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ARTICLE INFO ABSTRACT

Keywords: In this paper, a distributed optimal reactive power control (DORPC) scheme is proposed for minimizing the total
Alternating direction method of multipliers losses of doubly fed induction generator (DFIG)-based wind farms (WFs), including the losses of generators,
(ADMM)

converters, filters, and networks. The DORPC minimizes total WF losses by optimally coordinating reactive
power outputs of the DFIG stator and the grid-side converter. The optimal control problem is solved in a dis-
tributed manner by using the consensus alternating direction method of multipliers (ADMM). With the consensus
ADMM, the total WF loss optimization problem is transformed into a distributed optimal power flow problem
considered with DFIGs’ optimal operation. The optimization problem with local constraints considers the re-
active power limit of DFIG-based wind turbines (WTs) and the voltage limits at all WT terminal buses inside the
WE. In the DORPC, the optimal control problem is solved by the collector bus station controller and WT con-
trollers in parallel, only with the information exchange between immediate neighbors. It eliminates the need of a
central controller and centralized communication, implying better robustness and plug-and-play capability. A
WF with 20 DFIG-based WTs was used to validate the proposed DORPC scheme.

Distributed reactive power control
Doubly fed induction generator (DFIG)
Loss minimization

Wind farm

1. Introduction

Wind power has become a widely used renewable energy source
(RES) with substantial potential and mature technology. With wind
power generation expanding, the intermittency of wind power and the
interaction between wind farms (WFs) and power systems introduce
challenges [1]. The doubly fed induction generator (DFIG)-based wind
turbine (WT) has been widely used in modern WFs due to high con-
trollability and small converter rating [2]. With power electronic con-
verters, DFIG-based WFs can regulate reactive power independently
and provide reactive power support for power systems [3].

Voltage and reactive power control of WFs has motivated numerous
studies. The WF is required to maintain the power factor within the
limit at the point of connection (POC) [4,5] or provide reactive power
support for power systems while tracking the dispatch command from
the transmission system operator (TSO) [6]. Dynamic power electronic
devices, such as static var compensators (SVC) and static synchronous
compensators (STATCOM), are used in WFs for providing rapid reactive
compensation and voltage control [7,8]. In DFIG-based WFs, each
DFIG-based WT is equipped with power electronic converters. The
DFIG-based WF can utilize the capabilities of the DFIG-based WTs for
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providing reactive power support to meet grid code requirements.

The most widely used reactive power control scheme in WFs is the
proportional dispatch (PD) scheme, which is simple, easy to implement,
and considers the reactive power margin of each DFIG-based WT
[9,10]. However, without the optimizing reactive power references for
individual WTs, the WF controller cannot achieve WF optimal opera-
tion. In [11], the particle swarm optimization (PSO) was adopted to
dispatch reactive power of WTs by minimizing total active power losses
along the cables and the transformers of WTs. In [12], the objectives of
the optimal control were the power loss of the offshore WFs collector
system, grid side converter (GSC) of WTs and high-voltage direct cur-
rent (HVDC) converters. In [13,14], MPC-based reactive power control
methods were proposed for the large-scale WF that aim to keep all bus
voltages inside the WF within a feasible range while reducing the net-
work losses. In [15,16], centralized optimal reactive power dispatch
strategies were proposed for minimizing the total electrical losses of the
WF, including not only losses in cables and WT transformers but also
losses inside wind energy generation systems.

Centralized WF controllers gather information of all WTs inside the
WF and generate reactive power references for them. A WF can be re-
garded as a constrained multiple input and multiple output system. The
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computation burden of the central controller dramatically increases
with the size of WFs. A failure of the central controller significantly
impacts the WF secure operation, implying low robustness. Moreover,
the cost of communication is high. Several distributed algorithms can
be used to address the problems above [17]. In [18], the ADMM was
used to optimize the reactive power among the photovoltaic inverters in
the distribution system. The distributed control has the advantages of
robustness, cyber security, and the ability to perform parallel compu-
tation [19]. In [20], a two-tier voltage optimal control method was
proposed for the large-scale wind farm cluster. The upper-tier control is
realized by using the consensus protocol while the lower-tier control is
achieved by using the ADMM algorithm. In [21], a distributed co-
operative voltage control based on a consensus protocol was proposed
for WFs. The aims are to regulate voltages within the feasible range
while optimizing reactive power sharing among reactive power sources.
In [22], a distributed model predictive control method was used in the
WF optimal control. The aim is to reduce fatigue load of the WTs and
keep the voltages of the buses within the feasible range. However, in
the existing distributed optimal control of WFs, the dynamic control
inside the WTs has not been considered in the WF control. Moreover,
the distributed algorithm using the consensus protocol cannot obtain an
optimal solution from the WF point of view. The optimal reactive power
control using the ADMM algorithm still requires a central unit to co-
ordinate each WT inside the WF.

Therefore, this paper proposes a distributed optimal reactive power
control strategy (DORPC) for DFIG-based WFs that aims to minimize
the total electrical loss inside a DFIG-based WF including the losses of
generators, converters, filters, and network losses. First, the optimal
control problem is transformed into an optimal power flow problem,
which also considers DFIGs optimal operation. The loss model of the
DFIG stator and rotor, converters, and filter are presented in detail.
Second, a distributed optimization framework based on the consensus
alternating direction method of multipliers (ADMM) is developed to
solve the optimization problem in a distributed manner without loss of
optimality. In the DORPC, each WT controller operates in parallel to
generate the optimal reactive power references for the DFIG stator and
the GSC, aiming to minimize the total losses inside the WF while
tracking the reactive power dispatch command from the TSO.

The main contributions of this paper can be summarized as follows:

1. A DORPC scheme is designed to minimize losses in the DFIG-based
WEF. The proposed DORPC does not require a WF central controller
while guaranteeing the optimality of the solution. The distributed
controllers operate in parallel to generate the reactive power re-
ferences for each DFIG stator and GSC while satisfying the grid re-
quirements.

2. The distributed optimization framework based on ADMM is used to
distribute the WF computation task to several distributed con-
trollers. The DORPC strategy is computationally superior to the
centralized strategy, both in convergence speed and optimization
efficiency. Each controller communicates only with immediate
neighbors, largely decreasing the cost of communication networks
while guaranteeing optimality of control performance.

3. The exchanged information between controllers only includes the
global, local, dual variables, instead of real measurement data from
WTs, which implies cyber security and respects privacy of data. The
DORPC strategy has the advantage of information privacy.

This paper is organized as follows. In Section 2, the configuration of
a WF and the framework of the DORPC scheme are presented. The loss
model of each component in the WF is introduced in Section 3. The
consensus ADMM and the DORPC strategy are described in Section 4.
The case study results are presented and discussed in Section 5, fol-
lowed by the conclusions.
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Fig. 1. The configuration of a wind farm.

2. ADMM-based distributed optimal reactive power control
scheme for DFIG-based WFs

2.1. Configuration of the WF

Fig. 1 shows the typical configuration of a WF that connects to the
external AC grid through an HV/MV transformer. The collector bus is
connected to several feeders. Several DFIG-based WTs are connected to
a feeder and placed 4-km apart.

2.2. Concept of the ADMM-based DORPC

Fig. 2 shows the structure of the proposed control scheme. The
collector bus station and each DFIG-based WT are equipped with a
controller. The reactive power reference Q. is decided by the TSO and
delivered to the collector bus station controller. In the DORPC, the WF
operates in a distributed manner to minimize the total power losses
inside the DFIG-based WF. Each controller operates only with the local
measurements and data from the neighboring controllers. To minimize
the total losses while tracking the WF reactive power dispatch com-
mand, the collector bus station controller and WT controllers co-
operatively solve the optimization problem in a distributed fashion.
Moreover, focusing on the main devices that cause losses in the WF,
each WT controller generates optimal reactive power references for
individual DFIG stator and GSC separately according to their loss
models, thereby minimizing the generator copper, converter, and filter
losses.

3. Loss model of each component in the WF

The loss model of each component is presented in this section, in-
cluding the loss models of the networks, DFIGs, converters, and filters.

3.1. Loss model of the network

The WF collector system is a radial distribution network, as shown
in Fig. 3. The power flow from the external grid to the WT is defined as
positive direction in this paper. In Fig. 3, node s is the slack bus, node 0
is the collector bus, P; and Q; are the active and reactive power from the
slack bus to the collector bus, respectively, P/ and Q; are the active and
reactive power from bus i to bus i + 1 at the jth feeder, V; and V,
represent the voltages of the slack bus and collector bus, respectively,
V/ is the voltage of bus i at the jth feeder, P\{VT,:’ and Q\J,IJTJ are the active
and reactive power of the ith DFIG-based WT at the jth feeder, re-
spectively, Nr and Ny denote the sets of WF feeders and WTs at each
feeder, respectively.

Minimizing the networks losses is a global optimization problem. It
is constrained by the voltage within feasible range constraints and
DFIG-based WT rated power constraints. Since the voltage difference
between bus i and bus i + 1 is much smaller than the voltages, and the
losses of active and reactive power are much smaller than the power
flows themselves. Thus, based on the linearized DistFlow (LinDistFlow)
model [23], we can obtain the objective function for minimizing the WF
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Fig. 2. The framework of the proposed DORPC.
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Fig. 3. Schematic diagram of the distribution network.

networks losses as,

2 2 INFI INw ! . P-j 2 4 Y
min Rs (Ps) +2(Qs) + z Rij( 1) Z(Ql) ,
raov Vi j=1 i=0 Vs (€]
S.t.
B =P, - By @
Q' = QL — Qi 3

U =0 — Z(RsPs + XSQS)
Ulj =U,— 2(ROJP({ +X({Q({)

U =U - 2®R/P + X/ Q)), “4)
Qs = Qi P\f;zww =0, Qlf;lw\ =0, Ui =0, %)
1Q/ — QL1 < Qs (6)
(€ -2V2<U/ < (2 +2e)V2 (%)

where U, is the difference between the square of collector bus voltage
and the square of slack bus voltage, U/ is the difference between the
square of the bus i at the jth feeder voltage and the square of slack bus
voltage, U/ = (/)> — V2, R, and X; are the resistance and reactance of
the line segment between the slack bus and the collector bus, respec-
tively, R/ and X/ are the resistance and reactance of the line segment
between bus i and bus (i + 1) at the jth feeder, respectively, ¢ is the
constant for the voltage constraints, Qi is the reactive power reference
of the WF, and Q{‘}}’}*’l is the available reactive power of the ith WT at the

jth feeder.
3.2. Loss model of DFIG

Fig. 4 shows the basic configuration of a DFIG-based WT. The WT is
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Fig. 4. DFIG-based wind power generation system.

connected to the DFIG through a gearbox. The DFIG stator directly
connects to the WF AC collection system. The rotor is connected to the
AC grid through a back-back PWM converter, which consists of a rotor-
side converter (RSC) and a GSC. The converter rating is usually set to
25%-30% of the DFIG’s nominal power [24]. The RSC is responsible for
regulating the active and reactive power of the DFIG stator. The GSC is
used for regulating the DC voltage at the DC link of the converter and
providing a certain level of reactive power support for the WF. With the
electronic converters, the active and reactive power of the DFIG-based
WT can be controlled independently.

The steady-state voltage equations for a DFIG which operates in a
stator voltage-oriented reference frame can be expressed as follows
[25]:

%4 Ry Xy 0 —Xu||1ss
0 X, Ry Xn O Igs
Va |~ 0 —sXu R, —-sX/||I; |
Vc’[r SXm 0 SXr/ R; Icir (8)

where V; is the stator voltage, V4, and V,, are the rotor steady-state d-
axis and qg-axis voltage, respectively. Iy, Iys, Iar, and Iy, are the steady-
state d-axis and g-axis currents of the rotor and the stator, respectively,
the superscript ’ is used for rotor value referred to the stator, Rs and R,
are the equivalent resistances of the stator and rotor, respectively, X; is
the reactance of the stator, X, is the reactance of the rotor, X, is the
mutual reactance, and s is the slip ratio.

The following two equations can be obtained from the steady-state
voltage equations:

Vs = Rslygs — Xqus - Xmlér’ 9
0 = Xlgs + RSIqS + XmIAr. (10)

I4s and Iy, can be presented as,

Iqs = Q/V, (11)

Xs s /
Boee»  Igr = ull,.

I =— =
VX @ (12)

Substituting (11) and (12) into (9) and (10),
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Vo= Ry — %, & — X, I

Vs v 13)
0=XJy + R — Xs&sp
Vi Vi a4

Then I4, and I, can be derived from (13) and (14), and expressed as,

Ry 1 1w
Iys = __S_QS + __SPmeCs
X Vs Vs ar (15)
S _RIXD) 1 R, Vi :
Iy =— Qs + —PBnec — » dgr = uly.
Xs  XmVs X Vs 0 Xm (16)

Ias, Igs, Iar, and I, can be expressed as,

M 1 1
Ijs = ——Qs + —PRy, Ips= —0Q
ds Vs Qs VS sr qs Vs Qs (17)
uX, u uR uVy
Iy = — : Ry, Iqr =——Q+ 7SPsr -
VeXm NXm Vs Xm Vs Xm 18)
where M = %, N= ﬁ ,and B, = %Pmec. Rewriting (17) and (18)

into the matrix form with variable Qs,

[Ids Iqs Iy Iqr]T = AQS + B, (19)
herea=|™ Lo -4 T po[& o - w6k wrke ux]
where A =3 % NXmW | 2P T | % ViXm  Xm%  Xm |

Then, the copper losses of the DFIG can be obtained,

PiRis = Ro(g + Ig) + Re (I + 1) (20)

3.3. Loss model of converters and filter

The losses of the converter can be divided into switching and con-
ducting losses, which dissipate in the form of thermal energy, reduces
the service life of the converters and causes adverse effects on the
system. According to [16], the loss model of converters can be re-
presented by the following piecewise linearized curve equation,

PLOS = B+ R (I3 — ¢) (21)

The parameters in (21) can be presented as,
P =0,R.=790x%x 1074 ¢, =0 Lims < 0.17

P =273%1075 R, =291 X 1074, ¢y = 017 0.17 < Iyms < 0.52,
P =1.15x 1074, R, = 2.20 X 1074, ¢y = 0.52 0.52 < L < 1

(22)

I§e = I + I, (23)
Iese = L + Igg- 24)

IS and IGEE are the rms values of the current flows through the RSC
and GSC, respectively. I4; and Iy, are the d-axis and g-axis currents of
the GSC, which can be calculated respectively as,

Idg = (lar Var + Iqr Vqr)/Vsy (25)
lgg = Qg/ Vs (26)
Qwr = Qg + Qs, 27)

where Qg is the reactive power provided by the GSC, and Qwr is the
reactive power output of the DFIG-based WT.

Calculating the d-axis current of the GSC using (25) will produce the
quartic items of Qs, which complicates the calculation extremely. Fur-
ther transformation calculation should be conducted for I4,. The active

power on the stator side and rotor side are presented as follows,
R = Iy Var + Iqr Vqr, R = I Ve R = —sk. (28)

Then, substituting (28) into (25), I, can be restated as,
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Idg = _SIds- (29)

Then, the RSC and GSC losses PLS, and PL3 are given by,

PRS® = Re + R (I8 2 — &), (30)
P(I;é)(s:s = ch + ch (I(gglé 2- cgz), (3]_)

The loss in the grid-side filter P5** can be expressed as,
P = Ry (Igg + qug)’ (32)

where Ry is the equivalent resistance of filter.
The total losses of a DFIG-based WT can be calculated as

Loss _ pLoss Loss Loss Loss
Pyr® = Popig + Prse + Fose + Pl (33)

3.4. Optimization problem

In the DFIG-based WF operation, all DFIG-based WTs inside the WF
are assumed to be operated in maximum power point track (MPPT)
mode. The active power output of the DFIG at each control period can
be considered constant. The WF operator only generates the optimal
reactive power references for the DFIG stator and GSC to minimize the
total power losses inside the WF. Then, the optimization problem for
the centralized optimal reactive power control (ORPC) can be for-
mulated as

2 NP INwl ) )2 )
min Ry (Q;) + (Rij_l @y +P£,"Tﬁ°‘,-*’),
j=1 i=1

%Q  V; v (34

s.t. () (5)(7)

Q/ - QL = Qi+ Qs (35)
<ol <, (36)

~ QU < QJ < Q. ©7)

where QS’: ; and ng, ; are the reactive power provided by the stator and the
GSC of the ith DFIG-based WT at the jth feeder, respectively, Q" and
Qge‘,vii’j are the available reactive power of the stator and the GSC, re-
spectively. The first item of (34) is the network loss between the col-
lector bus and slack bus. The second item of (34) is the network loss in
each feeder and the generator loss, converter loss, and filter loss of the
DFIG. The problem of (34)—(37) is a centralized optimization problem.
The decision variables are the reactive power references for the DFIG
stator and GSC. Eq. (35) is used to ensure the reactive power generated
from DFIG stator and GSC is within reactive power flow constraints.
Egs. (36) and (37) are the boundary constraints of the reactive power of
the stator and GSC, respectively.

4. Distributed optimal reactive power control scheme
4.1. Consensus ADMM-based formulation

The ADMM is a computational framework for solving the optimi-
zation problem and is suitable for solving the convex optimization
problem in a distributed fashion. By the decomposition and coordina-
tion process, the ADMM decomposes the large global problem into
several small and easily solved local sub-problems and obtains the so-
lution of the large global problem by coordinating the solutions of the
sub-problems. The problem (34) is an optimization problem that can be
efficiently solved in parallel by the consensus ADMM.

The collector bus station controller and each WT controller itera-
tively solve the local optimization problem with local constraints and
share global variables with their neighbors. Each controller generates
the optimal local variables and is subjected to the condition that all
local variables are equal to the corresponding global variables. After



S. Huang, et al.

several iterations, all local variables converge to the global optimal
value and thus achieve optimal performance. For the ith controller at
the jth feeder, it keeps local variables Q/ and U, which are defined as
Q/ and U/, and the controller also keeps local variables Q/ , and U/ ,
from the (i — 1)th controller, which are defined as Qij and yij, re-
spectively.

Assume that active power are auxiliary constant parameters, which
can be measured by each controller, then (34) can be formulated as a
consensus ADMM problem as follows:

2 INFLIN 72 )
min Ry (QO) + Z Z [R] (Q) PI%/(?,SiJ]’
Qs,Qg o im (38)
S.t.
U, = o—Z(R + X5 Qo)

U/ = U/ —2(RL,PL, + XL, QD), (39)
(€29 <U (€ +29W, (40
Q=0 /=0, /=0, Q, =0 (41)
Uy =0, UJ U, U_ij = Uij: yij = IJij—P (42)
Q/ -/ =0ql+Ql, (43)
- QMY < Q< QY (44)

- Q&Y < QJy < QM. (45)

Constraints (41) and (42) guarantee that all local variables are equal
to the corresponding global variables. The consensus ADMM method is
used to solve the problem in such a way that each sub-optimization can
be handled by its own processor.

4.2. Distributed solution method based on ADMM

For eliminating the need of a central controller, a distributed opti-
mization framework based on the ADMM is proposed in this subsection.

For the collector bus station controller, the optimization problem
can be expressed as augmented Lagrangian form,

INF I

minf, (Qo, Q-+ QY Up, T), (46)
s.t. (39)(40)(41)(42).
where
(Q ) \N | . )
Sy =R +30%(Q0 - Q) + zyg‘i’(oo Q) +3Y (U — W)

j=1
+y0jU(Uo - W)
INFI

+ 5 (Qo—Qs)2 + Z (Qo

j=1

Q? + S(Uo — U)* + 5(Us — Up)?,

(47)

where ijQ, y , %Y, and y({[’ are the dual variables. 0 > 0 is the
penalty for the local variables being different from the global variables,
which is obtained by experience.

For the ith WT controller at the jth feeder, the solution for the op-
timization is same to the collector bus station controller, which can be
expressed as

minf/(Q/, @/, U, U/, @J;, @l (48)
s.t. (39) — (45).

where
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; (e ;
fij — Rij_ . 71/3 PLoSi_a/
+390Q7 = QL) + 3%/ = @) + 3V (W - UL + 37 W - U
+30Q/ = QL)+ 5Q = QI + (U — UL + S - U

(49

The proposed DORPC scheme iteratively minimizes the augmented
Lagrangian by performing following updates. Here, we only present the
iteration for the WT bus controller. The collector bus station controller
follows the similar process.

4.2.1. Initialize
Assign 0 to all local, global and dual variables at the first iteration:
=0,y =02z"=0. (50)

where x , y, and z are the following column matrixes:
. - . - . 1T
X = [Qij Qij yij U[j Qsjz Qél] s
=[yie yio yu ol
h= [Yi YT O ] )

= [Qij—l Qij L]ij—l Uij]T'

4.2.2. Update local variables
To get the optimal value, each bus controller should fix the value of
the global variables and the dual variables at the kth step.

xi[k+1] - argmxinfij s yi[kl) Zi[k]), (51)

s.t. (39) — (45).

Solve the problem above with the constraints to update local vari-
ables.

4.2.3. Update global variables

After updating the local variables, each controller gathers in-
formation from their neighbor controllers and updates the global
variables by,

[k+1 [k+1 7 [k+1]
QINW =0, quvw = Uljvw ) (52)
Jlk 1 lk+11 i [k+1]
QM= 2@/ + @l 53)
ile+1 1 —ilk+1] i [k+1]
g = S+ U 54)

4.2.4. Update dual variables:

The dual variables of the ith controller at the jth feeder that disagree
with the global variables in the previous iteration, which are stored in
local controller, are updated according to the following rules for each
node:

yl_[k+1] - yi[k] +o(x/ [k+1] _ Zi[k+1])- 55)
where x/ = [ Q' Q U U/ ]T_

4.2.5. Check stopping conditions

xl_/ [k+1] _ xi’ [k] <, xl_r [k+1] _ zilk+1j <, 6)
A6 - £

where v; and v, are coefficients, which are used to determine whether
the ADMM converges. If the conditions are satisfied in every controller
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Fig. 5. The flowchart of the proposed DORPC.

inside the WF, the converged result is obtained and the solution pro-
cedure stops. Otherwise, go to step 2.

After a moderate number of iterations, the local and global variables
will converge to the same values. Once the algorithm converges, the
local variables will correspond to an optimized feasible solution for the
WF operation without loss of optimality of the primal problem.

Fig. 5 shows the flowchart of the proposed DORPC scheme. The ith
WT bus at the jth feeder of the WF is used as an example to illustrate the
procedure of the DORPC. The calculation task is divided to several
controllers inside the WF, which includes setting the initial value, sol-
ving the small-scale optimization problem, updating global variables
and dual variables, and checking the stop condition. The computation
burden could be reduced efficiently and the requirement of the central
unit is eliminated.

5. Simulation results
5.1. Case study

A WF with two feeders and 10 x 5 MW DFIG-based WTs connected
to each feeder is used for validating the performance of the proposed

DORPC method. The parameters of the DFIG-based WF are listed in
Table 1.

5.2. Control strategies
Strategy A: DORPC Strategy

Table 1
Parameters of the DFIG-Based WF.

Strategy A is the proposed DORPC scheme, which minimizes the
losses of network and the DFIG WT. The objective functions are (46)
and (48).

Strategy B: Traditional Proportional Dispatch Strategy

Strategy B is the traditional PD strategy. The reactive power is
provided by the stator. The reactive power references of the WT are
calculated as,

avi,j
Qrefj _ WT,i ref
WT,i — INF Ny o ‘WF-
2 2 Qwrh
j=1i=1 (58)

Strategy C: DORPC Strategy without the Optimization of DFIG WT
Losses

Strategy C is the DORPC strategy without the optimization of DFIG
WT losses, which minimizes the network losses only.

5.3. Control performance of DORPC

Performance is discussed in this subsection. To verify the effec-
tiveness of the proposed DORPC, the reference value of the reactive
power for the WF is set as 0.1 p.u. and 0.2 p.u. The total simulation time
is set as 600 s.

The available wind power of the WF is shown in Fig. 6. From O s to
250 s, the total available wind power fluctuates between 65 and
75 MW. The total available power gradually rises from 250 s to 400 s,
and the maximal total available wind power is 90 MW. After 400 s, the
total available wind power decreases gradually.

Parameters Value Per Unit Value Parameters Value Per Unit Value
Rated Mechanical Power of the WT 5 MW 0.05 p.u. Filter Resistance, Rg; 0.6791 mQ 0.000062 p.u.
Rated Stator Phase Voltage 548.48 V (rms) 0.017 p.u. Resistance of 0.9/33 kV Transformer, Ry 0.08712 Q 0.008 p.u.
Rated Stator Frequency 50 Hz Reactance of 0.9/33 kV Transformer, Xt 0.6534 Q 0.06 p.u.
Rated Rotor Speed 1170 rpm Rated capacity of 0.9/33 kV Transformer 5 MVA 0.05 p.u.
Rated Slip -0.17 Distance between Adjacent DFIGs 4 km

Number of Pole Pairs 3 Line Resistance, Rij 0.134 Q/km 0.012305 p.u.
Stator Winding Resistance, Ry 1.552 mQ 0.000142 p.u. Line Reactance, Xij 0.129 Q/km 0.011872 p.u.
Rotor Winding Resistance, R, 1.446 mQ 0.000133 p.u. Rated WF Power, Syg 100 MVA 1.0 p.u.
Stator Leakage Reactance, Xjs 0.400 Q 0.0367 p.u. Base Current, Iy 1749.5 A (rms) 1.0 p.u.
Rotor Leakage Reactance, X, 0.375 Q 0.0323 p.u. Base Impedance, Zg 10.89 Q 1.0 p.u.
Magnetizing Reactance, X, 1.733 Q 0.1591 p.u.
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Table 2

Losses of different parts in the WF with different control strategies.

Different simulation time points

Power losses in the WTs (p.u.)

Network losses (p.u.)

Total power losses (p.u.)

A B [¢ A B C A B [¢
Average power loss 0.0248 0.0254 0.0300 0.0529 0.0618 0.0525 0.0777 0.0872 0.0825
Power loss at 100 s 0.0215 0.0221 0.0275 0.0458 0.0537 0.0453 0.0673 0.0758 0.0728
Power loss at 250 s 0.0216 0.0223 0.0276 0.0463 0.0542 0.0458 0.0679 0.0765 0.0734
Power loss at 320 s 0.0278 0.0285 0.0321 0.0594 0.0692 0.0591 0.0872 0.0977 0.0912
Power loss at 380 s 0.0317 0.0324 0.0351 0.0677 0.0787 0.0677 0.0994 0.1110 0.1028
Power loss at 500 s 0.0268 0.0275 0.0315 0.0575 0.0670 0.0571 0.0844 0.0945 0.0886
buses are shown here. Simulation results reveal that the local variables 0.3 s.

Fig. 8 shows the reactive power output of the 1st WT at the 1st
feeder when the reactive power reference of the WF is set as 0.2 p.u. Qs
and Qg begin to fluctuate simultaneously at 300-400 s given the

converge to a common value after 40 iterations, implying good con-
vergence performance. It takes about 4-7 ms to complete an iteration.
As a result, the time required to complete an optimization is less than
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decrease in the available reactive power with the increasing active
power output.

Fig. 9 shows the reactive power reference value and the measured
reactive power output of the WF when the WF reactive power refer-
ences are set to 0.1 and 0.2 p.u. The difference between the reactive
power reference and the measured value is small (less than 0.001 p.u.),
which is caused by the reactive power losses inside the WF. The results
show that the proposed DORPC scheme can efficiently track the re-
active power reference value in a distributed manner.

Figs. 10-15 and Table 2 show the losses of the total WF, network,
DFIG copper, and converters and the loss reduced percentage when the
WF reactive power references are set to 0.1 and 0.2 p.u.

In Fig. 10, the reactive power reference for the WF is set to 0.1 p.u.
In Fig. 11, the reactive power reference for the WF is set to 0.2 p.u. The
total WF loss obtained using the DORPC scheme is noticeably lower
than those acquired by the other two strategies, indicating that the
proposed DORPC is effective in minimizing the total losses generated by
the WF. In addition, the loss reduction when the reactive power

Electrical Power and Energy Systems 118 (2020) 105827

reference of the WF is set to 0.1 p.u. is lower than that at 0.2 p.u., which
illustrates that the higher the reactive power reference of the WF, the
greater the total loss reduction.

Fig. 12 shows the percentage of the reduced total losses inside the
WF with Strategy A when the reactive power reference of the WF is set
to 0.2 p.u. Compared to Strategy B, the total power losses with the
Strategy A are reduced by around 11%. Compared to Strategy C, the
power losses with the strategy A is reduced by around 7% from O s to
250 s. From 250 s to 360 s, the percentage reduced decreases to around
4%. From 360 s to 600 s, the percentage reduced increases to around
6.5% gradually.

Table 2 shows power losses of the WF at different time with dif-
ferent control strategies. The first row shows the average power losses
during the whole simulation time. Strategy A has the lowest power
losses in the WTs. The network loss with Strategy A is approximately
equal to those with Strategy C. For the total losses inside the WF,
Strategy A shows the superiority among the three strategies. The 2-6th
rows are the power losses at different simulation time. The WF with the
strategy A generates the lowest power losses of WTs among the three
strategies. The network losses with Strategy A and Strategy C are si-
milar, which are better than those with Strategy B. For the total losses
inside the WF, Strategy A shows the superiority among the three stra-
tegies at each measurement point.

To better demonstrate the benefits of the DORPC, the losses in each
component in the WF with different control strategies and different
reactive power references are placed in Figs. 13-15.

Fig. 13 shows the copper losses generated by all DFIG-based WTs
inside the WF. The total DFIG copper losses with Strategy A are less
than those with Strategies B and C. If the WF only minimizes the net-
work losses, the DFIG copper losses will increase.

Fig. 14 shows the total converter losses inside the WF. The perfor-
mance with Strategy B is better than that with the two other strategies,
and the performance with Strategy A is better than that with Strategy C.

Fig. 15 shows the loss generated by the network. The effects of
Strategies A and C on reducing the loss of network are similar, that is,
both are greater than the effect of Strategy B. From the above simula-
tion results, the performance of the proposed DORPC strategy is vali-
dated. Since the DORPC considers different devices that cause losses in
a WF, it can efficiently reduce the total losses of the WF and show a
better performance than the two other strategies.

To better demonstrate the effectiveness of the DORPC, the perfor-
mance of the DORPC is evaluated in Figs. 16-19 under different con-
ditions, such as low-voltage faults, high and low wind speed scenarios.

Fig. 16 shows the voltage of the MV bus of the WF. The voltage
performance with Strategy A is compared to the one with Strategy C. At
45 s, the voltage of the slack bus drops to 0.7 p.u. The voltage of the MV
bus recovers to around 0.96 p.u. from 45 s to 62 s. The voltage of the
MV bus can be kept within the feasible range by using both Strategy A
and Strategy C.
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Fig. 18. Total losses with different strategies under high wind speed scenario. (a) Available wind power, (b) total losses.
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Fig. 17 shows the total losses of the WF with Strategy A and Strategy
C under the low-voltage fault. From 0 to 45 s, the total power losses
with strategy A are less than the ones with Strategy C. At 45 s, the losses
increase to around 0.105 p.u. with the voltage drop. After 45 s, the
losses recover to around 0.07 p.u. The total power losses with strategy A
are lower than the ones with Strategy C during the whole simulation
time. The proposed control strategy performs well during the low-vol-
tage fault.

The total losses with different strategies under high and low wind
speed scenarios are shown in Figs. 18 and 19. Fig. 18 shows the
available wind power and the total losses with different strategies under
the high wind speed scenario while Fig. 19 shows the ones under the
low wind speed scenario. In the case of the high wind speed scenario,
the available wind power fluctuates between 85 MW and 95 MW, and
the available wind power fluctuates between 48 MW and 55 MW in the
case of low wind speed. The total losses with Strategy A are always the
lowest among the three strategies under both low and high wind speed
scenarios.

6. Conclusion

In this paper, a DORPC scheme is proposed for loss minimization of
the DFIG-based WF. The optimal control problem is formulated based
on the OPF model, which is achieved by the optimal coordination of the
DFIG stator and the GSC reactive power output. The optimization
problem also considers the reactive power limit of WTs and feasible
voltage range. The optimal control problem is solved in a distributed
manner by the consensus ADMM. All controllers compute in parallel
without any global information and only with the information from the
neighboring controller to obtain the optimal value of the local vari-
ables. As verified by the case studies, the DORPC scheme can efficiently
reduce the total WF losses while tracking the reactive power dispatch
command from the TSO.
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