turbine wind farm

Number of | Average duration outside | Largest deviation
turbines the limits (%) ¢);

1 0 9.61

3 1.67 26.7

5 2.68 29.8

Clearly, the deviation should become larger as the number of turbines in-
creases, and turbines would eventually operate outside the 20% limits de-
picted (in red) in Figures 8 and 13. The average duration of the turbines’
operation outside the limits is tabulated in Table 1 for wind farms of 1, 3 and
5 turbines. Since the limits are only crossed when switching from modes 3
to 4, the average duration (in %) outside the limits is calculated only at the
mean wind speed at which the switching takes place. Moreover, the largest
deviation from the control design curve in percentage is also recorded in the
table. Note that the Matlab/Simulink model simulates the turbines for the
table. The result demonstrates that, as the number of turbines in each clus-
ter increases, the turbines deviate more both in time and magnitude from
the required control strategy as expected.
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Figure 12: Turbines 1 to 5; Behaviour of each turbine on the torque/speed plane.
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Figure 13: Turbines 1 to 5; Behaviour of each turbine on the torque/speed plane.
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Figure 14: Power efficiency; 5 turbines in a cluster.
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5. Conclusions and Future Work

Equations from [9] are exploited for modelling a nonlinear wind turbine.
The parameters of the Supergen 5SMW exemplar turbine are exploited. In
order to provide greater damping — hence to ameliorate the effect of drive-
train load transients and larger fluctuations in generated power as a result
of having multiple turbines in a cluster — the model replaces the existing
synchronous generator with an asynchronous induction generator.

An MPC based controller that operates over the full operational envelope
of wind speed is designed based on the linearised models of this nonlinear
model. It is first applied to a single turbine model (i.e. the Bladed model
of the Supergen 5MW exemplar turbine), simulating a situation with each
turbine having its own converter and controller. Subsequently, based on
this full envelop controller, a collective controller for a cluster of 5 turbines,
sharing a set of converter and controller, is designed. This collective control
strategy acts in response to the poorest control when necessary as opposed
to responding to the average control at all times. The strategy is assessed
by application to a cluster model, consisting of 1 Bladed model and 4 Mat-
lab/SIMULINK models. The Bladed model provides greater details for the
structural loads, while the Matlab/SIMULINK model enables many turbines
to be included in a cluster.

The simulation results demonstrate that the performance of each turbine
degrades as expected in comparison to the situation with each turbine hav-
ing its own converter and controller. However, the cost as a result of this
degradation could be outweighed by the savings that could be earned by
sharing a single set of converter and controller among 5 turbines. Moreover,
the simulation results could improve significantly if optimal rotor design can
be employed although such a rotor is not available for this study. Most im-
portantly, the collective control strategy allows the power converter, which
is one of the most vulnerable components of a wind turbine, to be sepa-
rated from the turbines that are less accessible, e.g. due to bad weather, etc,
and to be placed in a location where it is more accessible. Consequently,
downtime as a result of potential generator problems would reduce, and the
reliability of each turbine would improve due to simplification of the turbines.
Reliability of each turbine is further improved by the use of constant-speed
stall-regulated machines.

As future work, a rotor that is more suitable for the collective control
strategy, i.e. a rotor that shares the characteristics of Rotor A and Ro-
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tor B, could be developed. Furthermore, at the cost of increased compu-
tational cost, more Bladed models could be employed to replace the Mat-
lab/SIMULINK models since the Bladed model incorporates more dynamics
enabling further results to be obtained, including all significant variables and
loads and lifetime equivalent fatigue load estimates.
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