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Abstract: Because of the complexity and severity of the marine environment, the probability of
failure of offshore wind farms is much higher than that of onshore wind farms. The original control
might fail under a single-machine and the network communication faults of wind turbines. In this
study, centralized control is replaced with distributed control, the leader-follower distributed control
strategy under two types of fault conditions is proposed to reduce the adverse effect of failure on the
system and improve the tolerance of the system. First, the single-machine system is expanded into a
wind turbine cluster system model based on Hamiltonian energy theory. Then, a leader-follower
distributed control strategy is proposed to ensure the stable operation of wind turbines under a
single-machine fault of the leader or follower unit. Next, considering communication failure, the
leader-follower control strategy in the weakly connected topology is designed to make the system
and the active power output stable. Finally, the simulation results confirm that the leader-follower
control strategy system can enhance the stability and reliability of the system in the case of a unit shut
down and network communication faults.

Keywords: doubly fed wind turbine cluster; distributed control; leader-follower control; Hamiltonian
theory; offshore wind farm

1. Introduction

With abundant wind energy resources, offshore wind energy has become a hotspot of global
new energy development [1,2]. Due to the development of offshore wind power throughout the
world, the research on wind turbines has shifted from single-machine control to cluster control.
Traditional power systems adopt centralized power generation, long-distance transmission, and large
grid power supply, while new energy is mostly connected to the power grid via a distributed power
supply. This change increases the complexity of the power grid topology and the uncertainty of the
system [3,4]. In order to meet the requirement of longer-distance transmission requirements in the new
energy generation power system, the traditional centralized control is replaced with the distributed
control [5–7]. The whole wind farm can act as a distributed network, where each unit is a node in the
network (intelligent units), and the nodes exchange information through the communications network.
A distributed control strategy based on the local information achieves the global control goal, which
can reduce the risk of concentrated control. Meanwhile, multi-agent network structure is flexible
and convenient for mobilizing the potential of each intelligent unit [8,9]. Aiming at the problems of
centralized control, some distributed control research has been carried out. Distributed control is
applied to wind speed prediction, wind storage coordination, cluster control, and so on. With the rapid
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development and wide application of network technology, the distributed control system tends to be
networked, intelligent, and integrated [10–12].

The marine environment is harsh and is unattended long-term. When the wind turbine or
network communication fails, the bidirectional information interaction between wind turbines cannot
be completed. The original control strategy may be invalidated due to the change of network structure
caused by the faults. At the same time, it affects the operation of the entire wind farm, and has a
negative impact on the security and stability of the power grid, causing huge economic losses [13–15].
When the wind turbine or network communication fails, a leader-follower distributed control strategy
is proposed on the basis of the existing distributed control research, which means the faulty units
will not affect the output of the fault-free units, and the system can also operate stably to improve
the reliability of the entire wind farm. Compared with the other existing distributed control systems,
the leader-follower control strategy has lower requirements for the network structure of the wind farm,
stronger fault tolerance, and more important practical significance.

In this paper, a distributed control strategy of the leader-follower for wind turbines is proposed
based on the Hamilton energy method [16,17]. The port-controlled Hamiltonian system with dissipation
(PCH-D) model of the doubly fed wind turbine is implemented with the Hamilton energy method used
for a single wind turbine. As an important design tool for nonlinear systems, the Hamilton energy
method has explicit physical background and significance [18].

The basic concept of graph theory is introduced, and the PCH-D model of the system is obtained
in this paper. Then, the wind turbines are divided into leaders and followers, and the leader-follower
control strategy is designed for two kinds of faults: single-machine and network communication.
The first case is unit failure, which can be divided into the leader and follower unit failure. When the
directed spanning tree still exists in the entire network topology in case of failure, the fault-free units
can coordinate with one another through the leader-follower distributed control strategy based on
the energy shaping and damping injection methods in the Hamiltonian [16] such that the system can
remain stable. The second case is communication failure, and the network topology can be equivalent
to a weakly-connected graph structure. The leader-follower control strategy is designed by adding
paths to the weakly-connected graph in the energy function and making it equivalent to a connected
graph of a spanning tree structure [19], the units can coordinate with each other and the whole system
can operate stably. Finally, the simulation results verify the effectiveness of the leader-follower control
strategy proposed under the single-machine and network communication failure.

2. Model and Theoretical Foundation

2.1. Single-Machine Hamiltonian Realization of Doubly Fed Wind Turbine

At present, the variable speed operation of wind turbines using doubly fed induction generators
(DFIG) is emerging as the preferred technology. This is due mainly to the reduced mechanical loads on
the wind turbines and the increased possibilities of control of both real and reactive power to allow
easier integration of wind turbines into the power system [20].

A typical configuration of a DFIG based on a wind turbine is shown schematically in Figure 1 [21]:
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Figure 1. Basic configuration of a DFIG wind turbine.

First, the doubly fed wind turbine includes a transmission mechanism and doubly fed induction
generator. Three-phase stator and rotor windings of an induction machine can be represented using
two sets of orthogonal fictitious coils. A generalized fifth-order machine model is developed using
appropriate coordinate transformation. The transmission mechanism can be expressed as a first-order
model, and the doubly fed induction generator can be expressed as a second-order model, which
ignores the electromagnetic transient of the stator. Therefore, the doubly fed wind turbine can be
expressed as the third-order model via model order reduction [22]:

2Htot
ds
dt = Ps − Pm = −E′dids − E′qiqs − Pm,

dE′q
dt = −sωsE′d −

E′q−{Xs−X′s ids

T′0
+ωs

Lm
Lrr

udr,
dE′d
dt = sωsE′q −

E′d+{Xs−X′s iqs

T′0
−ωs

Lm
Lrr

uqr.

(1)

Therefore, Equation (1) is a two-input and third-order model of the wind turbine in the d-q
coordinate system, where s, E′d, and E′q are states, and udr and uqr are inputs. The variables of the wind
turbine model are shown in Appendix A.

The Hamiltonian energy function of the system is considered as

H =
s2

2
+

1
2

(
E′q +

Pm

2iqs

)2

+
1
2

(
E′d +

Pm

2ids

)2

. (2)

The System (1) is transformed into a PCH model: :

d
dt


s

E′q
E′d

 =


0 −
iqs

2Htot
−

ids
2Htot

0 −
1

T′0
−sωs

0 sωs −
1

T′0

∇H +


0 0

ωs
Lm
Lrr

0
0 −ωs

Lm
Lrr

 ·
[

udr
uqr

]
+


0

ids
T′0
(Xs −X′s) +

Pm
2T′0iqs

+ sωs
Pm
2ids

−
iqs
T′0
(Xs −X′s) +

Pm
2T′0ids

− sωs
Pm
2iqs

. (3)
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At the same time, the control law u =

[
udr
uqr

]
= K + µ is designed with pre-feedback K and output

feedback µ, and the PCH-D form of the closed-loop System (1) is obtained [23].

d
dt


s

E′q
E′d

 =


0 −

iqs
2Htot

−
ids

2Htot
iqs

2Htot
−

1
T′0

−sωs
ids

2Htot
sωs −

1
T′0

∇H +


0 0

ωs
Lm
Lrr

0
0 −ωs

Lm
Lrr

 ·
[
µdr

µqr

]
∆
= (J −R)∇H + Gµ,

(4)

y = GT
∇H =


ωsLm

Lrr

[
E′q +

Pm
2iqs

]
−
ωsLm

Lrr

[
E′q +

Pm
2iqs

]
. (5)

2.2. Conceptions of Graph Theory

With the rapid development of offshore wind farms, the installed capacity of the single unit
is increased and the ability for communication control is increasing. Besides physical properties, it
has communication properties and intelligent properties. Wind turbines in offshore wind farms are
interconnected to form a network topology. The parameters and states of each unit are coordinated
through the networked communication, and the distributed control strategy is designed to achieve
consistent output of each unit in the system. In this section, we introduce some basic concepts in graph
theory [24].

Considering that there are n nodes communicating with each other in the system, the
communication topology graph is usually recorded G(V, Edge), where V = (v1, v2, . . . , vn) are a
set of nodes. Edge ⊆ V ×V are a set of the edges representing the communication of information
between two nodes. If the edge is directed, G(V, Edge) is called a directed graph; otherwise, it is called
an undirected graph. The edge

(
vi, v j

)
indicates that the node j can obtain information about the node i,

and each graph has its own adjacency matrix A = {aij} ∈ Rn × n and Laplacian matrix L. If
(
v j, vi

)
∈ Edge,

aij > 0; otherwise ai j= 0. In the paper, if ai j, 0 aij takes the value 1. In addition, an important definition
is given below.

Definition 1 [19]. Consider the topology graphG(V, Edge) for the node i ∈ V, set:

• Ni
s =

{
j
∣∣∣(v j, vi). ∈ Edge, (vi, v j) < Edge

}
represents the unidirectional neighbor node of the node i;

• Ni
d =

{
j
∣∣∣(v j, vi) ∈ Edge, (vi, v j) ∈ Edge

}
represents the bidirectional neighbor node of the node i;

• Ni
p =

{
j
∣∣∣(vi, v j) ∈ Edge, (v j, vi) < Edge

}
represents the potential neighbor node of the node i.

Remark 1. For any two nodes i, j, if i ∈ N j
s, j ∈ Ni

p.

Remark 2. For a weakly-connected graph G(V, Edge), if there is a path
(
vi, v j

)
in the graph, Ni

s ∪Ni
p ∪Ni

d is

the directed graph after supplementing path
(
v j, vi

)
, where adjacent nodes communicate bidirectionally; it can be

regarded as a special form of the undirected graph.

3. Leader-Follower Distributed Control Strategy

Because of the complexity and severity of the marine environment, the fault rate of offshore wind
turbines is relatively high, and the control system, gearbox, or generator may cause the wind turbine
to shut down [25,26]. Considering the information communication between the units in the entire
wind farm, a single-machine fault will not only affect the stability of related wind turbines, but also
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decrease the efficiency of the operation of the entire wind farm. When a single-machine fault occurs in
wind farm, the leader-follower control strategy needs to work such that the operation of other units
will not be adversely affected. In this section, single-machine fault includes leader and follower faults.
The distributed control strategies of leader and follower units are designed respectively.

3.1. Control Strategy of Leader

In the analysis above, the units in the wind farm are divided into leader and follower units, and
the electrical control system is shown schematically in Figure 2. Considering the directionality of the
communication, the network topology of the system is regarded as a directed graph.

Figure 2. Offshore wind farm group distributed control system.

Assumption 1. The network topology formed by offshore wind turbines is a directed graph with root nodes and
there is at least one directed spanning tree.

In this paper, the root node in the directed graph is selected as the leader and the other nodes
are used as followers. The PCH-D model of the single unit is applied to the wind turbine group
through the previous Hamiltonian realization of the doubly fed wind turbine. The PCH-D model of
the generator group of the leader is: { .

xl = (Jl −Rl)∇Hl + Glµl,
yl = Gl

T
∇Hl,

(6)

where Jl, Rl, and Gl are identical to J, R, and G in Equation (4), which are marked with the subscript l to
indicate the parameters of the leader unit.

In the distributed system, it is assumed that the leader unit can directly obtain an output reference
value yr of the stable operation state. Next, the energy shaping and damping injection method
in the Hamiltonian energy theory is introduced to design the control strategy of the leader [16].
The current Hamiltonian function of the leader is Hl(xl). Setting the expected Hamiltonian function
Hr(xl), the output of the leader yl can converge to the reference value yr, namely:

Gl
T
∇Hr = yl + d = yr, (7)

where the current output of the leader yl is adjusted by the value d.
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The energy shaping control strategy µl is substituted into the PCH-D model of the leader:

(Jl −Rl)∇Hl(xl) + Glµl = (Jl −Rl)∇Hr(xl). (8)

Then:
Glµl = (Jl −Rl)∇Hr(xl) − (Jl −Rl)∇Hl(xl), (9)

where Equation (9) needs to meet the matching conditions [13], therefore:

Gs
⊥((Jl −Rl)∇Hr(xl) − (Jl −Rl)∇Hl(xl)) = 0, (10)

where G⊥s is a left zeroing factor with full rank satisfying G⊥s Gs= 0.
Observing that Gl is a matrix with full column rank, Equation (9) is simplified to obtain the energy

shaping control strategy µl as follows:

µl =
(
Gl

TGl
)−1

Gl
T(Jl −Rl)(∇Hr(xl) −∇Hl(xl)). (11)

Based on the above analysis, in order to make the output power of the leader reach the given
reference value, the control strategy of the leader should be designed.

Theorem 1. Considering the leader unit in Equation (6) in the offshore wind farm, the control strategy of the
leader is designed using the energy shaping and damping injection method:

µl = µl + µr =

 µdrl
µqrl

+ [
µdr
µqr

]

=
L2

rrl
ω2

slL
2
ml

 −
d1
T′0l

+ slωsld2

−slωsld1 −
d2
T′0l

+
[
µdr
µqr

]
,

(12)

where µr =

[
µdr
µqr

]
is the control strategy to be redesigned such that the new Hamiltonian function Hr(xl)

obtained by the leader after adjustment can meet Equation (9), and the output of the leader unit eventually
converges to the value yr.

Proof of Theorem 1. For the convenience, the adjustment value d is decomposed into d = Gl
Td, where

d =
Lrrl

ωslLml

[
0 d1 −d2

]T
, we have:

yr = Gl
T
∇Hr(xl) = yl + d = Gl

T
∇Hl(xl) + Gl

Td.

Then:

∇Hr(xl) = ∇Hl(xl) + d =


sl

E′ql +
Pml
2iqsl

+
Lrrl

ωslLml
d1

E′dl +
Pml
2idsl
−

Lrrl
ωslLml

d2

.
According to the above energy shaping control strategy µl:

µl =
(
Gl

TGl
)−1

Gl
T(Jl −Rl)(∇Hr(xl) −∇Hl(xl))

=
(
Gl

TGl
)−1

Gl
T(Jl −Rl)d,
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we have:

µl =

 µdrl
µqrl

 = L2
rrl

ω2
slL

2
ml

 −
d1
T′0l

+ slωsld2

−slωsld1 −
d2
T′0l

.
Then, the control strategy of leader is obtained as:

µl = µl + µr =

 µdrl
µqrl

+ [
µdr
µqr

]

=
L2

rrl
ω2

slL
2
ml

 −
d1
T′0l

+ slωsld2

−slωsld1 −
d2
T′0l

+
[
µdr
µqr

]
.

Therefore, the energy shaping control strategy of the leader in Equation (12) is obtained, which
can modify the Hamiltonian energy function to make the output of the leader reach the reference value
yr. The proof is completed. �

3.2. Control Strategy of the Follower Unit

The follower units not only need to achieve output synchronization through the distributed
control, but also make their outputs follow the leader’s output under the leader-follower control.
Considering the PCH-D Equation (4) of the wind turbine, the PCH-D model of follower unit is:{ .

xi = (Ji −Ri)∇Hi + Giµi,
yi = Gi

T
∇Hi.

(13)

Here, being marked with the subscript i indicates the parameters of the follower unit. When the
system operates stably, the PCH-D model of the leader unit can be rewritten as:{ .

xl = (Jl −Rl)∇Hl(xl) + Glµr,
yr = Gl

T
∇Hr(xl),

(14)

where yr = yl + d indicates the output of the leader unit after being adjusted by the value d. Now,
the control strategy of the follower unit is designed to render it as following the leader. Then, the
whole system can operate stably.

Theorem 2. Considering one wind farm cluster including leader units as in System (14) and follower units as
in System (13), the network topology of the system is a directed connectivity graph with at least one directed
spanning tree. Let µr = 0. The follower distributed control strategy µi is taken as:

µi = −
N∑

j=1

(
yi − y j

)
− ai(N+1)(yi − yr),∀i, j = 1, 2, . . . , N, (15)

where ai j = ai(N+1) = 1. Under the control strategy, the output of the follower unit can follow the leader’s
output to a consistent value and the whole closed-loop System (1) is globally stable.

Proof of Theorem 2. Consider the remaining N units as followers, then the leader model is:{ .
xl = (Jl −Rl)∇Hr(xl),
yl = Gl

T
∇Hr(xl).
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The Hamiltonian energy function of the system is taken as:

H(x) =
N∑

i=1

Hi(xi) + Hr(xl).

Substituting the control strategy µi into the PCH-D form given in System (13), we have:

.
xi = (Ji −Ri)∇Hi −Gi

N∑
j=1

(
yi − y j

)
−Giai(N+1)(yi − yr).

Compute the derivative of the Hamiltonian function of the system:

.
H(x) =

N∑
i=1
∇

THi(xi)
.
xi +∇

THr(xl)
.
xl

=
N∑

i=1
∇

THi(xi)

(Ji −Ri)∇Hi −Gi
N∑

j=1
(yi − y j)

−Giai(N+1)(yi − yr)
)
+∇THr(xl)

.
xl

=
N+1∑
i=1
∇

THi(xi)(Ji −Ri)∇Hi −
N∑

i=1
yi

T
N+1∑
i=1

ai j
(
yi − y j

)
,

where JT = −J. It can be rewritten as:

.
H(x) =

N+1∑
i=1

∇
THi(xi)Ri∇Hi −

N∑
i=1

yi
T

N+1∑
i=1

ai j
(
yi − y j

)
.

Assuming that LN is a Laplacian matrix of the N units system, after joining the leader unit, L(N+1)
is the Laplacian matrix of the whole N + 1 units system. L(N+1) is augmented by LN and we have
a(N+1) j = 0. Then, the above formula can be rewritten into a vector form as:

.
H = −∇THR∇H − yT

(
L(N+1) ⊗ I3

)
y,

where, the output is y = [y1, y2, . . . , yN]
T,

__
y = [y1, y2, . . . , yN, yr]

T is the output vector after
augmentation, L(N+1) is (N + 1) × (N + 1) Laplacian matrix, and I3 is 3× 3 identity matrix.

Using the Hamiltonian energy function as the Lyapunov function V of the system, then:

.
V =

.
H = −∇THR∇H − yT

(
L(N+1) ⊗ I3

)
y ≤ 0.

It can be seen that the system can achieve global stability under the control strategy. Consider:

S =
{
x
∣∣∣∣ .
V =

.
H = 0

}
=

{
x
∣∣∣∇HTR∇H = 0,

{
LN+1 ⊗ I3

}
y = 0

}
,

where S ⊆ S̃ =
{{

LN+1 ⊗ I3
}
y = 0

}
, and y1 = y2 = . . . = yN = yr.

According to LaSalle’s invariant principle [27], when t→∞ , the solutions converge to the set
S and the output y1 = y2 = . . . = yN = yr is satisfied. Therefore, the output of the follower can
follow the leader’s output, and the output of the cluster uniformly converges to the reference value yr.
The proof is completed.
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Remark 3. When the output of the wind turbine is consistent, it can be known that ∇HTR∇H = 0, and from
the above equation, we have:

1
T′0i

(
E′qi +

Pmi
2iqsi

)2

+
1

T′0i

(
E′di +

Pmi
2idsi

)2

= 0, (16)

where E′qi +
Pmi
2iqsi

= 0, Psi = −E′qiiqsi − E′diidsi = Pmi, and the output of active power is equal to the input of
mechanical power. When the system is globally stable, the output of active power for each wind turbine tends to
be stable and consistent.

3.3. Analysis of the Control Strategy under Fault Conditions

First of all, it should be noted that the leader-follower control strategy designed in this paper
replaces centralized control with distributed control, which can keep the normal operation of the wind
turbine group in the no fault-condition. Moreover, in the case of unit fault, the adverse effects of the
fault in the wind farm can be reduced. The specific analysis is as follows:

(1) Case 1: When the follower unit has a single-machine fault, assumption 1 holds; that is,
the network topology formed by the remaining wind turbines is a directed graph, which contains
at least one directed spanning tree. From the above analysis, the output of the leader unit adjusts
through the adjustment value d; the output of the follower unit will not affect the leader unit’s output.
When the follower unit has a single-machine fault, under the leader-follower control strategy given in
Equation (15), the fault-free follower unit follows the leader unit and each adjusts the other so that the
entire system can achieve a consistent output in the case of a single-machine fault of the follower unit.
At the same time, the active power output of the system reaches a stable value and the entire system
operates stably.

(2) Case 2: When the leader unit has a single-machine fault, assumption 1 also has to hold.
The network topology formed by the follower units contains at least one directed spanning tree in it.
Under normal operating conditions, the follower unit control strategy acts as:

µi = −
N∑

j=1

(
yi − y j

)
− ai(N+1)(yi − yr),∀i, j = 1, 2, . . . , N. (17)

When the leader unit in System (14) fails, the faulty unit can no longer communicate with the
original adjacent unit, thus, we have ai(N+1)= 0, and the control of leader-follower strategy becomes a
coordinated control strategy:

µi = −
N∑

j=1

(
yi − y j

)
,∀i, j = 1, 2, . . . , N. (18)

Taking H(x) =
N∑

i=1
Hi(xi) as the Hamiltonian energy function of the system, it is known that the

one-cluster systems are globally stable in the network topology formed by the remaining follower units
in System (13), which contains a directed spanning tree; not only is the output of each unit consistent,
but also the active power output is stable and consistent (refer to Reference [28] for details).

In summary, the units in the wind farm are divided into leader units and follower units based on
the PCH-D model of the system. The leader-follower control strategy for a single-machine fault of
the leader and follower unit is designed respectively. Under the single-machine fault of the follower
unit, the faulty follower unit will not affect the leader unit, and the fault-free follower unit will still
follow the leader unit and maintain normal working status through the control strategy. When the
leader unit fails and there is a directed spanning tree structure between the fault-free units, the original
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leader-follower control strategy is equivalent to the cooperative control strategy, and the system can
achieve stability via adjustment. Therefore, when the wind farm has a single-machine fault in the
leader or follower unit, the fault-free units adjust mutually, and the system can operate stably under
the single-machine fault; the active power output for each unit is also stable under the leader-follower
control strategy. As a result, fault loss is minimized.

4. Leader-Follower Distributed Control Strategy under a Communication Fault Condition

In the previous section, the control strategy of the leader-follower is designed to make the wind
turbine operate stably under a single-machine fault. When there is a communication fault in the wind
turbine caused by error frames, unstable periods, and interference, there may be no directed spanning
tree in the network topology, and the network topology graph becomes a weakly-connected graph.
In this case, a new control strategy needs to be designed to ensure the stability of the system under a
communication fault.

In this section, we select a directed communication path in the whole network topology with the
root node as the leader unit and the remaining units as follower units. Considering that the output of
the leader unit is modified by adjusting the value d, the follower unit follows the leader. Therefore,
only the follower’s control strategy needs to be designed such that the follower unit can still follow the
leader unit, and their output can achieve synchronization.

Theorem 3. Consider one wind farm cluster consisting of N+1 wind turbines, which includes the leader and
follower unit. The network topology of the system is a weakly-connected graph. Let µr = 0, and the follower
control strategy µi is designed as:

µi = −
∑
j∈Ni

s

(
yi − 2y j

)
−

∑
j∈Ni

d

(
yi − y j

)
−Kiyi − ai(N+1)(yi − yr),∀i, j = 1, 2, . . . , N, (19)

where ai j = ai(N+1) = 1. Under the control strategy, the output of the follower unit can follow the leader’s
output to a consistent value yr and the whole closed-loop system is globally stable.

Proof of Theorem 3. Select the root node on a directed communication path as leader unit and the
remaining N units as follower units. The PCH-D model of leader unit is:{ .

xl = (Jl −Rl)∇Hr(xl),
yl = Gl

T
∇Hr(xl).

Take the Hamiltonian energy function of the system as:

H(x) =
N∑

i=1

Hi(xi) + Hr(xl).

Substituting the control strategy µi into the PCH-D model of the follower unit, we have:

.
xi = (Ji −Ri)∇Hi −Gi

∑
j∈Ni

s

(
yi − 2y j

)
−Gi

∑
j∈Ni

d

(
yi − y j

)
−GiKiyi −Giai(N+1)(yi − yr),
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which can be rewritten as:

.
xi = (Ji −Ri)∇Hi +

∑
j∈Npi

Gi
(
yi − y j

)
−

∑
j∈Npi

Gi
(
yi − y j

)
−Gi

∑
j∈Nsi

(
yi − 2y j

)
−Gi

∑
j∈Nd

i

(
yi − y j

)
−GiKiyi −Giai(N+1)(yi − yr)

= (Ji −Ri)∇Hi + KiGiGi
T
∇Hi −

∑
j∈Npi

GiGi
T
∇H j

−
∑

j∈Npi
Gi

(
yi − y j

)
+ Gi

∑
j∈Nsi

y j −Gi
∑

j∈Nsi

(
yi − y j

)
−Gi

∑
j∈Nd

i

(
yi − y j

)
−GiKiGi

T
∇Hi −Giai(N+1)(yi − yr)

= (Ji −Ri)∇Hi −
∑

j∈Npi
GiGi

T
∇H j +

∑
j∈Nsi

GiGi
T
∇H j

−Gi
∑

j∈Nsi∪Npi∪Nd
i

(
yi − y j

)
−Giai(N+1)(yi − yr).

Take: .
x̃i = (Ji −Ri)∇Hi −

∑
j∈Ni

p

GiGi
T
∇H j +

∑
j∈Ni

s

GiGi
T
∇H j.

and
.
x̃i is written as a vector form:

.
x̃ =

(̃
J −R

)
∇H,

where

J̃ =


J1 δ12G1GT

2 . . . δ1NG1GT
N

δ21G2GT
1 J2 . . . δ2NG2GT

N
. . . . . . . . . . . .

δN1GNGT
1 δN2GNGT

1 . . . JN

, R(x) = diag{R1, R2, . . . , RN}, δi j =


−1, j ∈ Ni

p
1, j ∈ Ni

s
0, other

,
From Remark 2, if i ∈ N j

s, then j ∈ Ni
p, δi j = −δ ji, J̃T = − J̃, and we have:

.
xi =

.
x̃i −Gi

∑
j∈Nsi∪Npi∪Nd

i

(
yi − y j

)
−Giai(N+1)(yi − yr).

Rewrite Gi
∑

j∈Nsi∪Npi∪Nd
i

(
yi − y j

)
into the vector form as G

(̃
LN
′
⊗ I3

)
y, where y = [y1, y2, . . . , yN]

T.

The Laplacian L̃N
′ of the undirected connected graph shown here is different from the Laplacian matrix

discussed in the previous section. It is the network topology without the leader unit, and the Laplacian
matrix after the communication between the units becoming bidirectional, yet it is still a symmetric
matrix and can be decomposed into L̃N = C̃′C̃′T, where C̃′ is a corresponding associative matrix.
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Taking the derivative of the Hamiltonian function, we have:

.
H(x) =

N∑
i=1
∇

THi(xi)
.
x̃i −

N∑
i=1
∇

THi(xi)Gi
∑

j∈Ni
s∪Ni

p∪Ni
d

(
yi − y j

)
−

N∑
i=1
∇

THi(xi)Giai(N+1)(yi − yr) +∇THr(xl)
.
xl

=
N∑

i=1
∇

THi(xi)
(̃
Ji −Ri

)
∇Hi +∇

THr(xl)(Jl −Rl)∇Hr(xl)

−

N∑
i=1
∇

THi(xi)Gi
∑

j∈Ni
s∪Ni

p∪Ni
d

(
yi − y j

)
−

N∑
i=1
∇

THi(xi)Giai(N+1)(yi − yr),

which can be rewritten as:

.
H(x) =

N+1∑
i=1
∇

THi(xi)
(̃
Ji −Ri

)
∇Hi −

N∑
i=1

yi
T ∑

j∈Ni
s∪Ni

p∪Ni
d

(
yi − y j

)
−

N∑
i=1

yT
i ai(N+1)(yi − yr)

=
N+1∑
i=1
∇

THi(xi)
(̃
Ji −Ri

)
∇Hi −

N∑
i=1

yi
T

N+1∑
i=1

ai j
(
yi − y j

)
,

where J̃T = − J̃. Therefore:

.
H(x) =

N+1∑
i=1

∇
THi(xi)Ri∇Hi −

N∑
i=1

yi
T

N+1∑
i=1

ai j
(
yi − y j

)
.

It is known that L̃(N+1)
′ is the N + 1 Laplacian matrix after joining the leader unit into the N

undirected topology, which is augmented by L̃N
′. Similarly, the above formula can be rewritten into a

vector form as:
.

H = −∇THR∇H − yT
(̃
L(N+1)

′
⊗ I3

)
y,

where the output is y = [y1, y2, . . . , yN]
T,

__
y is the augmentation of y, L̃(N+1)

′ is the (N + 1) × (N + 1)
Laplacian matrix, and I3 is 3× 3 identity matrix.

Using the Hamiltonian energy function as the Lyapunov function V of the system, we have:

.
V =

.
H = −∇THR∇H − yT

(̃
L(N+1)

′
⊗ I3

)
y

= −∇THR∇H −
∥∥∥∥(C̃′ ⊗ I3)

T y
∥∥∥∥2
≤ 0.

It can be seen that the system can achieve global stability under the control strategy. Similar
to the proof in Theorem 2, when the system operates stably, the output y1 = y2 = . . . = yN = yr is
satisfied. The output of the follower unit is synchronous with the leader unit’s output and all the
output uniformly converges to the reference value yr. The proof is completed.

5. Simulation Verification

In this paper, simulations were carried out with the MATLAB R2014a software developed by
MathWorks in American. It includes three parts: in the first part, although the follower unit fails due to
the single-machine fault, the active power output can remains consistent through the leader-follower
control strategy; in the second part, the leader unit fails due to the single-machine failure; however,
the system operates stably because the leader-follower control strategy is introduced; in the third
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part, the leader-follower control strategy is effective when the system has communication fault
resulting in a weak connection of the whole network communication. Here, six units were selected
to form a wind-turbine group. The network topology of the system was a directed connected graph.
It was assumed that the parameters of the wind turbine are the same. The main parameters are
Htot= 4 s; Ls = 0.17 pu; Lr= 0.15 pu; Lm= 3.0 pu; Rs= 0.06 pu; ωs= 3.14 pu; ids= 1.8 pu; iqs= 1.6 pu;
and Lrr = Lm + Lr,Lss = Lm + Ls [22].

The topology composed of the six wind turbines was a connected graph containing a directed
spanning tree, as shown in Figure 3.

Figure 3. Network topology of a simulated offshore wind farm.

5.1. The Leader-Follower Control Strategy under Follower Unit Fault

For the topology of the six wind turbines, the initial output values of the six wind turbines were
set, and the root node, No. 1, was selected as the leader unit. Then, 2, 3, 4, 5, and 6 were set as the
follower units, and the adjustment value, d =

[
d1 d2

]
, where d1= 0.7, and d2= 1.3, which were

constant, were set. The distributed control strategy (µi) derived from the previous reasoning was
applied to the network, and the distributed control strategies of the six generators were:

µ1 = µl,
µ2= y1 + y3 + y6 − 3y2,
µ3 = y2 − y3,
µ4 = y5 + y3 − 2y4,
µ5 = y6 + y4 − 2y5,
µ6 = y1 + y2 − 2y6.

(20)

When t = 50 s, No. 4, one of the follower units, had a single-machine fault, and the topology
graph of the generators was shown in Figure 4:

Figure 4. Follower unit fault.
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The distributed control strategy adopted by the fault-free unit was:

µ1 = µl,
µ2= y1 + y3 + y6 − 3y2,
µ3 = y2 − y3,
µ5 = y6 − y5,
µ6 = y1 + y2 − 2y6.

(21)

Due to the unpredictability of wind speed, a random wind speed variation was applied to
investigate the control performance of the proposed approach, as shown in Figure 5.

Figure 5. The curve of random wind speed.

The simulation results of the output response of each wind turbine under a leader-follower control
strategy in the wind farm are shown in Figure 6a. The simulation results of the active power output
under a leader-follower control strategy are shown in Figure 7a. The simulation results of output
response under a cooperative control strategy are shown in Figure 6b, and the simulation results of the
active power output under a cooperative control strategy are shown in Figure 7b. It can be seen in
Figures 6a and 7a that the output curves and the active power output fluctuated less at 20 s. After 30 s,
the output converged to 0, and the active power output was equal to the input of mechanical power;
the active power output of each unit converged to 10 kW, and the system operated stably. When the
follower unit No. 4 shut down at t = 50 s, the output of active power for unit No. 4 dropped directly
to 0, and the active power output for the other units did not fluctuate excessively. It also can be seen in
Figures 6b and 7b that the output of the other five units fluctuated greatly, and the system stability was
affected by unit No.4. It can be seen that the single-fault unit affected other units and the whole system,
and the leader-follower control strategy could effectively control the fault-free units from the influence
of the fault unit and reduce the losses under the single-machine fault of a follower unit.
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Figure 6. (a) Turbine group response under a leader-follower control strategy. (b) Wind turbine group
response under a cooperative control strategy.

Figure 7. (a) Turbine active power output under a leader-follower control strategy; (b) Wind turbine
active power output under a cooperative control strategy.

5.2. The Leader-Follower Control Strategy under a Leader Unit Fault

At t = 50 s, the leader unit, No. 1, had a single-machine fault. The topology graph of the
generators was shown in Figure 8:

Figure 8. Leader unit fault.



Sustainability 2019, 11, 2290 16 of 20

It contained a directed spanning tree, and the distributed control strategies adopted by the other
fault-free units was: 

µ2 = y3 + y6 − 2y2,
µ3 = y2 − y3,
µ4 = y5 + y3 − 2y4,
µ5 = y6 + y4 − 2y5,
µ6 = y2 − y6.

(22)

The simulation results of the output response of each wind turbine under a leader-follower control
strategy in the wind farm are shown in Figure 9a. The simulation results of the active power output
under a leader-follower control strategy are shown in Figure 10a. Furthermore, the simulation results
of the output response under a cooperative control strategy are shown in Figure 9b. The simulation
results of the active power output under a cooperative control strategy are shown in Figure 10b.

Figure 9. (a) Turbine group response under a leader-follower control strategy. (b) Wind turbine group
response under a cooperative control strategy.

Figure 10. (a) Wind turbine active power output under a leader-follower control strategy. (b) Wind
turbine active power output under a cooperative control strategy.

It can be seen from Figures 9a and 10a that the adjustment time of the system was about 30 s,
the output of the system was stable, and the fluctuation reduced after 20 s. When the leader unit
No. 1 had a single-machine fault, the active power of the unit was 0. The system still contained
the directed spanning tree, and the remaining units could adjust mutually under the leader-follower
control strategy. Therefore, the system operated stably and the output of active power was stable. The
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leader-follower control strategy could also be applied in the case of a single-machine fault of the leader
unit. Furthermore, it can be seen from Figures 9b and 10b that the output of fault-free units had a larger
fluctuation after the unit No. 1 shutting down, while the active power output of the five fault-free
units had a larger decline under the influence of the unit No. 1. The leader-follower control strategy
could make fault-free units adjust to ensure the stability of the system, which further illustrates that
the leader-follower control strategy has stronger fault tolerance under a failure situation.

5.3. The Leader-Follower Control Strategy under a Communication Failure

Based on the aforementioned parameters of the six wind turbines and network topology graph,
when t = 50 s, a communication fault occurred in unit No. 2 and unit No. 5. Thus, the information for
the parameters and feedback on the status of the system cannot be relayed. As a result, the network
topology became a weakly-connected graph, as shown in Figure 11.

Figure 11. Wind turbine communication fault.

The network topology contained a path: 1-6-5. The root node of the path was selected as the
leader unit, and the units 2, 3, 4, 5, and 6, were all used as follower units. For the communication fault,
the leader-follower control strategy µi was introduced. In the topology graph of the wind-turbine
group, we had:

N2
s = {3, 6}, N2

d = 0, N2
p = 0; N3

s = 0, N3
d = 0, N3

p = {2, 4}; N4
s = {3}, N4

d = 0, N4
p = {5}; N5

s = {4, 6},
N5

d = 0, N5
p = 0; N6

s = 0, N6
d = 0, N6

p = {2, 5}.
The control strategies for the six wind turbines were designed as:

µ1 = µl,
µ2= y1 + 2y3 + 2y6 − 3y2,
µ3 = −2y3,
µ4 = 2y3 − 2y4,
µ5 = 2y6 + 2y4 − 2y5,
µ6 = y1 − 3y6.

(23)

The simulation results of the output response under a leader-follower control strategy are shown
in Figure 12a, while those of the active power output under a leader-follower control strategy are
shown in Figure 13a. Furthermore, the simulation results of the output response under a cooperative
control strategy are shown in Figure 12b, while the active power output under a cooperative control
strategy is shown in Figure 13b.
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Figure 12. (a) Wind turbine group response under a leader-follower control strategy. (b) Wind turbine
group response under a cooperative control strategy.

Figure 13. (a) Wind turbine active power output under a leader-follower control strategy. (b) Wind
turbine active power output under a cooperative control strategy.

It can be seen from Figures 12a and 13a that the output curves of the leader and follower units
could converge after 30 s such that the system could achieve stable operation and output. The output
of active power fluctuated less after 10 s, and tended to be stable after 30 s. When the network
topology failed at 50 s, there was no directed spanning tree in the entire network topology, and the
network topology became a weakly-connected graph, where the units No.1 and No.3 could not get the
information from the other units, and the original control strategy was out of control. It can be seen
from Figures 12b and 13b that the active power of the unit No.1 and No.3 was reduced to 0 kW, and the
output and active power of other units had a large fluctuation under the influence of the faulty unit.
Compared with Figures 12 and 13, the system could maintain stable operation after the adjustment
time, and the active power output tended to be stable through the leader-follower control strategy.

Through the above simulation, implementation, and analysis, it was apparent that when the
leader-follower distributed control strategy was adopted, the wind turbine maintained stable operation
under the condition of a single-machine and communication network failure; as a result, the stability
and reliability of the wind farm in the complex and harsh marine environment was improved. At the
same time, the economic losses caused by the fault were reduced; thus, the requirements of the control
strategy were met.
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6. Conclusions

In view of offshore doubly fed wind farms, the leader-follower distributed control method was
introduced in the case of single-machine and communication fault conditions. On the basis of Hamilton
energy theory, the corresponding control strategies were proposed in different fault situations that
enable the wind turbine to achieve stability after adjustment and minimizes the loss caused by fault(s).
The main innovations of this paper are as follows: (1) By applying distributed control to the network
structure of wind turbines and combining with the Hamilton model of wind turbines, the distributed
control of wind turbines was achieved. Compared with traditional centralized control methods, this
control system was more flexible and reliable. (2) Analyzing the system under the single-machine fault,
and designing the leader-follower control strategy to achieve global stability of the system under the
single-machine fault of the leader and follower units by means of Hamiltonian energy shaping and
damping injection method. (3) Designing the leader-follower control strategy for the weakly-connected
graph under the communication fault of the system such that the system could operate stably under
the communication fault. Furthermore, the output of active power was stable, which improved the
stability and reliability of the system. This design method provided new ideas for the development
and application of wind farms in the future.
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Appendix A. List of Symbols

is,ir,ig stator, rotor, and generated current
Vs, Vr stator and rotor voltage
Va,ia stator side converter voltage and current
XGT,Xa transformer reactance
Rr rotor resistance
ωs synchronous angle speed
Lm mutual inductance
Lss,Lrr stator and rotor inductance
s rotor slip rate
ids, iqs dq-axis stator current

Xs,X′s
stator transient or short circuit reactance and open
circuit reactance

E′d, E′q dq-axis transient reactance voltages
udr,uqr dq-axis rotor voltage
Htot inertia constant
Pm mechanical power
Ps stator active power
Qs stator reactive power
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