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Abstract: With the large-scale volatility and uncertainty of the centralized grid connection of wind
power, the dimensionality disaster problem of wind farm cluster (WFC) scheduling optimization
calculation becomes more and more significant. In view of these challenges, a distributed active power
optimal dispatch model for WFC based on the alternating direction multiplier method (ADMM) is
proposed, and the analytical description of the distribution characteristics of the active power output
of wind farms is introduced into the proposed model. Firstly, based on the wake effect, the Weibull
distribution of wind speed is transformed by the impulse function to establish an analytical model
of the active output distribution of the wind farm. Secondly, the optimization goal is to minimize
the expected sum of the deviations of the dispatch instructions and the output probability density
function of each wind farm, constructing a WFC active power optimal dispatch model considering
uncertainty. Finally, the proposed model is decoupled in space and time into sub-optimization
problems, and the ADMM is improved to construct an efficient solution algorithm that can iterate in
parallel and decouple a large number of decision variables at the same time. The model is compared
with other current classical models through the evaluation of multiple recommendation evaluation
metrics, and the experimental results show that the model has a 3–7% reduction in dispatched power
shortfalls and a 4–21% improvement in wind power utilization. The optimization algorithm for
model construction has extremely high computational efficiency and good convergence. The results
show that when the update step size is three, the convergence is the fastest, and when the update
step size is six, the convergence is the slowest; in addition, when the number of wind farms is greater
than eight, the distributed computing efficiency has an incomparable advantage over the centralized
one. It plays a helpful role in wind power consumption and the efficient calculation of the power
grid and effectively improves the reliability of the power grid.

Keywords: wind farm cluster (WFC); distributed algorithm; wind power dispatching; alternating
direction multiplier method (ADMM); space–time decoupling

1. Introduction

In recent years, with the rapid development of new energy power generation tech-
nology, the grid-connected mode of large-scale wind farms presents the characteristics
of large grid-connected capacity, high voltage level, and centralized grid connection. On
the one hand, the volatility and uncertainty of wind power have a serious impact on the
wind power consumption of the power grid. On the other hand, the centralized grid
connection of large-scale wind power makes the wind farm cluster (WFC) system dis-
patch optimization calculation. There is a problem of dimension disaster that cannot be
ignored [1–6]. Therefore, formulating an accurate active power dispatching strategy for
WFC that can solve large-scale and high-efficiency calculations is crucial for the centralized
grid connection of ultra-large-scale wind power in the future.

The existing WFC active power scheduling research is mainly carried out from the
following aspects: (1) Based on the historical data of wind power output, the probability
density model of the active power output of the WFC at different time scales such as
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day-ahead or intra-day is constructed, thereby reducing the difference between the output
of the WFC and the dispatch command caused by the prediction error [7,8]. (2) In large-
scale, grid-connected wind power scheduling, a multi-time-scale WFC scheduling model
is constructed, and the traditional wind power scheduling model is optimized layer by
layer on different time scales [9,10]. (3) The scheduling mode of the WFC is decomposed
into multi-layer structure coordinated control scheduling, and hierarchical control and
scheduling model for the active power of WFC is proposed [11,12]. (4) Using auxiliary
forms such as energy storage to compensate for power fluctuations caused by wind power
uncertainty and to smooth the total output of WFC, a new WFC scheduling model is
proposed [13,14]. In [15], based on a grid including wind generation and fossil-fuel-fired
power plants, a dispatch model was built to account for the cost of fossils fuels and risk
factors. In [16], a safety-constrained economic dispatch model for multi-period renewable
energy systems was proposed. In the work of [17], an improved general wind power
distribution scheme was proposed. In [18], a combined active and reactive power control
scheme based on model predictive control was proposed. However, on the one hand,
the above research has not fully exploited the spatiotemporal correlation and information
coordination of wind power fluctuations caused by wind speed uncertainty in different
wind farms in different periods in the WFC. On the other hand, the large-scale calculation
dimension and high computational complexity caused by the centralized optimization of
WFC and the information security issues in the process of data and information exchange
of each wind farm are not considered.

In recent years, the alternating direction multiplier method (ADMM) has been widely
used in power grid dispatching problems [19–21]. In [22], a multi-microgrid decentralized
economic dispatch model with robust optimization participation is proposed based on
considering the uncertainty of wind power output. In [23], ADMM is adopted to design
a reactive power distributed control scheme that can reduce the computational burden.
In [24], a Hierarchical Active Power Control scheme based on Alternating Direction Multi-
plier (ADMM) was proposed for wind farms based on Doubly Fed Induction Generator
for Distributed Energy Storage Systems. In [25], based on ADMM, a new multi-regional
power system coordination dispatch optimization model is proposed. However, the above
research does not consider the distributed scheduling optimization calculation problem of
large-scale wind power integration into the power grid on the generation side. With the
rapid development of new energy power generation, the centralized grid connection of
ultra-large-scale WFC will become more and more common, and the number of decision
variables in the optimization calculation will also increase sharply, resulting in the dimen-
sionality disaster problem of WFC system scheduling optimization calculation. Solving this
problem the difficulty lies in the simultaneous decoupling of a large number of decision
variables, and all subproblems can be iteratively computed in parallel.

After the above analysis, starting from the uncertainty of wind speed, this paper is
dedicated to solving the dimensionality disaster problem in the scheduling optimization
calculation of WFC systems and proposes a distributed active power dispatching method
for WFC that considers the probability distribution characteristics of the active power
output of wind farms.

The contributions of this paper are as follows:

• Based on the wake effect, we deduced the distribution characteristic model of the
active power output of each wind farm by using the statistical fitting method and
introducing the impulse function.

• We considered the correlation between power shortages and curtailed wind volume
and established a stochastic optimization model for WFC scheduling to improve wind
power consumption capacity.

• We improve the ADMM to decouple the model in space and time and solve the parallel
iteration problem and design a power information interaction module to solve the
problem of simultaneous decoupling between a large number of decision variables.
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Compared with the contribution of this paper, other current research mainly has
the following limitations. In [26,27], Weibull was used to fit the wind speed distribution
to obtain the probability distribution of wind power, but the wake effect of the wind
turbine was not considered. Papers [1,17,28] are devoted to dispatching optimization
strategies for active power in wind power clusters; however, they do not consider the
output characteristics of different wind farms and distributed algorithms suitable for
large-scale system solving problems. Papers [18,24,29], based on ADMM, formulated an
active power optimal control dispatch strategy for multiple wind farms to improve the
computational efficiency of wind power dispatch problems but did not consider wind
power uncertainty.

The rest of the paper is organized as follows. In Section 2 we derive the wind farm
output model and describe the WFC active dispatch model. In Section 3, we derive a
distributed model for ADMM application in WFC scheduling. We compare the results with
previous studies in Section 4, and finally, Section 5 presents the summary and prospect for
the next steps.

2. Active Power Dispatching Model of WFC Considering Wind Speed Uncertainty
2.1. Probability Density Model of Active Power Output of Wind Farm Based on Wake Effect

We adopt the classical two-dimensional Weibull distribution to describe the wind
speed probability density function [26]:

f (v) =
k
γ
(

v
γ
)

k−1
exp[−( v

γ
)k] (1)

G(v) = P(V ≤ v) = 1− exp[−( v
γ
)k] (2)

where v is wind speed; k is shape factor; γ is scale factor; f (v) is probability density function;
G(v) is cumulative probability distribution function.

We use the classical piecewise function to represent the approximate relationship
between the active power output of the wind turbine and the wind speed [26]:

p =


0, v < vin or v > voff

v3−v3
in

v3
r−v3

in
Pr vin ≤ v ≤ vr

Pr vr ≤ v ≤ voff

(3)

where p is the active power of the wind turbine; Pr is rated power of wind turbine; vin is the
cut-in wind speed of the wind turbine; voff is cut-out wind speed; vr is rated wind speed.

The wind turbine gearbox can adopt the material process method of the decomposition
strategy [30]. In addition, the conversion of the extremely low speed of the wind turbine
into the extremely high speed of the generator needs to be realized by the gearbox. Most of
the existing studies ignore the influence of the wake effect, assuming that the active power
output of the entire wind farm is equal to the active power output of a single wind turbine
multiplied by the number of wind turbines, but in fact, due to the wake effect, the wind
speed of each wind turbine is not identical. We use the Jensen model to study the effect
of wake effects on the active power output of wind farms, and its wind speed is shown in
Equation (4) [31]:

vi = v0αi−1
d i = 1, 2, . . . , xn

αd = 1− (1−
√

1− αT)(
R

R+αxdx
)

2 (4)

where vi is the wind speed obtained by the first wind turbine; αd is the proportion of wind
speed drop between front and rear adjacent wind turbines; αT is thrust coefficient of the
wind turbine; αx is wake attenuation coefficient; dx is the distance between the front and
rear wind turbines in the wind direction.
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According to the principle of the Jensen model, combined with Equations (3) and (4),
the relationship between the active power output and wind speed of the wind farm can be
obtained as shown in Equation (5):

pw =


0, v < vin/αw or v > voff

(v · αw)3−v3
in

v3
r−v3

in
Pwr vin/αw ≤ v ≤ vr/αw

Pwr vr/αw ≤ v ≤ voff

(5)

Pwr = xn · yn · Pr (6)

αw =
xn

∑
i=1

αi−1
d /xn (7)

where pw is the active power of wind farms; Pwr is the active output of wind farms; αw is
the average wake effect coefficient of wind farms; xn and yn are the number of rows and
columns of the wind turbine matrix in the Jensen model. The rated power of the wind farm
in Equation (6) is determined by multiplying the total number of wind turbines. We use
the same row of wind turbines perpendicular to the wind direction to be equivalent to a
wind turbine, and calculate the average wake effect coefficient by Equation (7). Finally,
Equation (5) can be deduced by combining Equations (3) and (4).

Combining Equations (1), (2) and (5), the cumulative probability distribution function
of wind farm active power can be obtained as shown in Equation (8):

H(pw) =


G(vin) + 1− G(voff) pw = 0

1 + G(v)− G(voff) 0 < pw < Pwr

1 pw = Pwr

(8)

It can be seen that when the output of the wind farm is equal to 0 and the rated power,
the cumulative probability function curve has a step phenomenon, and the values are:

H(0) = G(vin) + 1− G(voff) (9)

H(Pwr) = G(voff)− G(vr) (10)

According to the relationship between the cumulative probability distribution function
and the probability density distribution function, the probability density value is infinite
when the active output of the wind farm is equal to 0 and the rated power. In order to solve
this problem, this paper adopts the concept of impulse function to construct a unit impulse
function δ(P) to represent that it tends to infinity at P = 0. Finally, after the derivation
operation, the probability density function of the active power output of the wind farm can
be obtained by combining Equations (2) and (5)–(10), as shown in Equation (11):

ϕ(pw) =


0, pw < 0, pw > Pwr

H(0)·δ(pw), pw = 0

H′(pw), 0 < pw < Pwr

H(Pwr)·δ(pw − Pwr), pw = Pwr

(11)

where:

H′(pw) =
k(v3

r−v3
in)

3γαwPwr
· [ pw

Pwr
(v3

r − v3
in) + v3

in]
− 2

3 · [ 1
γαw

3
√

pw
Pwr

(v3
r − v3

in) + v3
in]

k−1
·

exp[−( 1
γαw

3
√

pw
Pwr

(v3
r − v3

in) + v3
in)

k]
(12)
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In Equation (11), ϕ(pw) is the probability density function of active power of the wind
farm composed of four-segment functions, where the independent variable is pw, and the
second and fourth segment functions are impulse functions. Equation (12) is calculated by
combining Equation (8) with Equations (2) and (5) through derivation. Finally, the four-
piece function of Equation (11) can jointly represent the active power output probability
density function curve of the wind farm.

2.2. Active Power Scheduling Model of WFC

Due to the intermittent and fluctuating wind speed, the actual output active power of
the wind farm shows fluctuating characteristics during operation. Based on the dispatch
instructions issued by the WFC to the wind farm, the relationship between the actual
active power output of the wind farm and the dispatch instructions can be divided into
three types:

• When the actual output of the wind farm is greater than the dispatch command, it is
in the “power saturation mode”, and the wind farm needs to take power curtailment
measures at this time.

• When the actual output of the wind farm is equal to the dispatch command, it is in the
“power balance mode”, which is the ideal dispatch state.

• When the actual output of the wind farm is less than the dispatch command, it is
in “power shortage mode”, and the wind farm’s output is not enough to meet the
dispatch command.

After the analysis of the above three situations, it is assumed that the dispatching
command issued by the grid dispatching center to the WFC at a certain time is Pdis,all, the
maximum active power output that the wind farm can achieve under the meteorological
conditions at this moment is Pmax,i. The method in this paper is to allocate the dispatching
instructions of the WFC to each wind farm as much as possible according to the maximum
active power output of the wind farm, and formulate a dispatch plan for each wind farm
Pdis,i to satisfy Pdis,i ≤ Pmax,i as much as possible. Ultimately, the total output of the WFC
is made to comply with the grid dispatching instructions as much as possible to reduce the
grid power shortage and curtailment of wind power.

Objective Function and Constraints

Based on the predicted power probability density distribution curve of each wind farm
in the WFC, and considering the probability of power shortage and curtailment of wind, the
objective function is to take the expectation and minimum deviation of each wind farm’s
dispatch instruction and the output probability density function as the objective function:

min
T
∑

t=1

N
∑

i=1
Ei,t

Ei,t =

Ppre
i,t,max∫
0

∣∣∣pi,t − Ppre
i,t

∣∣∣· f (Ppre
i,t )dPpre

i,t

(13)

where pi,t is the scheduling decision value; Ei,t is the deviation between dispatch instruction
and output probability density function; f (x) is the probability density function of the
active power output of wind farms fitted by Weibull distribution, as shown in Equation (11);
Ppre

i,t is the independent variables of f (x).
There are the following constraints:

• Scheduling plan value constraints:

N

∑
i=1

pi,t = Pdis
C,t,all (14)
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• Wind farm output power limit constraints:

Pi,min ≤ pi,t ≤ Ppre
i,t,max ≤ Pi,max (15)

• Substation capacity constraints:

Ptr,min ≤ ptr,i,t ≤ Ptr,max (16)

• Transmission line capacity constraints:

− PL,max ≤ pL,i,t ≤ PL,max (17)

• Wind farm output power ramp constraints:{
pi,t+1 − pi,t ≤ URi

pi,t − pi,t+1 ≤ MRi
(18)

• Wind farm regulation capacity constraints:

pi,t > (1− b%)Ppre
i,t,max (19)

where Pdis
C,t,all is scheduling instructions for WFC; Ppre

i,t,max is the wind farm forecast power
cap; Pi,min and Pi,max are the minimum output and installed capacity of the wind farm,
respectively; Ptr,min and Ptr,max are the minimum and maximum transmission powers of
the substation, respectively; PL,max is the maximum transmission power of the line; URi
and MRi are maximum ascent rate and maximum descent rate of wind farm active output;
b is the drop-out force control ratio.

3. Distributed Model for Active Power Scheduling of WFC
3.1. A Spatiotemporal Decoupling Model for Optimal Scheduling of WFC

A regional WFC is usually composed of dozens to hundreds of wind farms. The
decision variables of each wind farm are coupled together by the dispatch power balance
constraint shown by Equation (14). Therefore, solving the optimization scheduling problem
of a WFC system with a large number of decision variables and coupled with each other
brings new challenges to the control algorithm, information interaction and optimization
solution methods. In the iterative convergence process of ADMM, the convergence of the
penalty function term can just solve the coupling constraint problem of the WFC scheduling
model and can correct this constraint. It is equivalent to integrating this constraint into
the objective function of the sub-problem to achieve the purpose of decoupling each
sub-optimization problem of the cluster scheduling model. To this end, we propose the
following space–time decoupling optimization scheduling strategy based on ADMM.

A typical ADMM adopts a distributed serial iterative form when it iteratively con-
verges. In order to solve the problem that each sub-optimization problem in the WFC
dispatching system can be iterated in parallel, we set up an information exchange module
in the adjacent wind farms and substations. Assuming that the inflow power is positive
and the outflow power is negative, its structure is as follows. Figure 1. In the process of
the optimization iteration of each sub-problem, adjacent wind farm modules and substa-
tion modules can exchange optimization result information in their information exchange
modules to achieve the purpose of updating all global decision variables at the same
time. Therefore, the corresponding spatiotemporal decoupling strategy can be described
as follows. First, the scheduling instruction is equivalent to a load of the same size at
the WFC grid-connected nodes. Then, the WFC dispatching system is decoupled into
intelligent modules including wind farms, substations and loads, and an information ex-
change module; the information exchange module is responsible for the power information
exchange of the entire model. Finally, all sub-optimization problems can communicate with
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adjacent intelligent modules only through the local sparse communication network during
the update iteration process, and all the calculation processes are completed within each
intelligent module.

Figure 1. Distributed model of WFC system.

The decoupling mode in time is performed as follows: Each intelligent module of
the system performs the calculation and calculation of the active power output through
the local computing chip and then sends the calculated power information to the adjacent
information exchange module. The global variables, coupled variables, and Lagrange
multipliers are updated and calculated on each information interaction module. According
to the ADMM, the obtained results can be used to control and coordinate the direction
of the global optimization, and perform automatic adjustment for the next iteration to
speed up the convergence speed and improve the convergence accuracy. In the solution
process, each time period is completely independent, realizing the time decoupling of
control, information interaction, and optimization solution.

3.2. Distributed Optimization Algorithm Based on ADMM

According to the ADMM, the standard iterative solution form is:
xk+1 = argmin( f (x) + (λk)

T
(x− yk) + ρ

2 ‖ x− yk ‖2
2)

yk+1 = argmin( f (y) + (λk)
T
(y− xk+1) + ρ

2 ‖ y− xk+1 ‖2
2)

λk+1 = λk + ρ(xk+1 − yk+1)

(20)

where x and y are the coupling variables between modules.
It can be seen from Equation (20) that the standard ADMM is a serial iteration, and the

result of another module needs to be used when the module is optimized. However, the
model proposed in this paper contains optimization calculations for several sub-problems.
Therefore, it is necessary to improve the standard ADMM to be suitable for the model in
this paper and to be able to iteratively calculate it in parallel:

min
M

∑
ξ=1

fξ(pξ) (21)

zk+1
g =

1
Ng

∑
g∈G

(pk+1
ξ ) (22)

The objective function of all sub-optimization problems can be expressed as (21), where
pξ is the coupling variable of all sub-problems. The vector average value of the coupling



Energies 2022, 15, 2706 8 of 16

variable results of adjacent intelligent modules is shown in Equation (22), which is used to
exchange the information of the power optimization results of each sub-problem to achieve
the goal of the parallel iterative optimization of each sub-problem. Taking the first formula
of Equation (20) as an example to improve, the last two terms can be expressed as:

(λk)
T
(x− yk) + ρ

2 ‖ x− yk ‖2
2= (λk)

Tx− (λk)
Tyk + ρ

2 (x)2 − ρxyk + ρ
2 (y

k)
2

= ρ
2 ‖ x− yk + (λk)

T

ρ ‖2
2 −

‖(λk)
T‖2

2
2ρ

(23)

Assume u = λ
ρ and omit the constant term ‖(λk)

T‖2
2

2ρ . After the improvement, the
ADMM parallel iterative solution form suitable for the model in this paper is:

Pk+1
ξ = argmin( fξ(pξ) +

ρ

2
‖ pξ −

(
pk

ξ − zk
ξ)+uk

ξ ‖2
2) (24)

zk+1
g = (1/Ng)

Ng

∑
g=1

pk+1
ξ (25)

uk+1
g = uk

g − zk+1
g (26)

where zξ is a global variable, representing the unbalanced power vector on the information
exchange module; Ng is the number of dual variables that interact with global variables;
pk− zk represents the correction amount of the penalty function in the iterative process, and
replaces the term in Equation (23). The sub-problem optimization model of Equation (24)
for various intelligent modules is shown in Equations (27)–(29).

For wind farms ξ = 1, 2, . . . , W, solving Equations (24)–(26) in the optimal scheduling
model can be equivalent to solving the model as shown in Equation (27):

min
Pξ,t

T
∑

t=1
{[

Pξ,t,max∫
0

∣∣∣pξ,t − Ppre
ξ,t

∣∣∣· f (Ppre
ξ,t )dPpre

ξ,t ]+
ρ
2 (pξ,t + zk

ξ,t + uk
ξ,t − pk

ξ,t)
2}

s.t. Pξ,min ≤ pξ,t ≤ Pξ,t,max t = 1, 2, . . . , T

pξ,t+1 − pξ,t ≤ URξ t = 1, 2, . . . , T

pξ,t − pξ,t+1 ≤ MRξ t = 1, 2, . . . , T

pξ,t > (1− b%)Pξ,t,max t = 1, 2, . . . , T

(27)

For substations ξ = 1, 2, . . . , G, solving Equations (24)–(26) in the sub-optimization
model can be represented by model Equation (28):

min
Pξ,t

ρ
2

T
∑

t=1
(pξ,t + zk

ξ,t + uk
ξ,t − pk

ξ,t)
2

s.t. Pξ,min ≤ pξ,t ≤ Pξ,max t = 1, 2, . . . , T
(28)

For loads ξ = 1, 2, . . . , D, solving Equations (24)–(26) can be equivalent to solving the
sub-optimization model Equation (29):

min
Pξ,t

ρ
2

T
∑

t=1
(pξ,t + zk

ξ,t + uk
ξ,t − pk

ξ,t)
2

s.t. pξ,t = Dt t = 1, 2, . . . , T
(29)
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3.3. Model Solving

The sub-optimization problems of each module are updated iteratively in parallel ac-
cording to Equations (27)–(29), until all sub-optimization problems satisfy the convergence
conditions of Equation (30):{

rk+1 =‖ zk+1
g ‖2≤ εpri

sk+1 =‖ ρ(zk
g − zk+1

g ) ‖2≤ εdual
(30)

Equation (30) indicates that the original residual r and the dual residual s are less than
the convergence accuracy thresholds εpri and εdual. The original residual is expressed as the
unbalanced power on the information exchange module, and the smaller the value is, the
closer the optimization results on all intelligent modules are to the optimal solution. When
all the sub-optimization systems obtain the optimal solution, the whole WFC scheduling
problem also obtains the global optimal solution. The dual residual is the difference
between the global variables in two adjacent iterations. When the difference is smaller, the
convergence of the two iterations is smaller, and it is closer to the global optimization result.

The main steps of the iterative calculation process of the ADMM used in this paper
are as follows:

Step 1: Enter the cluster dispatch plan, relevant parameters and forecast information
of each wind farm;

Step 2: Set k = 0, convergence accuracy and initialize power information of each module;
Step 3: The sub-problems of each intelligent module are solved in parallel according

to Equation (24), and the active power results of each module are obtained;
Step 4: The active power results are transmitted to the connected information

exchange module;
Step 5: The information exchange module collects the power information trans-

mitted by the connected intelligent modules and updates and calculates according to
Equations (25) and (26);

Step 6: The information interaction module sends the calculation result of step (3) to
its connected intelligent module and enters the next iteration. Until ADMM converges and
the global optimal solution is obtained, the cycle ends.

4. Case Analysis

This paper uses the relevant wind speed data and actual output data from eight wind
farms in a WFC base in Northwest China. The actual measured value and predicted upper
limit of wind speed and active power output in September 2017, with a sampling interval of
15 min. We use wind speed data and forecast data to build a model, and use the measured
value of active power output to analyze and verify the effectiveness of the method proposed
in this paper. Among them, the installed capacity of eight wind farms in the cluster is
shown in Table 1.

Table 1. Wind farm installed capacity of WFC.

Wind Farm Capacity /MW Wind Farm Capacity /MW

WF 1 316 WF 5 450
WF 2 295 WF 6 281
WF 3 265 WF 7 289
WF 4 450 WF 8 230

The values of the relevant parameters in the example system are as follows: cut-in
wind speed vin is 3.5 m/s; cut out wind speed voff is 15 m/s; rated wind speed vr is 10.5 m/s;
the control ratio of the wind farm’s output reduction b is 0.8; the Lagrangian parameter
ρ is 4.0.
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4.1. Optimization Results and Analysis

The Weibull fitting curve of wind speed in the first period of the wind farm WF1 is
shown in Figure 2, and the probability density curve of active power output is shown
in Figure 3. It can be seen from Figure 2 that the curve obtained by the Weibull fitting
algorithm can very accurately fit the distribution characteristics of wind speed, indicating
that the probability distribution of wind power output obtained by this method is very
close to the actual situation. It can be seen from Figure 3 that the output probability value
of the wind farm changes with the probability of wind speed, and the curve is very smooth,
indicating that the wind farm active power output probability density curve obtained by
considering the wake effect can actually describe the wind speed uncertainty, making the
scheduling method in this paper more practical.

Figure 2. Fitting effect of wind speed probability distribution.

Figure 3. Probability density curve of wind farm active power output.

The active power distribution method of WFC is to allocate active power dispatching
instructions to each wind farm in proportion according to the installed capacity of wind
farms to achieve the purpose of fair distribution. The calculation formula is shown in
Equation (31), and Equations (32) and (33) are used to calculate the power shortage gener-
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ated by the WFC and the wind power utilization rate of each wind farm using the method
in this paper and the variable-ratio method, respectively:

Pdis,n(t) =
PN,n

PN,all
· Pdis,all(t) (31)

η =
Pdis,all − Preal

Preal
× 100% (32)

λ =
Preal − Preal,max

Preal,max
× 100% (33)

where Pdis,n(t) is scheduling plans for wind farms; PN,n, PN,all are the installed capacity
of wind farms and WFC; Pdis,all(t) is the general dispatch command issued by the grid
dispatch center to the WFC; Preal is the total actual output of the WFC; Preal,max is the actual
maximum output power of the wind farm.

It can be seen from Figure 4 that, compared with the variable-proportion allocation
algorithm, the dispatching power shortage caused by the optimal dispatching of the WFC
using the method in this paper can be greatly reduced. It shows that the dispatch plan
obtained by the method in this paper is closer to the actual active power output of the
WFC and has a very high confidence level. As can be seen from Figure 5, for each wind
farm within the WFC, when the optimization algorithm in this paper is used to formulate
the WFC dispatch plan, the wind power utilization rate of each wind farm is improved
significantly compared with the variable proportion allocation algorithm. This is because
wind power is intermittent and fluctuating, and the dispatch plan formulated according to
the traditional variable-ratio method cannot meet the actual wind power output. However,
the method in this paper considers the wake effect of the wind turbine and the distribution
characteristics of the active power output of each wind farm, so that the WFC scheduling is
more practical.

Figure 4. Dispatch power shortage of paper’s method and variable proportion method in 24 periods.
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Figure 5. Wind power utilization rate of two wind farms with different methods.

4.2. ADMM Testing and Analysis
4.2.1. Effectiveness Test

The ADMM and the direct solution method are used to calculate the WFC system
model. The output results of each wind farm are obtained, and the results of the first period
are compared, as shown in Table 2. It can be seen that the output results of each wind
farm under the direct solution method and the distributed algorithm basically coincide.
After calculation, the maximum deviation rate is 4.398 × 10−3 (deviation rate = deviation
value/installed capacity of wind farm). The results verify the effectiveness and correctness
of the algorithm in this paper.

Table 2. Comparison of centralized and distributed algorithm results.

WF Solve Directly ADMM WF Solve Directly ADMM

1 38.00 37.92 5 29.80 30.10
2 29.70 29.64 6 19.24 19.00
3 35.20 34.99 7 22.10 22.17
4 30.40 30.49 8 15.30 15.30

4.2.2. Convergence Test

Figures 6 and 7 are the convergence curve of the original residual, the dual residual
and the active power output of each wind farm obtained by applying the ADMM. It can
be seen that the convergence curves of the original residual and the dual residual both
show a downward trend, the first half of the decline speed is faster, the second half of
the decline speed tends to be flat, and finally, both can converge to 0 within a limited
number of iterations, which can reach the preset convergence threshold. The active power
output iteration result curves of each wind farm can reach convergence, and each curve can
smoothly and stably converge to the optimal value at the later stage of iteration. It shows
that the sub-problems of this algorithm can be distributed computing, and the whole big
problem can be converged to obtain the optimal solution when all the sub-problems are
converged by finite iterative coordination. The algorithm has strong stability.
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Figure 6. Original residual and dual residual convergence curves.

Figure 7. Active output convergence curve of each wind farm.

The convergence speed of the ADMM is mainly affected by the Lagrangian update
step size ρ. Figure 8 shows the relationship between the algorithm convergence speed and
the update step size for the eight wind farms system. It can be seen that the value of ρ
has a great influence on the convergence speed of the system. When three is selected, the
convergence is the fastest, and six is the slowest convergence. After a large number of tests,
WFC systems of various scales can converge when ρ is one to six, indicating that a suitable
value can be found through multiple trials to make the system achieve a faster convergence
speed. Therefore, in the application of the actual system, the relative optimal value of the
update step size ρ can be realized through a certain number of experiments.
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Figure 8. Relationship between convergence rate of dual residual and dual step size.

4.2.3. Efficiency Test

We constructed wind farms WF1, WF2 and WF3 into a local WFC and constructed
two WFC systems with 12 and 16 wind farms, respectively. The calculation time obtained
according to centralized dispatch and distributed dispatch is shown in Table 3.

Table 3. Calculation time of different scale systems.

Number of WF Algorithm Iterations Calculate Total
Time/s

Mean Iteration
Time/s

3
centralization 1 12.1 12.1
distribution 36 188.6 6.5

8
centralization 1 59.3 59.3
distribution 47 236.1 6.8

12
centralization 1 243.6 243.6
distribution 54 378.0 7.0

16
centralization 1 458.9 458.9
distribution 61 433.1 7.1

It can be seen that the computing time of a single sub-problem in each iteration of
distributed computing is the solution time for the entire system to complete the iteration.
For WFC systems with different numbers of wind farms, the average iteration time of
sub-problems solved by ADMM will not change significantly. As the number of wind
farms increases, the distributed computing time is only related to the number of iterations,
while the centralized solution time tends to increase geometrically. This is because large-
scale systems have the problem of dimensionality disaster in the centralized optimization
solution. The distributed algorithm can decompose the entire system into several modular
units and solve them independently in parallel. Regardless of the size of the system, the
sub-problem-solving complexity of the ADMM is basically unchanged. It just solves the
problem of dimensionality disaster in the optimal scheduling of large-scale WFC systems.
Therefore, when the scale of the WFC system reaches a certain level, the computing time of
the centralized algorithm shows a geometric trend with the increase in the system scale,
and the ADMM has incomparable advantages.
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5. Conclusions

Aiming at the problems of the low utilization rate of wind power caused by wind
power uncertainty and dimensional disaster caused by the centralized grid connection of
large-scale wind power, a distributed active power dispatching method for WFC considers
the distribution characteristics of the active power output of wind farms is proposed. By
solving the model, the following conclusions are obtained:

(1) The active power output probability density characteristic model of wind farms
considering the uncertainty of wind power can reduce the power shortage of wind
power dispatching and improve the utilization rate of wind power. The results show
that the model has a 3–7% reduction in dispatched power shortfalls and a 4–21%
improvement in wind power utilization. It shows that under the influence of wind
power uncertainty, considering the probability density characteristics of wind power
is also an effective method to improve the utilization rate of wind power.

(2) When solving a large-scale WFC scheduling model with the disaster of dimensionality
problem, when the number of wind farms is greater than eight, the distributed
dispatching method based on ADMM has extremely high computational efficiency.
When the update step size is taken to an appropriate value, it has good convergence
characteristics and has better advantages than centralized dispatching.

(3) The active power distributed dispatching method of WFC proposed in this paper can
not only meet the needs of parallel solution of each module unit, but also improve the
ability of large-scale wind power to participate in grid dispatching.
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