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Abstract—Many centralized and distributed power sharing
algorithms have been proposed in the literature for de-loading
operations in wind farms with variable speed wind turbines. Typ-
ically, in these strategies, two-way communications are required
between the control center and the single turbines, or among the
turbines. This paper solves the same problem in a truly decen-
tralized fashion, which only requires a greatly reduced amount
of one-way communications, without exchanging information
among the turbines, and shows that an optimal solution can be
obtained to minimize utility functions of interest of single wind
turbines. In particular, we consider utility functions that take into
account mechanical fluctuations and rotor over-speeds during
transient, while balancing the utilization of wind turbines at
steady-state operations. This is achieved by adopting the so-called
Additive Increase Multiplicative Decrease (AIMD) algorithms,
which are frequently used in communication applications, for
solving the power sharing problem in a decentralized fashion.
Extensive simulations under different working conditions, on
wind farms consisting of wind turbines of different mechanical
characteristics, are provided to illustrate the potential and the
efficiency of the proposed methodology.

Index Terms—AIMD, Decentralized Control, Power Sharing,
Wind Energy

I. INTRODUCTION

A. Motivation

Energy generation from renewable sources is definitely
helping to achieve worldwide green targets, but it is undoubt-
edly raising concerns of grid operators, who need to keep
matching demand and supply in a more uncertain scenario.
Therefore, in the context of wind generation, there is an
increasing interest in Variable Speed Wind Turbines (VSWTs),
as their flexibility may be used to mitigate the otherwise
uncertain, and not accurately predictable, power generation
[1]. In fact, the power electronic converters of VSWTs allow
them to track maximum power over a wide range of wind
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speeds [2]. In addition, VSWTs can be also operated in a de-
loaded regime, which consists of extracting less power than the
maximum available one [3]–[6]. For instance, the purpose of
de-loading could be meeting the transmission capacity or load
limitation [3], or ensuring transient stability [4], or in general
obtaining more flexibility in regulating the power generation
of a wind farm for frequency support [5] or power oscillation
damping [6].

B. State of the art

De-loading is, therefore, a crucial activity to be decided by
the grid operator managing the wind farms (WF). Typically,
the amount of power to share among the different Wind Tur-
bines (WTs) is determined by the WF operator, but different
power sharing strategies can be chosen as [7]–[17]. Among
the strategies present in the literature, the first distinction that
can be noticed is the level of centralization. There are indeed
centralized or distributed approaches. Considering centralized
solutions, the simplest strategy is to equally share the power
references among the WTs [7]. A more sophisticated version
was proposed in [8] where a centralized optimizing power
sharing method was used to seek the minimum of active
power losses in a wind farm. In [9], an efficient and fair load-
sharing strategy was proposed, which calculated the references
proportionally to the available active powers. In [10], a wind
farm controller design was proposed to minimize the wind
turbine mechanical stress loads. In [11], the power reference
of each WT was computed to maximize the rotor kinetic
energy. Similarly in [12], the kinetic energy was maximized
while further considering the wake interactions in the wind
farm. In [13], a centralized optimal power control strategy
was proposed to minimize the wind tower torque and to make
each turbine work close to its optimal working point.

One of the major disadvantages of applying centralized
methodologies is certainly the high and frequent flow of bi-
directional information between the WTs and the WF control
center. This obviously entails a high overall communication
burden, as well as it creates possible issues in terms of commu-
nication delays or noise, and in general produces a less robust
solution. For these reasons, recent works have been more
oriented towards distributed approaches for power sharing
[14]–[17]. In [14], the wind turbine loads were minimized
through a distributed model predictive control of a WF. In
[15], a fairly share of load was obtained by adopting a Leader-
Follower consensus protocol, through a distributed torque
control method. In [16], a game theory distributed approach
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was proposed, where the rotational kinetic energy stored in the
WTs was maximized. Finally, in [17], a sparse communication
network was proposed to implement a coordinated power
control of a WF, to reduce the fatigue loads of WTs. It is
important to note that such solutions are not fully distributed
in reality, as a central control unit is required anyway to
communicate the power reference (i.e., de-loading signal) to
the wind turbines. Nevertheless, the computational burden of
the central unit is significantly reduced with respect to a
centralized implementation [14].

C. Contributions

Another interesting classification among the aforementioned
references may be performed on the basis of how the optimal
power sharing decision is taken. In particular, it can be
noticed that some of the references focus on optimizing a
transient objective, i.e., related to physical quantities like the
thrust or the torque. Other references focus on steady-state
objectives, which usually involve quantities like the stored
kinetic energy, power losses, or deviations from maximum-
power-point. In this paper, we take into account both the
transient and the steady-state aspects, by considering a utility
function of interest that contains both components. In addition,
we take into special account the transient rotor over-speed,
which has been neglected by most references, while actually
it is a relevant problem as it may lead to the WT protection
trippings and ultimately to unexpected power drops in a WF.
Also, we consider aging aspects in the steady-state component
of our utility function, which is another aspect that is usually
neglected in the literature.

In addition to choosing a different utility function, we also
propose an alternative decentralized solution of the power shar-
ing optimization problem. In fact, while distributed methodolo-
gies (e.g., papers [14]–[17]) successfully manage to split the
original centralized control problem into a number of smaller
separate control problems, still significant two-way communi-
cations are required between the aggregator (i.e., the WF con-
trol center) and the single WTs, or, in cases of fully distributed
solutions, among the WTs. On the other hand, in this paper,
we present a truly decentralized solution for the power sharing
problem, which optimally manages to solve the de-loading
problem with a greatly reduced amount of communication and,
in particular, without requiring to exchange information among
the WTs. For this purpose, we borrow Additive Increase
Multiplicative Decrease (AIMD) methodologies, which have
been widely used to solve internet congestion problems [18],
and in general many optimal resource allocation problems
[19]. Such methodologies only require non-frequent one-way
notifications from the WF control center to automatically share
the de-loading task as preferred. Besides, AIMD algorithms
also bring benefits of so-called “Plug & Play” features, to
automatically redistribute power generation among WTs when
start/stop events occurs (e.g., start another WT from off-state,
or a sudden stop of a WT in operation), without any difference
with respect to the nominal operation.

Some preliminary results of a decentralized solution of
the power sharing problem have been presented in [20]. In

[20], the de-loading action had been implemented simply
proportionally to the power that could be generated by each
WT. Here, we show how the de-loading action can be im-
plemented in order to minimize a utility function of interest
that, as mentioned, involves transient and steady-state aspects.
Accordingly, a different algorithm is required to solve the
optimization problem in a decentralized fashion.

The rest of this paper is organized as follows: Section II
illustrates the basic models of VSWTs and WFs which have
been used in this paper. Section III briefly revises the state-
space model of VSWTs, and then illustrates how the control
problem is formulated and solved in an AIMD framework.
Then, simulations results are described in Section IV, while
Section V summarizes our findings and concludes the paper.

II. MODEL OF A WIND FARM

A. Wind Turbine Characters and Control

Two types of VSWTs, Doubly-Fed Induction Genera-
tor (DFIG) and Permanent Magnet Synchronous Generator
(PMSG), are popularly used in large-scale wind generation [2]
nowadays. The converters in both two types of wind turbines
have the ability to decouple the rotor speed from the output
provided power, and to generate electricity with a constant
frequency for different rotor speeds. In addition, both types of
WTs have wind blade wheels with similar characteristics, and
have the same pitch control mechanisms.

We now briefly recall the basic equations that describe the
mechanical movement of WTs, following the work of [21].
When wind passes through the wind blades, some of its energy
is converted into the mechanical power Pwm of the rotor, as:

Pwm =
1

2
ρπR2v3

wCp(θ, λ) (1)

where Pwm is the input mechanical power, Cp is the power
coefficient, ρ is the air density, R is the turbine rotor radius,
vw is the effective wind speed, λ is the tip-speed ratio equal to
Rωr/vw, ωr is the rotor speed, and θ is the pitch angle. When
power losses and damping effects are neglected, the rotor
speed ωr is related to the electrical torque Te and mechanical
torque Tr as follows:

Jt
dωr
dt

= Tr − Te (2)

where Jt is the inertia of the motion system, Tr = Pwm/ωr,
Te = Pe/ωr, and Pe is the electrical power. In consideration of
the rapid converter response speed, the actual output electrical
power Pe can be approximately replaced by the controller’s
reference electrical power Pref . And the shaft torque Ts can
be computed as:

Ts =
Jg
Jt
Tr +

Jr
Jt
Te (3)

where Jr and Jg are the impeller and generator inertia,
respectively, and Jt = Jr + Jg .

Also, the other part of wind energy takes a thrust force Ft
on the rotor plane, which is related to the thrust coefficient
Ct:

Ft =
1

2
ρπR2v2

wCt(θ, λ). (4)
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B. Wind Turbine Control

In principle, many different control strategies have been
proposed to control wind turbines. However, three areas of
operation are classically identified: 1) Maximum power point
tracking (MPPT); 2) Constant rotor speed control; 3) Constant
power control. And these functions are typically achieved by
combining the pitch control of the WT with the converter’s
electromagnetic power control.

The block diagram summarizing a typical simplified pitch
angle controller of VSWTs is shown in Fig. 1,
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Fig. 1. Basic structure of pitch controller

where ωf is the filtered rotor speed, ωn is the rated rotor speed,
θ is the upper limit of the pitch angle, θ̇max is the limitation
of the pitch regulation rate, τf is the time constant of the
first-order filter, θPI is an intermediate quantity given by PI
controller, and Kp and Ki are the control parameters of the
PI pitch controller. The blocks contain the transfer functions
of the different components, in the classic Laplace domain.

Coordinating this pitch controller with the converters’ elec-
tromagnetic power control, the implementation of WT control
in full-wind-range is that: Under low-wind-speed, the pitch
angle is fixed to its initial value and the WT’s rotor speed
adjusts through the electromagnetic power control to achieve
MPPT. Under high-wind-speed, the electromagnetic power
control maintains its maximum, and the pitch angle control is
activated to ensure generation at the maximum safe rotation.

By slightly modifying the above mentioned classical con-
trol, the WT level de-loading control process applied in this
paper is briefly illustrated in Fig. 2. Roughly speaking, when
the wind is low, the rotor speed is modified to follow the
reference electrical power Pref , while at higher wind speeds
the pitch control is used to change the power curve. It may
be interesting to notice that, at large wind speed conditions, if
the electromagnetic power is rapidly reduced, then the input
mechanical power does not change immediately due to the
limitation of the pitch regulation rate and the rotor inertia.
Thus, the unbalanced power accelerates the rotor during the
transient. If the rotor speed exceeds its maximum value, then
the speed protection is triggered for safety reasons and trips
the wind generator. Therefore, both the magnitude and the
rate of change of the de-loading control should be taken into
consideration.

C. Wind Farm and its Control

A wind farm usually consists of tens to hundreds of WTs,
and typically the coordination between WTs and the system
operator is accomplished by using a centralized WF control
system. The wind farm controller has the main objective of
controlling the power production of the whole wind farm.
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Fig. 2. Wind turbine under de-loading status (a) low wind speed, (b) high
wind speed.

When the power system desires the WF to provide as much
power as possible, the WF control center gives order to each
WT to generate its maximum power. However, as previously
mentioned, for the convenience of power system dispatching,
a WF may actually have to follow a predefined output power
curve. In this case, a traditional solution is using a centralized
control unit, which typically has several inputs and outputs.
For instance, the input signals may be system operator or-
ders, measurements from the outgoing transmission lines, or
information from WTs. Thus, a widely adopted centralized
strategy is the so-called “fair” de-loading sharing [8], [13],
[15], [20]. The basic idea is that if the WF has to decrease
its power generation of a given percentage, then each WT
should reduce its power generation by the same percentage.
The power reference for each turbine is thus computed as

Pref(i)(t) =
P i(t)∑n
i=1 P i(t)

Pdem(t) (5)

where n is the number of WTs, Pref(i)(t) and P i(t) are
the reference power and the maximum power that could be
generated by the ith WT at a given time (i.e., with a given
wind speed), and Pdem(t) is the power demand for the whole
WF. Hence, a centralized solution of problem (5) is that each
individual WT sends information about its power capability
to the WF controller. Then the WF controller sums all terms,
calculates single reference powers, and dispatches back the
power references to all WTs [9].

The “fair” strategy is simple and efficient, however it is not
optimal in general. Some centralized optimization strategies
considering kinetic energy stored in WT’s rotor, torque, thrust,
load and so on are presented in [7]–[13], but they are more
complicated to implement, as they require a frequent exchange
of information between the control center and the WTs,
regarding wind speed, rotor speed, output power, or other
measured mechanical variables. This obviously increases the
computation and communication burdens, especially in large-
scale WFs. For this reason, in the next section we describe our
proposed truly decentralized solution for the power sharing
problem, which optimally manages to solve the de-loading
problem with a greatly reduced amount of communication.
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III. DECENTRALIZED AIMD CONTROL OF THE WIND
FARM

A. Optimization Problem and Utility Function

The optimization problem consists of optimally allocating
the power generation task, so that the overall generated power
matches the power requested by the system operator, and each
WT operates in a feasible range. Hence at each time step k,
the power sharing optimization problem can be formulated as

min

n∑
i=1

fi(Pref(i))

s.t.

n∑
i=1

Pref(i)(k) = Pdem(k)

P i(k) ≤ Pref(i)(k) ≤ P i(k) ∀i = 1, ..., n,

(6)

where P i(k) and P i(k) are the lower and upper bounds of
the power that can be generated by the ith WT at time step
k, respectively, and n is as usual the number of WTs.

The optimal solution is then obtained by minimizing the
cost function of interest. While many polices can be chosen
for this purpose, here we consider three different aspects, as
explained in detail in the following:

1) Give priority to newer WTs: This part prioritizes newer
wind turbines to produce more power and undertake
more dynamic stress. Typically, a large-scale wind farm
is built in different stages, with different ages of possibly
different WTs. With the aging of the WT, its reliability
is gradually reduced, and the cost of operation and
repairing is also gradually increased [22]. Generally
speaking, a WT’s aging rate is closely related to the
generated output power, and to the hours of utilization
tu, which can be defined as:

tu =

∫ topr
0

Pwm(t)dt

Prate
(7)

where the topr is the total running time of the WT from
production till now, and Prate is the rated power of
the WT. The value of tu can be easily obtained from
WT historical data, and is an effective index to evaluate
their age. While other indicators may be used as an
alternative, the ultimate goal is to allow WFs to prioritize
newer WTs with lower tu and try to balance aging of
WTs.

2) Minimize the dynamic stress loads of the WT, as
in [10], [14], [17]: This part aggregates two kinds of
dynamic stress loads on the wind turbine. The first part
is the cycled thrust passed from the blade plane to the
tower structure. Due to the elasticity of the WT structure,
the thrust force Ft causes nodding of the tower, and
an improper design of power sharing could amplify
the tower oscillations and eventually lead to a break
down of the WT. The second part is the torque Ts
on the gearbox or shaft coupling. Since it is hard to
accurately predict the wind speed, and the load sharing
control may continuously modify the electromagnetic
power, the oscillatory transient on the shaft could cause
micro-cracks in the material. This can further lead to

component failure, as for example a shaft fracture.
Compared with static loads, the dynamic stress causing
the structural damage of the wind turbine is considered
as the most critical concern.

3) Avoid over-speed problems during the transient: The
objective of this part is to avoid an unexpected tran-
sient over-speed wind turbine tripping during large and
rapid power adjustments. As mentioned before, when
the converters in VSWT instantly change the output
electromagnetic power, the input mechanical power does
not change instantaneously. Therefore, the unbalanced
power will accelerate or decelerate the rotor, which
may cause the rotor to exceed the speed limit during
the transient. VSWTs are usually equipped with speed
protection systems, which will trip the WT under such
conditions. This situation should be prevented from
occurring for the reasons that a) it is a huge impact on
the WT itself; b) the WF instantly loses the over-speed
WTs’ power, and in turn the WF may fail to follow
the desired power reference signal. Since the primary
goal of the de-loading control is to ensure that the total
output of the wind farm matches the system operator’s
required one, WTs should not be accidentally tripped,
independently from their operational age.

Considering the three aspects mentioned above, our utility
function for the ith WT is computed as

fi(Pref(i)) =QF (i)

tu(i)

t̂u
(
dFt(i)

dt
)2 +QT (i)

tu(i)

t̂u
(Ts(i) − T̂s(i))2

+Qω(i)(Ωi)
2 +QP (i)

tu(i)

t̂u
P 2
ref(i)

(8)
where QF (i), QT (i), Qω(i) and QP (i) are the weighting factors
(which may be chosen to reflect the preferences of single
WFs), t̂u is the normalization coefficient of wind turbines’
utilization hours, which is defined as the maximum tu(i) of
WTs in the whole wind farm.

In the following, we explain in detail how the utility
function aggregates the previously mentioned three different
aspects. At steady-state, the first three terms are practically
equal to zero and the last term takes a leading role, and is
used to prioritize newer WTs. During the transient stage, the
first two items can be used to minimize the dynamic stress
loads of the WT, by reducing the oscillations of the thrust
force Ft and torque Ts [10], [14], [17]. Finally, the third part
is used to prevent over-speed problems from occurring, where
Ωi represents the over-speed influence and is given as

Ωi = max
[
(ωpre(i) − ωub), 0

]
(9)

where ωub is the upper bound constant (for safety reasons) of
the rotor speed, and ωpre(i) is the maximum of the predicted
value of the rotor speed for the next few seconds. The practical
computation of the utility function, based on the states of the
WTs, follows classic reference like [10], [14] and [17]. For
convenience, we report such procedure in Appendix A.

Remark - choice of weighting factors: The weigthing
factors QF (i), QT (i), Qω(i) and QP (i) can be tuned by the
operator of the WF, to prioritize one aspect over the others.
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In our experience, over-speed is the most important issue and
Qω(i) should have the highest value. Also, during the transient
state of rapid power adjustment, we believe that reducing the
fluctuation of thrust and torque is important and the optimized
result should not be dominated by the steady-state power
output, hence we make QF (i) and QT (i) higher than QP (i).
In addition, the selection of these weight coefficients is also
related to the parameters of the WT. For example, a WT with
a larger inertia requires a larger Qω(i) for proper rotor speed
response. Our utility function allows different WFs’ operators
to choose different weigthing factors according to possible
different priorities and WT parameters, and we recommend
that it is better to optimize and determine the weight coefficient
for a specific project through simulation and practical tests.
Finally, we set ωub in (9) as 1.00 p.u. of the rated speed
(which in turn is typically 1.2 p.u. of the synchronous speed
[26], [27]). Accordingly, as soon as the speed exceeds the rated
speed, the speed limit becomes effective.

B. AIMD Implementation

The problem of optimal allocation of a shared resource
arises in many different scientific and engineering applications.
The AIMD algorithm, which has been widely used in dealing
with internet congestion, may be efficiently used to solve this
problem. Assuming that n agents share the same resource, the
basic rules underneath AIMD are [19]:

1) Each agent linearly increases its share of utilization of
the resource when the total demand is less than the
available capacity (Additive Increase, AI).

2) Each agent multiplicatively reduces its share of utiliza-
tion of the resource when it is notified that the global ca-
pacity has been reached (Multiplicative Decrease, MD).

When the above principles are applied to the WF de-loading
power sharing problem, the implementation is that each WT
usually increases its power generation independently (AI), and
if the total output of the WF is higher than power system
operator’s demand, then the control center broadcasts an MD
bit flag to ask WTs to reduce their power generation (MD).

In addition, un-synchronized AIMD can be used to allocate
the resource in an optimal fashion, here, to solve the opti-
mization problem (6), by letting only a subset of the WTs
to perform the MD step when a congestion event (i.e., the
total output of the WF is higher than demand) occurs, while
the others keep increasing their output power. In this way, it is
possible to take into account the different needs of single WTs
(i.e., their utility functions). In particular, each WT performs
the multiplicative decrease with a locally computed probability
[24]

πi(Pref(i)) = Γ
f ′i(Pref(i)(t))

P̂ref(i)

(10)

where P̂ref(i) is the long-term average of the Pref(i),
f ′i(Pref(i)) denotes the derivative of the cost function, and
Γ is a preset constant ensuring that 0 ≤ πi(Pref(i)) ≤ 1
for Pref(i),∀i = 1, ..., n. Equation (10) implies that each
WT will react to a congestion event independently from the
other WTs, with a customized probability πi(Pref(i)). The

proposed algorithm, adapted for utility optimization purposes,
is presented in Algorithm 1.

Algorithm 1. AIMD Utility Optimization

Input: Pref(i0),Γ, t, α, β, P i(t), P i(t)
Output: Pref(i)

Pref(i)(0) = Pref(i0)

repeat
t = t+ 1
if
∑n
i=1 Pref(i)(t) > Pdem(t) &

πi(Pref(i)) > rand(1) then
Pref(i)(t+ 1) = max

[
βPref(i)(t), P i(t))

]
else
Pref(i)(t+ 1) = min

[
Pref(i)(t) + α, P i(t)

]
end if

until end of de-loading

If we assume that the optimization problem (6) is feasible
(i.e., this can not be given for granted, as the system
operator may request more power than the WTs may actually
generate depending on wind conditions), and that de-loading
occurs at a rather slow time scale (i.e., convergence to the
required power reference signal occurs before a new power
reference signal is requested by the system operator), then
the convergence analysis described in [24, Section 4] can
be used, and the AIMD algorithm 1 produces a long-term
average that converges almost surely to the optimal solution
of problem (6), see [24, Theorem 4.2].

In practical application, the only communication required
to solve the optimization problem using Algorithm 1, is an
MD signal that is broadcasted to all WTs by the WF operator,
when Pout is greater than Pdem. Thus, in particular, single
WTs receive the MD signal, but never send any information
to neither other WTs, nor to the control center of the WF.
However, they need sensors to measure the variables required
to locally compute their own utility function.

In addition, the AIMD strategy does also provide the benefit
that WTs can join and leave the de-loading task without any
centralized supervision, thus giving rise to a wind generation
system that is “plug & play” features, to automatically redis-
tribute power generation among WTs when start/stop events
occur (e.g., start another WT from off-state, or a sudden stop
of a WT in operation), without any difference with respect to
the nominal operation.

Remark - choice of parameters: The multiplicative pa-
rameter β must be positive and smaller than 1. Usually, it
is chosen in the range [0.9, 1) to mitigate the impact of
the multiplicative decrease step. On the other hand, there is
not a “rule-of-thumb” choice for the positive parameter α,
as it actually depends on the application of interest, and in
the unit of measurement adopted in the equation (i.e., in our
example α is directly added to the per unit power reference,
and α ∈ [0.01, 0.025] has been tested to have good response
characteristics). Finally, Γ is a constant required to map ratio
(10) into a probability (i.e., between 0 and 1). Again, there is
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TABLE I
ALGORITHM PARAMETERS

QF (i) Qω(i) QP (i) QT (i) α β Γ

2 40 0.5 3 (DFIG), 1 (PMSG) 0.015 0.9 0.75

not a general rule to compute it (as it depends on the values
that can be achieved by the derivatives of the utility functions,
and thus, depends for instance on the choices of the other
parameters Q as well). Here we consider a constant Γ, while
in principle some more refined strategies have been proposed
in the literature to iteratively estimate Γ in real-time (see for
instance [19]).

IV. SIMULATION RESULTS

In this section, we provide the results of some simulations
which we have performed to validate the proposed decen-
tralized wind power sharing methodology. In particular, the
first case study examines the performance in a de-loading
situation, while the second case study emphasizes the “plug &
play” capability of the proposed algorithm. Simulations were
performed using the Matlab-Simulink environment. The WF
contains 5 PMSG WTs (No. 1 to 5) and 5 DFIG WTs (No. 6
to 10), all of 5 MW of size. For the sake of convenience, we
assume that all WTs have the same parameters but may have a
different structure (given in Appendix B), and the aerodynamic
characters Ct and Cp as from [21]. The control parameters and
utilization hours for each WT are also given in Appendix B.
Our choice of the de-loading factors is summarized in Table
I. It should be noted that, considering that DFIG WTs contain
gearboxes, which are known to be the weakest point in the
mechanical system, and more likely to be damaged by torque
fluctuations than the couplings used in PMSG WTs [25], the
QT (i) is set to 3 for DFIGs, and to 1 for PMSGs.

A. Normal Response of De-loading

In this case, we assume that all turbines are operating
under different time-varying wind speeds, as shown in Fig.
3. We further assume that all turbines are initially operating
in MPPT mode or at its maximum power limit when, after
20 seconds, the grid operator gives the de-loading signal and
the total power output of the WF is suddenly limited to 7.6
MW until 60 s. Then the reference signal keeps continuously
changing until the end of the simulation.

Results are shown in Fig. 4. In particular, we compare the
results of the decentralized solution with those of a centralized
one, to show that despite in the decentralized case the WTs do
not communicate any local information, still the same result
of the centralized solution is obtained. Accordingly, Fig. 4.(a)
shows that the overall power generated by the WF closely
follows the desired reference signal, and due to stochastic
effects the decentralized solution is only slightly slower than
the centralized one, when abrupt changes in the reference
signal occur. Fig. 4.(b) shows the generated power of three
WTs for easiness of exposition (namely, WT 1, 7 and 10), and

0 20 40 60 80 100 120 140

Time (s)

6

8

10

12

14

16

18

20

W
in

d
 S

p
ee

d
 (

M
W

)

Fig. 3. Varying wind speed experienced by the ten different WTs.

0 20 40 60 80 100 120 140

Time (s)

0

10

20

30

40

W
F

 P
o

w
e
r 

(M
W

)

(a)

Reference

AIMD

Centralized

20 22
0

20

40

0 20 40 60 80 100 120 140

Time (s)

0

1

2

3

4

5

6

W
T

1
,7

,1
0
 P

o
w

e
r 

(M
W

)

(b)

AIMD

Centralized

Fig. 4. Power generation of the WF in (a), and power generation of single
WTs 1, 7 and 10 in (b).

again the proposed strategy is very similar to the centralized
one.

Fig. (5-7) emphasizes the outcome of the optimization
problem. The color from blue to red in Fig. 5 corresponds
to different utilization hours for each WT. As can be seen,
the output results of the proposed decentralized strategy at
steady-state satisfy the design purpose, as the outcome is very
close to that of the centralized strategy and the newer WTs
(i.e., with lower utilization hours) generate on average more
power. Finally, the transient behavior of the proposed control
methodology is presented in Fig. (6-7). In particular, Fig. 6
shows the evolution of the torque in the two transients, due to
the sudden power jump at 20 s and 60 s. While in both cases
significant fluctuations are experienced, and despite WT 4
(PMSG) and WT 9 (DFIG) have the same per-unit parameters
except different QT (i) (due to the aforementioned differences
in the robustness of the drive mechanisms), the proposed utility
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Fig. 5. Power generation of single WTs at steady-state.
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Fig. 6. Torque Ts fluctuation of WTs 4 and 9 at 20 s and 60 s.

functions manage to mitigate the fluctuations of the shaft
torque in DFIG WTs, with respect to the PMSG WTs, to
reduce possible damages on their weak gearbox. Compared
with the centralized solution, the reason why the fluctuation
amplitudes of the decentralized method are smaller is that
the decentralized method has a slower response speed, which
reduces the transient impact to the shaft. Rotor over-speed is
most likely to occur when a wind farm sudden drops the output
reference (i.e. at 20 s). In Fig. 7, the rotor speed response
(based on synchro-speed) of WT 1 for different choices of
the weight Qω is presented. The outcome shows that when
Qω is set to zero, then the rotor speed item in the utility
function (8) has no effect, and the rotor speed exceeds by
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Fig. 7. Rotor speed fluctuation of WT 1 after sudden power droop at 20 s,
under different values of the weighting parameter Qω .

1.32 times the synchro-speed during the transient, which is
a common setting value for WT rotor speed protection [26],
[27]. This is in practice what may happen when the rotor speed
is not taken into account in the utility function, as is common
practice. As a contrast, the proposed control with Qω = 40
successfully limits the speed below protection settings, just as
the centralized solution.

B. Comparison with Other Power Sharing Techniques

To further demonstrate the effect of the optimization prob-
lem, Table II compares the results that are obtained by using
our proposed utility function with those that are obtained using
the decentralized “fair” strategy (5) [20]. The first two columns
give the maximum rotor speed of WTs, which further show
that the rotor speeds of the WTs with the proposed method
reach smaller values during the transient, and WT 1 with the
“fair” strategy also suffers from over-speed problems. Finally,
to further evaluate the thrust and torque oscillations, we cal-
culate the mean-square error (MSE) of dFt/dt, that penalizes
fluctuations of the thrust force, and |Ts − T̂s|, that penalizes
deviations from the steady-state torque, in the time interval
between 15 and 40 s, which includes the most significant
changes of the power reference. The results show that most
of the WTs are characterized by mitigated oscillations, when
the proposed utility function is considered, with respect to the
“fair” strategy.

TABLE II
MAXIMUM ROTOR SPEED, MSE OF dFt/dt AND |Ts − T̂s|, 15 S – 40 S

Maximum ωr , (p.u.) MSE dFt/dt, (p.u.) MSE |Ts − T̂s|, (p.u.)

Eq. (8) Fair Eq. (8) Fair Eq. (8) Fair

WT1 1.299 1.327 3.98·10−4 1.36·10−3 9.01·10−3 9.41·10−3

WT2 1.245 1.273 1.20·10−4 3.27·10−4 5.63·10−3 6.37·10−3

WT3 1.245 1.261 2.24·10−4 1.54·10−3 1.28·10−2 1.39·10−2

WT4 1.270 1.289 3.10·10−4 1.90·10−3 1.29·10−2 1.41·10−2

WT5 1.222 1.229 1.22·10−5 6.68·10−7 2.01·10−3 2.44·10−3

WT6 1.217 1.238 6.02·10−5 9.92·10−4 1.16·10−2 1.46·10−2

WT7 1.270 1.305 2.52·10−4 1.04·10−3 6.51·10−3 7.96·10−3

WT8 1.222 1.253 8.06·10−5 1.37·10−3 1.13·10−2 1.40·10−2

WT9 1.239 1.289 1.23·10−4 1.90·10−3 1.15·10−2 1.41·10−2

WT10 1.230 1.242 5.11·10−5 1.84·10−6 2.70·10−3 3.33·10−3

As a further comparison, we now try to evaluate the
advantages of our decentralized strategy over distributed ones.
The main advantage is that, independently from the choice
of a specific utility function, the WTs are not required to
communicate any information to either the WF central su-
pervisory agent, or to other WTs. In addition to this, fewer
communications are required in general as well. For instance,
assuming a step-size of 5 ms, then our MD signal is triggered
on average 7.3 times per second, which corresponds to a
communication burden of 10 (number of WTs) · 1 · 7.3 = 73
bits on average. We now evaluate the computational burden of
other methodologies, namely, [14]–[17], and we shall consider
exactly the same case study with 10 turbines in Table III, but
a control frequency of 2 Hz. The results show that although
AIMD requires a shorter time-step, our proposed decentralized
method greatly reduces the need for communication, whether
compared with the centralized control method or the existing
distributed strategy.
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TABLE III
COMMUNICATION COST PER SECOND*

AIMD Centralized Strategy [14] Strategy [15] Strategy [16] Strategy [17]

Number of targets 5 5 4 2 2 5
Traffic bit per second 73 3,840 7,680 2,368 1,280 5,824

* Assumptions for the assessment are given in Appendix C.

C. Robustness Property of Decentralized Control
One of the most relevant features of the proposed decentral-

ized algorithm is that it is inherently robust against possible
failures, as we shall now show in this subsection.

1) “Plug & Play” Features: To demonstrate the “plug &
play” features, we assume that the total output of the WF is
limited to 22.8 MW and one WT suddenly stops generating
power (e.g., due to protection tripping) after 19 s. In this case,
no additional communication of such an event is required, and
the remaining WTs automatically increase their power genera-
tion, proportionally to their utility functions, as shown in Fig.
8.(a), so that the overall generated power keeps matching the
reference signal, as shown in Fig. 8.(b). Obviously, a similar
behaviour is observed if one WT suddenly starts generating
power (e.g., because it has finished undergoing maintenance
operations).
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Fig. 8. After 19 seconds one WT stops providing power, and all the other
WTs automatically increase their share of generated power, as shown in (a).
At all times, the overall power generated by the WF seamlessly matches the
desired one (b).

2) Link Failures: Here we simulate what happens if one
of the ten WTs’ communication lines is disconnected after
19 s. Roughly speaking, since this WT does not receive any
back-off signal anymore by the WF, it will start generating as
much power as possible, and the other WTs adjust their power

generation so that the overall matching goal is still achieved, as
shown in Fig. 9. So, the main goal of the WF is still satisfied.
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Fig. 9. After 19 seconds the communication line of one WT suddenly
disconnected. The corresponding WT incrementally increases its output until
the rated power, as shown in (a). At all times, the overall power generated by
the WF seamlessly matches the desired one (b).

3) Random Packet Losses: We now investigate what hap-
pens if some signals sent by the supervisory controller are
randomly lost. For this purpose, we assume that each WT has
a 50% probability of either receiving, or failing to receive, the
Multiplicative Decrease (MD) signal. We can observe from
Fig. 10 that convergence is slower than when all signals are
correctly received, but still, the total output still meets the
power reference of the wind farm (and power generation is
optimally shared among the WTs).

It is important to note that for the above three examples with
unexpected failures, this automatic redistribution of power
generation occurs without any further communication required
with respect to the nominal operation.

V. CONCLUSIONS

An AIMD-based decentralized methodology sharing the
power in de-loading operations of WTs in a WF was proposed
and validated in the paper. In particular, the power was
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Fig. 10. 50% of the MD signals sent by the supervisory controller to the
WTs randomly fail, the total output still meets the power reference of a wind
farm, as shown in (a). At all times, the overall power generated by the WF
seamlessly matches the desired one (b).

shared according to utility functions that take into account
individual mechanical and rotor speed stresses during the
de-loading transient, and prioritize the utilization of newer
turbines near their optimal working point to eventually balance
the aging of WTs in a WF. The method is very attractive and
efficient for practical applications, as optimal power sharing
is obtained in a fully decentralized fashion, without requiring
complex communication networks or frequent bidirectional
communications, even when unexpected failures locally occur.
Another interesting feature of AIMD algorithms is that not all
WTs need to have the same utility functions and parameters,
which allows one to consider different ages or different man-
ufacturers. Simulation results confirm the effectiveness of the
proposed wind farm controller in optimizing reference power
for VSWT in a way that fluctuations of tower torque, thrust
and generator speed decrease significantly, and generation
from newer WTs is prioritized at steady-state. The matching
between the power requested by the outer grid and that
generated by the wind farm is shown to occur also under
different faulty conditions.

APPENDIX A
PRACTICAL COMPUTATION OF THE UTILITY FUNCTION

In order to successfully implement our proposed decentral-
ized control, each WT i needs to find out how its power
reference Pref(i) influences the corresponding fi(·) by local
measurements and computations. Obviously, the steady-state
component (the last part in (8)) only depends on the value of
Pref(i). Hence the rest of this subsection focuses on how to

calculate the transient part (the first three components of the
utility function (8)).

The procedure to compute the first two components of
the utility function can be found in classic references [10],
[14], [17], and here we briefly recall it for convenience. The
basic idea is to adopt a state-space model, obtained through a
linearization procedure around the operating point, rather than
the complicated actual non-linear VSWT mechanical rotation
model described in Section II-A.

More specifically, a VSWT (1), (2), (4) with pitch controller
(Figure 1) can be approximately represented by an incremental
state-space model:

ẋ = AAAx+BBBu+EEE

y = CCCx+DDDu
(11)

where

x =

 θωr
ωf

 , y =

[
Ts
Ft

]
, u =

[
Pref(i)

]
. (12)

The coefficient matrices AAA, BBB, EEE in the state equations
are given as follows, where the subscript “0” refers to the
linearization around the operating point
Case 1: Constant pitch angle

AAA =

 0 0 0
1
Jt
∂Tr

∂θ
1
Jt

( ∂Tr

∂ωr
+

Pref0

ω2
r0

) 0

0 1
τf

− 1
τf

 ,
BBB =

 0
Pref0

ω2
r0

0

 , EEE =

 0
1
Jt

(Tr0 − Te0)

0

 .
(13)

Case 2: Pitch angle control when |dθPI/dt| ≤ θ̇max (BBB is
the same as in Case 1)

AAA =

 0
Kp

τf
Ki − Kp

τf
1
Jt
∂Tr

∂θ
1
Jt

( ∂Tr

∂ωr
+

Pref0

ω2
r0

) 0

0 1
τf

− 1
τf

 ,
EEE =

Ki(ωf0 − ωn)
1
Jt

(Tr0 − Te0)

0

 .
(14)

Case 3: Pitch angle control when |dθPI/dt| > θ̇max (AAA, BBB
are the same as in Case 1)

EEE =

 ±θ̇max
1
Jt

(Tr0 − Te0)

0

 . (15)

The coefficient matrices CCC, DDD in output-equation are:

CCC =

[
Jg
Jt
∂Tr

∂θ −JrJt
Pref0

ω2
r0

+
Jg
Jt

∂Tr

∂ωr
0

∂Ft

∂θ
∂Ft

∂ωr
0

]
,DDD =

[
Jr

Jtωr0

0

]
.

(16)
The discretized model of the state-space representation (11)

can be states as follows:

x(t+ ∆τs) = AAAdx(t) +BBBdu(t) +EEEd

y(t) = CCCdx(t) +DDDdu(t)
(17)
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where ∆τs is the sampling time, and

x(t) =

 θ(t)ωr(t)
ωf (t)

 , y(t) =

[
Ts(t)
Ft(t)

]
, u(t) =

[
Pref(i)(t)

]
. (18)

If we reasonably assume that the input Pref(i)(t) remains
constant during the sample interval ∆τs, then the output of
the next time step can be obtained as:

y(t+ ∆τs) = CCCdx(t+ ∆τs) +DDDdu(t). (19)

In the first term of the utility function, there appears the
quantity dFt/dt, and following the discussion in [10], [14],
[17], it can be estimated by using the discretized models (17),
(19) and the input Pref(i)(t), as follows:

dFt
dt

=
Ft(t+ ∆τs)− Ft(t)

∆τs
. (20)

In the second term of the utility function, Ts is the shaft
torque as usual and it corresponds to the first output of model
(11), and thus it can be computed as a linear combination
of the measured states and the input Pref(i). In addition, T̂s
denotes its average value, and it can be obtained by filtering
Ts through a low-pass filter.

In the third term of the utility function, one should be
aware that when VSWTs reach the maximum predicted
rotor speed ωpre in (9) the system may be far from the
nominal operating point, and the linearized model (11) [10],
[14], [17] may not be an accurate approximation anymore.
Accordingly, time-domain numerical integration methods are
usually adopted as an alternative. As the speed typically
fluctuates with a relatively large time constant and reaches
its maximum within a few seconds, as from the rotor motion
equations (1) and (2), then the time domain integration step
does not have to be too small (and this is convenient for
reducing the computational time).

APPENDIX B

The parameters of WTs are presented in Table IV, where
note that the generator inertia of DFIG-based WTs is expressed
in terms of the low-speed shaft. In addition, the utilization
hours of WTs are given in Table V.

APPENDIX C

It is assumed that the centralized and distributed control
strategies [14]–[17] are also implemented in a wind farm
with 10 WTs. The communication network adopts the sim-
plest topology for each strategy without any redundancy. All
slowly transferred data are ignored (for instance, the maximum
generating capacity of WTs in [14] and utilization hours in
our proposed method). The variables transferred are 32-bit
floating-point data with a refresh rate of 2 Hz. The “targets”
field refers to the number of controlled quantities (i.e., the
wind farm output, plus other terms appearing in the utility
function). Generally speaking, more targets require more data
to be collected and transmitted.

TABLE IV
PARAMETERS OF WIND TURBINE MODEL

Symbol Description Value

vwn Rated wind speed [m/s] 11.4
R Rotor radius [m] 63
JR Rotor inertia [kg ·m2] 11,776,047
ωn Rotor rate speed [rpm] 12.1
η Gearbox ratio (only for DFIG) 97
JG Generator inertia [kg ·m2] 5,025,497
ωn/ωs Rated rotor speed / synchronous speed 1.2
ρ Air density [kg/m3] 1.225
Kp Proportional gain of the pitch control 200
Ki Integral gain of the pitch control 5
θ̇max Maximum pitch regulation rate [deg/s] 5
τf Time constant of pitch control low-pass filter [s] 0.1
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