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ADMM-based Distributed Active and Reactive
Power Control for Regional AC Power Grid with
Wind Farms

Pengda Wang, Qiuwei Wu, Sheng Huang, Canbing Li, and Bin Zhou

Abstract—A distributed active and reactive power control
(DARPC) strategy based on the alternating direction method of
multipliers (ADMM) is proposed for regional AC transmission
system (TS) with wind farms (WFs). The proposed DARPC
strategy optimizes the power distribution among the WFs to
minimize the power losses of the AC TS while tracking the ac-
tive power reference from the transmission system operator
(TSO), and minimizes the voltage deviation of the buses inside
the WF from the rated voltage as well as the power losses of
the WF collection system. The optimal power flow (OPF) of the
TS is relaxed by using the semidefinite programming (SDP) re-
laxation while the branch flow model is used to model the WF
collection system. In the DARPC strategy, the large-scale strong-
ly-coupled optimization problem is decomposed by using the
ADMM, which is solved in the regional TS controller and WF
controllers in parallel without loss of the global optimality. The
boundary information is exchanged between the regional TS
controller and WF controllers. Compared with the conventional
OPF method of the TS with WFs, the optimality and accuracy
of the system operation can be improved. Moreover, the pro-
posed strategy efficiently reduces the computation burden of
the TS controller and eliminates the need of a central control-
ler. The protection of the information privacy can be enhanced. A
modified IEEE 9-bus system with two WFs consisting of 64 wind
turbines (WTs) is used to validate the proposed DARPC strategy.

Index Terms—Alternating direction method of multipliers
(ADMM), distributed active and reactive power control (DAR-
PC), optimal power flow (OPF), semidefinite programming
(SDP), wind farm.

I. INTRODUCTION

IND power has been continuously developing due to
the increasing demand of renewable energy and low-
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carbon energy policy [1]. With the increase of the wind pow-
er penetration, the wind power fluctuations and the interac-
tion between large-scale wind farms (WFs) and power sys-
tems have introduced technical challenges, e.g., the optimal
power allocation, voltage regulation, and coordination for
the AC transmission system (TS) with WFs [2].

Optimal power flow (OPF) has been widely used to solve
the operation problem of the power grid with WFs. There
are a number of papers on OPF-based optimal operation of
the power system with WFs [3]-[8]. In [3], a multi-period
OPF model was formulated to minimize the operation cost
in the power system with offshore WFs. In [4], an OPF-
based optimal generation schedule was proposed to mini-
mize the total system cost and securely operate the system
with wind power. In [5], an extended OPF model was used
to minimize the generation cost of thermal units and wind
units in the power system with WFs. In [6], a multi-objec-
tive stochastic OPF model was formulated to reduce the op-
eration cost and emission, and enhance the voltage stability
in the power system with significant wind power penetra-
tion. In [7], an optimal reactive power dispatch strategy
based on OPF was proposed to minimize the voltage stabili-
ty index in power system with WFs.

For the control of the WF, the conventional strategy is the
proportional distribution (PD) control scheme. The active
and reactive power references of wind turbines (WTs) are
proportionally distributed according to the available wind
power, which is easy to implement [9]. However, the PD
control scheme cannot achieve the optimal power distribu-
tion inside the WF. Several optimization-based dispatch
methods have been developed to overcome the disadvantag-
es of the PD control scheme and achieve a better control per-
formance of the WF. In [10], an optimal power dispatch
method was proposed to reduce the production cost and max-
imize the active power production of the WF. In [11], an op-
timal active power dispatch strategy was proposed to reduce
fatigue loads in WFs with distributed energy storage systems
(ESSs). In [12], an optimal reactive power dispatch method
was developed to minimize the total losses in the WF.

With the expansion of WF in both size and number, if the
system operator tries to solve a global optimization problem
of the TS with WFs, it may be difficult to solve a large-
scale OPF-based optimization problem with large-scale con-
straints in seconds. In order to meet the needs of fast calcula-
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tion of WF dynamic control with strong fluctuations in wind
speed, the alternating direction method of multipliers (AD-
MM) has been applied to reduce the computation burden
and communication burden of the controller [13]-[15]. The
ADMM-based optimization methods have been widely used
in the optimal control of the WF [9], [16]-[19]. In [9], an
ADMM-based two-tier active and reactive power control
scheme was proposed to achieve the optimal voltage regula-
tion inside the WF cluster. In [16], an ADMM-based voltage
control method was proposed for the large-scale WF cluster
to coordinate the reactive power output among several WFs
and WTs inside each WF. In [17], a model predictive control
method based on ADMM was proposed to minimize the volt-
age deviations and reactive power output fluctuations of
WTs inside WFs. In [18], an ADMM-based optimal active
power control method was proposed for synthetic inertial re-
sponse of large-scale WFs. The aim is to minimize the differ-
ences in the rotor speed of the WTs and the wind energy
loss.

In the existing studies, there is no study on the optimal
power control for the regional TS with WFs while consider-
ing the voltage regulation and power loss management in-
side WFs. With the expansion of the WF and TS in both
size and number, the large amount of wind power from the
large-scale WF cluster has to be transported to the bulk pow-
er system through a meshed TS. The coordination of the TS
and WFs is necessary to achieve the optimal operation of
the whole system. Therefore, this paper proposes a distribut-
ed active and reactive power control (DARPC) strategy
based on ADMM for the regional TS with WFs. The pro-
posed strategy aims to achieve the global optimal power con-
trol of the regional TS with WFs to minimize the total pow-
er losses while meeting the transmission system operator
(TSO) requirements for active power demand, and regulate
bus voltages inside each WF within a feasible range. The
ADMM method is used to decompose the large-scale optimi-
zation problem. The non-convex OPF problem of the TS is
relaxed by using semidefinite programming (SDP) relaxation
and Schur’s complement [20]. Meanwhile, the branch flow
model [2] is used to formulate the optimization problem of
the WF. With the proposed DARPC strategy, the TS control-
ler and WF controllers operate in parallel to solve the optimi-
zation problem in a distributed manner without loss of the
global optimality.

The main contribution of this paper can be summarized as
follows.

1) A DARPC strategy is developed for the TS with WFs,
which can achieve the global optimal power distribution and
the voltage regulation for the coupled TS and WFs. The
DARPC strategy can achieve a better control performance
among the TS and WFs.

2) The SDP relaxation and Schur’s complement are adopt-
ed for the TS while the branch flow model is applied for the
WFs, which handle the inherent non-convexity of the OPF
problem of the coupled TS and WFs. Thus, the original prob-
lem is transformed into a convex problem and can be solved
using the ADMM framework while guarantecing the global
optimal solution.

3) The ADMM-based DARPC strategy eliminates the re-
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quirement of the central controller and distributes the system
computation task to several controllers to reduce the compu-
tation burden, implying the better scalability. The exchanged
information between the TS controller and WF controllers
only includes the global, local, and dual variables of the
boundary nodes, which improves the protection of the infor-
mation privacy.

The remainder of this paper is organized as follows. Sec-
tion II presents an overview of the proposed DARPC strate-
gy. The TS optimization model and the WF optimization
model are formulated in Sections III and IV, respectively.
The distributed solution method based on the ADMM is de-
scribed in Section V. The simulation results and the discus-
sion are presented in Section VI, followed by the conclu-
sions in Section VII.

II. DARPC STRATEGY ARCHITECTURE

A. System Configuration

Figure 1 shows the configuration of AC TS with WFs.
Two WFs are connected to a modified IEEE 9-bus system.
In the TS, bus 1 is connected to the 345 kV external power
system, and WF1 and WF2 at the point of coulping (POC)
buses with the nominal power rating of 160 MW are con-
nected to buses 2 and 3, respectively. Each WF is composed
of two sections and each section has a medium-voltage
(MV) bus, which is located next to the 155 kV/33 kV substa-
tion transformer. Each 33 kV feeder consists of 8 x5 MW
WTs, which are arranged with a distance of 4 km away from

each other.
]
é345 kV/155kV

8 7
| T
345 kV/155 kV Load 7
2 9 5

i

POC bus! POC bus!
155 kV/33 kV ’ Load 5! 3155kV/33 kV ‘
1 |
MYV bus T
___________________________ TS0
load
demand/ ;

345kV

WF1 External power system

WE2

Fig. 1. Configuration of AC TS with WFs.

B. Proposed Strategy

Figure 2 shows the structure of the proposed strategy. The
TS and each WF are equipped with a controller. The whole
system operates in a distributed manner by using the AD-
MM to achieve the global optimal power distribution. The
TSO sends the command P;* to the TS controller. The TS
controller also receives the information of available wind
power Pii and admittance matrix of TS ¥Y,,. The TS control-
ler solves the optimization problem of the TS to minimize
the power losses of the TS and track the active power com-
mand from the TSO. Meanwhile, each WF controller can re-
ceive the information of available wind power of WT P
and admittance matrix of WF Y*F, and generate output pow-

bus »
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er references of WT Pyt and Q% to improve the voltage reg-

ulation performance and minimize the power losses. The

boundary information of the optimal power references

PES, OWtTS and PtV OEYF is exchanged between the
k k

WF, WEF,

TS controller and WF controllers through the communica-
tion network. With part of calculation distributed to each
WF controller, the large-scale constrained optimization prob-
lem is decomposed and the calculation burden can be signifi-
cantly reduced without loss of the global optimality.

avi WF
PWT’ Ybus
ref

P PEETS QTS SIWE controller| PWT 44/
TSO d f; \ | Qref pp P
ref, WF ref,WF
P WF, > QWF1 wT
avi v, WF
P WT’ybus c
. re!
Available |Py TS P \Y;RTS, Q{;\e/fp’Ts WEF controller Pyr \rrp/
. 5 5 ) 4;
wind power controller P&%WF Q{)\c]l;:WF Q\';T
P
System | ¥g X —1 ol /)
parameter P\;;TS Q{;/fFTS WEF controller| wWT, P
n ref
ref, WF ef,WF
P WF, Q\T)VF” Owr

Fig. 2. Structure of proposed strategy.

III. TS OPTIMIZATION MODEL

A. Objective Function and Constraints

1) Objective Function of TS

The objective function of TS is to minimize the total pow-
er losses in the TS, which is equal to the total active power
generation of WFs minus the total load of the TS. It can al-
so be expressed as the summation of the injected active pow-
er into all the buses of the TS. Thus, the total power losses
can be expressed as:

Obji*= > (Pys—Pp)= > Re(V.I)

is/\/rs ieMg

(M

where Py is the active power output of the i™ WF, which is

directly connected to the terminal bus 7 in the TS (if the bus
i is not associated with WF, then Py, =0); P, is the active
load at bus #; V, and [, are the voltage and current at bus i,
respectively; and N is the set of buses in the TS.
2) Constraints of TS

The OPF problem of the TS is subjected to a set of equali-
ty and inequality constraints. The equality constraints consist
of the active and reactive power balance equations, as shown
in (2) and (3), respectively.

PWFl_PD,:Re{ViIi*} Vie M 2)

3)
where Qy; is the reactive power output of the i™ WF (if the
bus i is not associated with WF, then Qy; =0).

The inequality constraints are expressed as:
P < Py < P

wr, < Owr, < OWF,

Owr,—Op,=Im VL") Vie Mg

“4)
®)
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Vimin < ‘ V,‘ ‘ < Vimax (6)
S, | <sp @)
where |V, | is the voltage magnitude of the terminal bus i; S,

is the apparent power flow through the TS from bus / to bus
m; and the superscripts min and max are the lower and up-
per bounds of the corresponding values, respectively.

B. Convex Relaxation of OPF of TS

In this subsection, the SDP relaxation of the OPF problem
of the TS is introduced. With the SDP relaxation applied, the
non-convex OPF model of the TS can be transferred to a
convex model and then solved under the ADMM framework
while guaranteeing the global optimal solution. Let matrix
Y, denote the admittance matrix of TS. For ke Mg, e, is

. RTY,
the K" basis vector in R**! and Y,=e,e; Y. The © model of
the transmission line (/, m) is applied, where y,, and y,, are
the values of the series and shunt sectors of the line (/, m),

respectively [21]. Then Y,,= ()7,,,, +ylm) eel -y, eer is de-
fined, which can be expressed as:

0 .- 0 0 e 0
Ylm = O (ylm +ylm )[[ (_ylm )Im 0

(®)
In order to present the OPF of TS in the SDP form, the

matrices ¥, ?ZS, Yo, YITMS, and M are defined as
[217, [22]:
TS:l Re(Yk+YkT) Im(YkT_Yk) (9)
Y2 Im(Y,—¥Y) Re(Y,+Y¥])
s 1 ImY,+Y]) Re¥,-Y[) (10)
7 2|Re(¥[-Y,) ImY,+Y])
Tszl Re(Ylm+Y1;lr-z) Im(Y/Zz_Y/m) (11)
" 2|Im(Y,,-Y5) Re(¥,+Y.)
—TS__i Im(Y1m+Y1;lr-x) Re(YIm_Ym) 12)
" 2| Re(Y)-Y,) Im(Y,+Y) (
0
M= {ekeu }
k 0 ee; (13)

The real and imaginary sectors of the complex bus volt-
age vector Vis=[V,V,,..., VM, {] are used to define

1x ‘“Mrs‘
X, Xis=[Re(Vys), Im(V)]", which is a 2‘./\45 ‘ x 1 vector.
Then, the original complex formulation (1)-(7) can be
split into the real and imaginary sectors [21] by introducing
the new complex 2‘ /\/TS‘ x 2‘/\/;5 ‘ matrix Wy, Wio=X X%
Then, (14)-(17) can be used to reformulate the objective
function (1) and the constraints (2)-(7) with the new variable

matrix Wo.
Re(V, I )=Tr{¥,"W.} (14)

IV, I)=Tr{¥, Wi} (15)
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VZi=Tr{M W) (16)

Wis))’ an

where Tr{} is used to represent the trace of an arbitrary
square matrix.

S2, =(Tr{Y Wy ) +(Tr{ ¥,

1) Transformation of Objective Function

To transform the objective function (1) into the SDP form,
(14) with the new variable matrix W.¢ is substituted into
original function (1), and the SDP form of the objective
function is expressed as:

Ob]”?'ls)lzoss = 2 Tr{YkTS WTS }
ke N

(18)

2) Transformation of Constraints

The active and reactive power balance constraints in (2)
and (3) can be combined with the active and reactive power
output limits of WF in (4) and (5), respectively. Then, the
SDP forms of the power balance constraints in terms of the
power output limits can be obtained by substituting (14) and
(15) into (2) and (3), respectively, which are expressed as:

P3r =Py <THY W J< PR P, (19)

wr,— Op, < Wis 1< OWF, — O, (20)
Similarly, substltutlng (16) into (6), the voltage constraint
can be transformed into the SDP form:
VY <Tr{MEW <) 1)
Substituting (17) into (7), the transmission line capacity
constraint can be expressed as:

(Tr{¥ W +(Tr { ¥ ), W.

Im

Tr{?k

1)) <SS )’ (22)
In the SDP form, the constraints should be linear in Wi.
However, the constraint (22) is expressed as a quadratic con-
straint of W, Thus, the Schur’s complement is applied to
transform (22) into a linear matrix inequality constraint as:

(Spy Tr{YSWi) Tr{¥, W)
Tri¥, Wi} 1 0 >0 (23)
Tr{ ¥, Wy} 0 1

At the same time, the non-convex constraint W q=X X
can be expressed as:

W.s=0 (24)
rank(Wg)=1 (25)

The convex relaxation is obtained by dropping the rank
constraint (25), transforming the non-linear and non-convex
OPF of the TS into a convex SDP [20]. If the rank of Wi
obtained from the SDP relaxation is 1, then W, is the glob-
al optimum of the original non-linear and non-convex OPF
of the TS [20]. Thus, the SDP relaxation of the OPF prob-
lem of the TS is expressed as:

min (18)
s.t. (19)-(24)
The optimization problem is implemented in MATLAB us-

ing the optimization toolbox YALMIP and the SDP solver
MOSEK [22]. By solving the OPF problem of the TS in

(26)

SDP form, the TS boundary variables of the optimal active and
reactive power references of the k™ WF are generated, which

are denoted as Tr{¥y; W} and Tr{Y\T,,SFkWTS 1, respectively.

These boundary variables can be exchanged between TS con-
troller and WF controllers under the ADMM framework.

IV. WF OPTIMIZATION MODEL

Since a WF has a radial topology, the power flow in the
WF can be expressed by the linearized branch flow model
[23]-[26].

Tr {Y\gi Wist=Pyi""
' 27
P +p/+1 P 41 N
Tr{YWF W= Qref W (28)
Q +q/+1 Qj+l
RYFP.+XVFO.
V/'+1 — V/— J J J Q./ (29)

WF
Vo

where P+ jQ is the apparent power flowing from bus j to
bus j+1; p} and ¢} are the active and reactive power gen-
erated by the WT associated with bus j+1, respectively;
R +jX"" is the complex impedance between bus j and bus
j+1; and V¥ is the voltage magnitude at the boundary bus
associated with WF. Considering the capacity of each WF is
much less than the TS, buses 2 and 3 in Fig. 1 can be as-
sumed as the slack buses for two WFs.
The per unit voltage variation should also be considered.

Vmin< V < Vmax (30)
where 7™ and V™ are generally set to be 0.95 p.u. and
1.05 p.u., respectlvely

To minimize the power losses in each WF collection sys-
tem, the power losses Objy can be expressed as:

Nyt

Objis = 2 p;

where N,,; is the number of WTs in the WE.
The voltage variation for all buses in the WF Objy;
should also be minimized.

ref, WF
PWFA

€2))

Nyr

ObjiR= >V~ Vs’ (32)
j=1
where Ny, is the number of buses in the WF; and V_, is the
rated voltage.
The active power output of each WT should be dispatched
ref

as close as possible to the PD-based reference pyy, ; [27].

Nywr

Obj%h Z(p TP, ) (33)
The PD-based reference is defined as:
pref _ P&"—lr/ ref
PD
. zPsz'T, (34)

where Py is the available wind power of the " WT.

The WF optimization problem can be converted to a stan-
dard quadratic-programming (QP) problem and efficiently
solved by QP solvers in milliseconds [1]. Thus, the WF opti-
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mization problem is shown as:
min (31)-(33)

s.t. (27)-(30) (33)

V. ADMM FORMULATION FOR WHOLE SYSTEM

Considering that the whole system consists of the TS and
the several WFs with several hundreds or even thousands of
WTs, the optimization problem of the whole system be-
comes a large-scale model with many constraints. To reduce
the computation burden, an ADMM-based DARPC strategy
is proposed. The whole system can be partitioned into sever-
al areas: a TS area and two WF areas. With the ADMM al-
gorithm implemented, the calculation of the TS and the WFs
can be decoupled. Thus, the objective functions (18) and
(31)-(33) can be distributed to the TS controller and WF con-
trollers and processed in parallel while guaranteeing the glob-
al optimality. The optimization problem of the whole system
is expressed as:

| Nyr
min zTr{YkTSWTS} + z{z -Pye™ +

k=1

NWF N\\T

Sk~ Vi) +2(pjk — D ik) } (36)
j=1

S.t.

19)-(24), (27)-(30)

Tr{¥oy Wis}— P =0 k=1,2

37)

Tr{ Vo Wis}— 05V =0 k=1,2
TI{M\;;WTS}_(VJ(WF y'=0 k=12

where Tr{My; Wi} and (V'")* are the square of the &"

boundary bus voltage processed in the TS controller and WF
controllers, respectively. Thus, the augmented Lagrangian ob-
jective function of (36) can be expressed as:

M|

Ny
min 2 Tr{YkTSWTS}+ 2[2(}7, T) Pret W Z(V/k_ Vrated )2 +
= i=1

(p,k — D }+ZAZ(Tr{YJ«iAWTs}—P;s‘F;WF)+
k=1

where J¢ and A¢ are the dual variables for the objective func-
tion; and p is the penalty for the optimization variables in
the TS that differ from the variables in the WFs.

The topology of system communication network is shown
in Fig. 3.

The initial optimization variables and the dual variables
are set to be zero. Each iterative step includes the following
steps.

1) The TS controller updates and solves the optimization
variables in the TS by using the augmented Lagrangian ob-

2

| T - P 210 (Tr{ P Was} - OREY) +

2

|T1‘{ YWF Wi t— QrEf wr

(39%)

M- T
SRS SRR
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jective function with the constraints of the TS.

Exchange boundary Exchange boundary
variables variables
Update Update
ot )\ AP O
P 1 1 Pyr (2 (2

controller WE, @ QWF ( )3 controller WE, . O, @)

WF Tr{¥; SWTS HON (e Tr{{gwm}e) R
controller 1 Tr{Yl Wisi (1) | |controller 1 Tr{¥, "W} (2)

WE T W) L[ wE Tr{Yy Wigh(2) ||
controller 2 Tr{FISW, (1) | |controller 2 Tr{¥, Wy} (2)

The 1% communication The 2™ communication

Fig. 3. Topology of system communication network.
=TS
(Te Vs Wi Yo+ . Tr{ o Wi+ 1)) =

| s
SUTr{Y Wi} +

k=1

arg min
Te (Vg W b Tr (T Wi}
2
ZAE (Tr {¥gs Was} =P () +

2
HT YR =P ()| + (39)
2/1? (Tt { Ve Wi 1= O3V (1) +
k=1

ig”Tr{YWF Wis)— O WF(”) Hz

st. (19)-(24), 37)

where 7 is the step of iteration.

In (39), the augmented Lagrangian objective function is
expressed as a quadratic function of matrix W.,. However,
in the SDP form, the objective function should be linear
with W Thus, the objective function (40) and constraints
(41)-(43) are formulated to represent the original augmented
Lagrangian objective (39) using the Schur’s complement
with auxiliary variables o} and a.

(Trivis oo+ 1), Tr{ Vo Wi+ 1)) =
|45
arg min zTr (YW 1+ z‘(oc,(—i-ozA ) (40)

TS
Tr {Y\w Wi b Tr{ Ty Wegy k=1

S.t.

ETE W [T W,

<0 k=12
JLmswen .
(41)
/IS Tr{Y-I\;\/SFkWTS}-’-aS \/gTr{szstWTs}"'b?
<0 k=12

-1

@ Te{ Wy Wios 4 b

(42)
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19)-(24), 37) (43)
where af=—a; A Py (r); bi=—/p/2 Py (r); al=—a} -

AROW (r); and b=~ /p/2 ORI ().

2) After updating the optimization variables in the TS,
each WF controller solves its augmented Lagrangian prob-
lem with the constraints of the WF in parallel, and updates
the optimization variables. For the " WF controller, the ob-
jective function and constraint are expressed as:

Nyyr

WT f, WF
E Pk P{S,FA +

(Pﬁﬁ@+DQmWO+DW'“@m“

f\w of, WF
Pyr, O,

Ny
z( Sk ralcd) +2(p p;é/k)2+
j=1

AT (Y g Wi+ 1) = Py ] +
2
Pl e n-p | +
lg[Tr{YWF s} (r+1)— Qref WF]
— 2
%“Tr{Y Wi o+ )= O } k=1,2

st. (27)-(30), 37)
(44)

These two sub-optimization problems can be solved quick-
ly by using the commercial optimization solvers.
3) Update the dual variables in the WF controllers using
(45) and (46).
A r+ D=2 () +p(Pis " (r+ D= Tr{¥ iz Wis}r+ 1) (45)

22+ 1)=22 () + O™ (r+ 1)~ Tr{ Ve Wos Y+ 1) (46)

With the part of the computation tasks distributed to each
WF controller, the large-scale constrained optimization prob-
lem is decomposed. For the TS controller, the computation
task is to deal with the objective function with the con-
straints inside the TS. Considering that several WFs are con-
nected to the TS, the computation task of the TS controller
can be significantly reduced. Meanwhile, the central control-
ler and centralized communication can also be eliminated
without loss of the global optimality. For each WF control-
ler, the computation task is an optimization problem with the
constraints inside the WF and its computation burden is not
heavy.

VI. CASE STUDY

A. Test System

The WFs with 64 x5 MW WTs with a modified IEEE 9-
bus system are used to demonstrate the performance of the
proposed DARPC strategy. For the optimal control strategy,
it is carried out every 5 s. In order to examine the perfor-
mance of the proposed scheme, the simulation results are
compared with the centralized active and reactive power con-
trol (CARPC) strategy and the ones with active and reactive
power PD control scheme [16]. In the CARPC strategy, the
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central controller can generate the active and reactive power
references of each WT among WFs and achieve the optimal
control performance [9].

B. Control Performance

The total simulation time is 600 s. Figure 4 shows the
available wind power of each WF. The available wind power
fluctuates within [120,153] MW and [90,120] MW in WF1
and WF2, respectively. During #=200-400 s, the available
wind power gradually rises. After t=400 s, the available
wind power gradually decreases.

160

§ — WF1

S 150f —WF2

5 140}

£ 130}

o

E 120

2 110F

2

§ 100+

'§ 90+

< 80 ‘ ‘ ‘ ‘ ‘ '
0 100 200 300 400 500 600

Time (s)

Fig. 4. Available wind power of each WF.

The MV bus voltage in WF1 is shown in Fig. 5. The AD-
MM-based DARPC strategy has the similar control perfor-
mance as the CARPC strategy and they can both effectively
control the MV bus voltage within the feasible range. The
MYV bus voltage is closer to the rated value of DARPC or
CARPC strategy than that of the PD control scheme. The
MYV bus voltage with DARPC or CARPC strategy can be kept
at 1.0019 p.u., and then gradually increases to 1.0250 p.u.
with the active power output of WF1 increasing by 11.10
MW during 1=200-400 s. After t=400 s, the MV bus volt-
age decreases slightly to 1.0140 p.u. with the active power
output decreasing by 5.00 MW. Obviously, the voltage value
difference between the DARPC and CARPC strategies is
very small (less than 0.0005 p.u.). Meanwhile, the voltages
with these two strategies also exhibit the similar variations.
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1.035{ 1013
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1.000
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Time (s)

200

Fig. 5. MV bus voltage in WF1.

Figure 6 shows the terminal voltage of WT32, which is lo-
cated at the furthest position along the feeder in WF1. The
performance with the DARPC and CARPC strategies is very
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similar and much better than the PD control scheme. During
the whole control period, the terminal voltage of WT32 can
be kept within 1.024 -1.048 p.u., while the voltage with the
PD control scheme is farther away from the rated value. The
voltage deviation with the DARPC or CARPC strategy is al-
so better than the PD control scheme. The maximal voltage
difference between the DARPC and CARPC strategies is
0.00008 p.u..
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il | - CARPC
1,065 —PD
1.060}
1055}
1.050}
1.045}
1.040
1035}

1.030

‘1 03955 25 45 65 85 105!

Voltage (p.u.)

1.025 :::::::::\ 02405 354563 85 105
1.020 . . T S
0 100 200 300 400 500 600
Time (s)

Fig. 6. Terminal voltage of WT32 in WF1.

WT1 is selected as the representative WT in WF1 to illus-
trate the performance of the WF control with three control
strategies. As shown in Figs. 7-10, during 1=200-400 s, the
terminal voltage of WT1 with DARPC or CARPC strategy
gradually increases from 1.0123 p.u. to 1.0368 p.u. with the
increase of the active and reactive power outputs by 1.37
MW and 0.2025 Mvar, respectively.
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Fig. 7. Available wind power of WT1 in WF1.
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The terminal voltage of WT1 is closer to the rated value.
The voltage fluctuation of DARPC or CARPC strategy is al-
so smaller than that of the PD control scheme. Obviously,
the voltage regulation, active and reactive power outputs of
the DARPC and CARPC strategies are very similar, which
show better control performance than the PD control
scheme.

The active and reactive power outputs of WF1 are present-
ed in Figs. 11 and 12, respectively. The active and reactive
power outputs of WF1 with DARPC strategy is very similar
to that with CARPC strategy, and different from that with
the PD control scheme.
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Fig. 11. Active power output of WFI.

The power losses of WF1 and WF2, and the whole sys-
tem are shown in Figs. 13 and 14, respectively. The power
losses with DARPC and CARPC strategies are very similar,
the performances of which are much better than that of the
PD control scheme. Meanwhile, compared with the CARPC
strategy, the DARPC strategy eliminates the central control-
ler and largely reduces the computation burden and commu-
nication cost. Moreover, since each WF controller only ex-
changes the very little boundary information with the TS
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controller, the protection of information and data privacy is
evidently improved.

19

— DARPC
18} - CARPC
g 17} — PP
2 16
e
515
2 14
[
Z 13
Q
&‘3’ 12

11

10! : ‘ ‘

0 100 200 300 400 500 600
Time (s)

Fig. 12.  Reactive power output of WF1.
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Fig. 14. Power loss of whole system.

Figures 15-17 show the convergence performance of the
system. The boundary information of the active and reactive
power outputs of WF1 and WF2 is selected to illustrate the
results. The optimization variables of the active power out-
put for WF1 and WF2 in the TS and WF, i.e., Tr {¥y; Wi}
Py

and (k=1,2), converge to the same value and keep

steady after 13 iterations. The convergence performance is
acceptance. As shown in Fig. 17, the optimization variables
of the reactive power output for WF1 and WF2 in the TS
and WF, i.e., Tr{Y:VSFKWTS} and Oyi""
10.46 Mvar and 14.08 Mvar in 13 iterations, respectively,
which shows the excellent convergence performance.
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VII. CONCLUSION

In this paper, the ADMM-based DARPC strategy is pro-
posed for the regional AC TS with WFs. The SDP relaxation
with Schur’s complement and branch flow model are adopt-
ed to address the nonconvexity and nonlinearity issues of the
global optimal power distribution in the coupled TS and
WFs. The ADMM is applied to decompose the large-scale
strongly-coupled optimization problem without loss of the
global optimality. The computation burden can be largely re-
duced with the DARPC strategy. Furthermore, the TS control-
ler and WF controllers process in parallel only with the limited
boundary information exchange, which improves information
privacy of the whole system. As verified by the case studies,
the proposed DARPC strategy can achieve the optimal power
distribution among the WFs to minimize the power losses of
the TS while minimizing the voltage deviation of the terminal
buses as well as the power losses of the WF collection system.
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