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Abstract: This paper proposes a grouped, reactive power optimization control strategy to maximize
the active power output of a doubly-fed induction generator (DFIG) based on a large wind farm (WF).
Optimization problems are formulated based on established grouped loss models and the reactive
power limits of the wind turbines (WTs). The WTs in the WF are grouped to relieve computational
burden. The particle swarm optimization (PSO) algorithm is applied to optimize the distribution of
reactive power among groups, and a proportional control strategy is used to distribute the reactive
power requirements in each group. Furthermore, the proposed control strategy optimizes the
reactive power distribution between the stator and the grid side converter (GSC) in each WT. The
proposed control strategy greatly reduces the number of variables for optimization, and increases the
calculation speed of the algorithm. Thus, the control strategy can not only increase the active power
output of the WF but also enable the WF to track the reactive power dispatching instruction of the
power grid. A simulation of the DFIG WF is given to verify the effectiveness of the proposed control
strategy at different wind speeds and reactive power references.

Keywords: wind power generation; wind farm; doubly-fed induction generator (DFIG); grouped
reactive power control; maximum active power output

1. Introduction

With the decline in global, non-renewable energy reserves and the increasingly serious
problem of environmental pollution, the development and utilization of new energy
represented by wind energy has become the general trend [1]. As more and more WFs
are integrated into the power system, the reactive power control of WFs has become an
important current issue to be faced [2,3]. With higher controllability, smaller converter
capacity, and faster reactive power adjustment speed, DFIGs are widely used in WFs [4,5].
Furthermore, DFIGs can perform decoupling control of active and reactive power separately
without the need of adding additional reactive power compensation sources, which is more
economical and reliable [6,7].

The stator side of a DFIG is directly connected to the power grid, and the rotor side
is connected to the power grid through a back-to-back PWM converter. The converter
controls the rotor excitation current to realize the power transmission from the stator side
to the power grid [8]. Therefore, the losses of the wind power system based on the DFIG
consist of friction losses, core losses, copper losses, and converter losses. At present, most
of the DFIG wind power generation systems are required to operate at a unit power factor
state, which is a waste of their reactive power adjustment capability, especially at lower
wind speeds. In order to solve this problem, the authors of [9] allocated the total reactive
power requirements of the power grid in proportion to the reactive capacity of each WT.
This can enable the WF to track the reactive power dispatching instruction of the power
grid under the premise of the limit of the reactive power capacity of the WTs. However, the
losses WFs are not considered in this method. A copper loss minimization control strategy
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for DFIG WFs is proposed in [10]. This minimizes the copper losses of WTs by allocating
the reactive power between the stator and rotor of WTs. To minimize transmission line
losses and transformer losses of a WF, an improved PSO algorithm is used to distribute
reactive power among the WTs [11,12]. However, the WTs” losses and converter losses
are not considered, and they are a large part of the total losses of a WF. Furthermore,
minimizing the transmission line losses and transformer losses may increase the converter
losses. Reference [13] used a sequential quadratic programming method to optimize the
reactive power distribution of a WF under constraints, which can effectively reduce the
total losses of the WF.

To ensure that all node voltages are in a stable range, a model predictive control
algorithm is proposed to implement the reactive power control of the WF [14]. Refer-
ence [15] uses the consistency protocol to allocate the reactive power among WTs, which
can eliminate the steady state voltage error of WFs and provide a fast response for the
system. A novel active power dispatching strategy based on dynamic grouping of WTs
is proposed to obtain smoother active power references in [16]. This can enable WTs to
track the dispatching instruction and alleviate the fatigue of WTs in order to achieve the
reactive power requirements of the power grid and decrease the losses of the WFE. The
fatigue loads of wind turbine (WT) components are considered in [17] to achieve high
active power output.

The control strategies mentioned above can reduce the losses of the WF and achieve
the reactive power requirement of the power grid. However, the number of variables for
optimization is larger. As a result, the computation burden is serious, and the control period
must be long, which may weaken the optimization effect, especially in large WFs. Refer-
ence [18] proposes a distributed optimization method based on ADMM, which distributes
the calculation work to each unit, but has high requirements for real-time communication.
References [19,20] propose a hierarchical optimization strategy by decomposing the opti-
mization objective into two levels: wind turbine optimization and wind farm optimization,
thus simplifying the optimization algorithm to a certain extent. Although, when the scale
of the wind farm is large, the calculation will still be more complex.

Therefore, this paper proposes a grouped reactive power optimization control strategy
for large DFIG WFs, which is partly reported in PESA [21]. It divides the WTs into several
groups and uses the PSO algorithm to optimize the distribution of reactive power among
groups. Then, the reactive power requirements are distributed to each WT within each
group by a proportional optimization strategy. The proposed control strategy greatly
reduces the number of variables for optimization and increases the calculation speed of
the algorithm. As a result, it reduces the total losses of the WF and increases the active
power output of the WE. Meanwhile, the WF with the proposed control strategy can track
the reactive power dispatching instruction of the power grid.

The paper is organized as follows. Section 2 presents the losses model of the WE.
Section 3 discusses the proposed grouped optimization control strategy. The effect of
the proposed strategy is analyzed in Section 4. Finally, Section 5 concludes with the
contribution of this paper.

2. Losses Model of the Wind Farm
2.1. Losses Model of the DFIG

The basic configuration of the DFIG is shown in Figure 1.

£ O, PO,

o —

Pg Qo T Transformer

) Filter

o dgr T o
RSC %ﬂiﬂ.ﬁ (]‘jsc%

Controller RSC GSC Controller

Figure 1. Basic configuration of DFIG.
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The losses of the DFIG consist of friction losses, core losses, and copper losses. The
first two losses can be considered constant under a certain operation point [10]. Therefore,
only copper losses are considered in this paper, which can be described by [22]

szssz Rs(Iss—i—Igs) + Rr(Iﬁr—l—Iér) (1)

where R; and R, are the equivalent resistances of the stator and rotor winding, respectively;
I3 and Iys are the d-axis and g-axis components of the stator current; I; and Iy, are the
d-axis and g-axis components of the rotor current, respectively.

The losses of the converter can be represented by the following equation [23]

Plg= PetRe (1" = ¢} @)

where I" is the root mean square (RMS) value of the sinusoidal current at the converter
alternating current terminal. P, R, and cg are selected by

P=0, R, =79 x 1074 ¢g=01I" < 0.17
P=27 x 107%, R.=29 x 1074, ¢, =0.170.17 < I"™ < 0.52 3)
P=12 x 107% R,=22 x 1074 ¢,= 052052 < I" < 1

Therefore, the losses of the rotor side converter (RSC) P}fg% and the losses of the GSC
Pé)g% can be expressed by

PR&-= PertRer(IRsc” — C%)

PlgSt = Pog+Reg (I 8sc? — c2)

4)

where I - is the RMS value of sinusoidal current from the RSC to the power grid, and
IFsc is the RMS value of sinusoidal current from the GSC to the generator. They can be

calculated by
IRsc =y I§r+157’ ®)
IGsc = I§g+I§g
where I, and Igq are the d-axis and g-axis components of the GSC current, respectively.
The losses of the grid side filter are given by

loss __ 2 2
Pl = Rpy (Idg +1qg) 6)

where Ry is the equivalent resistance of the filter.

The total losses of the DFIG wind power generation system P/%* can be expressed by,

wt T

Ply— Pl Pl + PRSPl @)

2.2. Losses Model of Transmission Network

The cable model of the transmission network is shown in Figure 2 where Py + jQ;
represents the power flowing away from node 1 to node 2; V; represents the voltage of
node 1; R + jX represents the complex impedance of the cable between node 1 and node 2.

P40, R+ jX

Node 1| 7, Node 2

I 1

Figure 2. Cable model of transmission network.
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The losses of the cable are calculated by

2. 2
loss _ Pi+Qi
P cable — Vl2 R (8)

The active power losses of the transformer are calculated by
Pl = Po+ B*Px ©)

where f is the load ratio of the transformer; Py and Py are the no-load losses and load losses
of the transformer, respectively.
The transmission losses include the cable losses and transformer losses, which can be
expressed by
Ploss_ Ploss +Ploss (10)

net — * cable tran
As a result, the total losses of the WF can be calculated by
I
Pap*= Par + Pyt an
3. Grouped Optimization Control Strategy
3.1. Configuration of a WF
The typical configuration of a WF is shown in Figure 3. The WF is connected to the

power grid with a boost transformer. The transformer connects many feeder lines through
a collector bus. Each feeder is composed of a plurality of WTs placed with equal distance.

Power

Grid Transformer

Slack  Collector/ ¢
Bus Bus

Figure 3. Typical configuration of WF.

3.2. Power Flow Model of a WF

The grouped power flow model of the DFIG WF is shown in Figure 4. The direction
from the power grid to the WT is defined as a positive power flow.

i g s
= l%%#

g BT I
Figure 4. Grouped power flow model of DFIG WE.

m—1 m

The WTs in the WF are divided into N groups, and each group contains N, WTs,
where m =1, 2, ..., Ng. Node v is a slack bus node, and node O is a collector bus node.
Node 0 of group m + 1 is the last node of group m. P, + jQ, is the power flowing away
from node v to node O; P} +jQ(1) is the power flowing away from the node O to the group 1.
ngl—l—jQB”_l is the power flowing away from node O to the group m — 1.

The power flow model of group m is shown in Figure 5. The positive direction of
power flow is consistent with that of the WE.
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Figure 5. Power flow of group m. Where Pj'+jQy is the power flowing away from group m — 1.
In group m, P" + jQj" is the power flowing away from node i tonode i + 1, and PJj, ; + jQy, ; is the
complex power output by the it WT, wherei =1, 2,..., Nyy.

3.3. Objective Function

Maximizing the active power output of a DFIG WF is a global optimization problem
with constraints. This includes power balance constraints, power grid reactive power
dispatching constraints, the voltage constraints, and DFIG rated power constraints. Based
on the grouped power flow model, the objective function for maximizing the active power
output of the WF can be expressed by

_ Ng Np p Joss pit Jloss _ Rm _m 2 R ]2 12
f Iznéw‘c/ mzl 121< wti — Cwti tran,i i—1%i-1 ) o ( )
Pzrilz Pm Pgtl 7Rm1m2
1+1 Qm wtz - Xmlmz P 2 1%
Vi 2= v2 _ (RUP — XTQ;”)HTZ((RT) +(x)?)
P 0, Qo0 (15)
Qv: QZZ (16)
Viin < Vlm < Vinax (17)
thz Qsz+Qg1 (18)
Q;nmmz —= 51 - smux
, (19)
{ Q?mmz = Qg/l — gmaxl

where m means the m™ group, P llos ® is the losses of the i" WT, Pt’faffjs is the losses of the

th transformer. R}" is the resistance of the cable between node i and node i + 1. X" is the
reactance of the cable between node i and node i + 1. I" is the current flowing from node i
tonode i + 1. V" is the voltage of node i. Ry and X, are complex impedances of the cable
between node v and node O. V;, and V5 are the voltages of node v and node O, respectively.
I is the current flowing from node v to node O. I!" and I, can be calculated by Equation (20).

Q;f; is the reference value of the total reactive power of the WF. PI\I\IIE and Q%ﬁ are the active
power and reactive power flowing away from the last node of group N, respectively. In
this paper, Vyux and Vg are the upper and lower limits of the node voltage, and they
are assumed to be 0.90 p.u. and 1.1 p.u., respectively. Q' is the reactive power output of
and Q"

i 1s the reactive power output of the GSC of the i" WT, and its lower and upper limits
are and Q" respectively. They are calculated by Equations (21)—(23) [24].

gmzn i gmax,i’

the stator of the i" WT, and its lower and upper limits are Q" respectively.

smin,i smax,i’

) (20)
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2
Q;nmlnz min (Q smin’ SS% - Ps)

(21)
anmax,i: max (Q/ smax’\/ Sg - Pz)
/ 312 3X,, 2
Q smin— 20X, (K‘éhmax) - Ps (22)
3v? ” z
Q/smux_ X \/(%XXsVsIrmax> — P?

Q;nmin,i: Y, ng - ng (23)

2
ngux,i = \V S?E - Pg

where S; is the rated capacity of the stator winding; P; is the active power output of the
WT; V; is the stator voltage of the WT; X; is the reactance of stator winding. X, is the
excitation reactance of the WT; I;,4, is the maximum current of the RSC; Sg is the capacity
of the GSC, and P is the active power of the GSC.

The constraints will be eliminated if it is included on the objective function. Therefore,
penalty function y is added to the objective function instead of the constraints. The
active power output of the WTs are assumed to be equal to their wind powers in this
paper. Therefore, P, ; can be regarded as a constant parameter, and it isn’t considered in
the objective function. Because the reactive power allocated by the proportional control
strategy will not exceed the reactive capacity of the WTs in each group, Equation (19) is
replaced by Equation (25). Then, the objective function can be formulated as a grouped
optimization problem by

Fo I\% l\iz prloss Pmloss+Rm 2\ 1R, 2+ o
- gllnm wt,i tran,i i—14-1 vlyTY (24)
Qs, Qg, m=1i=1

Combining Equations (13)—(15) and (18), one yields

Qng;smin S Q"G];s é Q%max (25)
QGgsmin < QGg = QGgmax
where N
G Num
y=% Ly, (26)
m=1i=1
0; Vipin < VI <V
m _ y Vmin >~ V; X Vmax 77
Yi { 1 x 105 V" < Vign ot V' > Vi 27)
0; QY — Qu| < ¢
Yo = Quy = Qo = & (28)

1 x 104 QL - Qo

where ¢; is the accuracy of reactive power dispatching.
Q¢ and Q are the sum of Qf’; and Q in group m, respectively. They can be
calculated by Equatlon (29). Q& ax and QGsmm are the upper and lower limits of Qf:..

Qggmx and Qggsmm are the upper and lower limits of Qgg. They can be calculated by
Equation (30).

> g

an
Qcs = L Qi
29)
Q, = )_2 Qy
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N
m _ m m
QGsmux - Z Qsmax,i’ QGsmin - Z Qsmmz
Nm

— m _
QGgmax - Z ngaxz’ QGgmin - Z ngmz

(30)

3.4. Grouped Optimization Scheme

The block diagram scheme of grouped reactive power optimization control strategy
for the DFIG WF is shown in Figure 6. Line parameters include the reactance and resistance

of the cable. WT parameters include Xy, Xs, Irmax, and Sg, etc. Qm s and Qm’mf are the

reference values of Q. and QG , respectively. Q 7S and Qm " are the reference values of

oy and Qg';, respectively. v} is wind speed of the i WT in group m. After receiving the
dlspatchmg order, the controller substitutes the line and WT parameters into the objective
function. Then, it uses the PSO algorithm to optimize the reactive power distribution

mrefa derf

among groups to obtain Q- and uses the proportional control strategy to

distribute the reactive power requirements within each group to obtain Q / and Qm il

ref Line and WT
inf paranfeters

Objective function

Constraint condition Q’” e O™ ’e’ |
l-—'

= o

‘ PSO algorithm ‘ i |

‘ t

‘ Proportional strategy ‘

|
|
|
m, rgf l m ref : e — |
|
|
|
|
|

(RO
Figure 6. The diagram of grouped optimization control strategy for DFIG WF.

3.5. Grouped Optimization Step

The terminology and formula used are the following:

v; represents the velocity of the i1 particle. x;j is the position of the ji particle,
and it represents a feasible solution of the objective function F. They are expressed by
Equation (31) where subscript d represents dimensions, d =1, 2, ..., 2Ng.

vj= [ i1 j,dr v],ZNG]
= , v = [0 1 Ng (31)
Xj= X 1,0 Xjdreoos XjoNG] = Qcer- s QGS , ch,..., QGg

v and v™" are the maximum and minimum values of velocity of particles, respec-
tively, ™ and x™" are the maximum and minimum values of the position of particles,
respectively. They all have 2N dimensions.

Step 1: Divide the WTs of the WF into N groups, and calculate Q. ., Q... Qggm !
Qggmm, scsg. ", and scggl according to Equations (30) and (33).

Qm
S Csm smax,i
s ZNm Qm
smax,i
s g gmax1 (32)
N,
g, Z it Q;;nmaxt

where scs]; and scg ; are the proportion of stator reactive power and GSC reactive power
of the ith WT in group m.



Energies 2021, 14, 4848

8 of 16

Step 2: Initialize variables: the number of particles Np, optimization accuracy ¢,
constant coefficient c1 and c;, dispatching accuracy ¢4, the maximum and minimum values
of the velocity of particles in each dimension vM4X and vMIN.

Step 3: Initialize variables v; and x; (j = 1, 2, ..., Np) according to

vi= o™ 4p, (p"M — pmin
/ min U( max min) (33)
xj= XMy (M — ™)
where 7, and r, are random numbers between 0 and 1. p™%, pMmin  yMax and xMin re
expressed by
pmax — [pMAX  MAX UMAX]
pmin — [UMIN’.”/ gpMIN UMIN]
max _ [l Ng 1 Ng (34)
xXTT= [QGsmux/ T QGsmax’ QGgmaxl T QG max]

in__ 1 Ng 1 G
XM= [QGsmin/ T QGsmin’ QGgmin/ T QGgmin]

Step 4: Define pbest; = x;, gbest = [0, ..., 0,..., 0]. Where gbest has 2N dimensions.

Decode variables according to Equation (36) and calculate Q" and ngi according to

Equation (36). Then, calculate F (x;) and define fpbest; = F (pbestj).
N N
[QGsr- -1 QRS, Qbgr- -1 Q] = %) (35)

QU= QG iscsy;
/ c S (36)
{ Q?,i: leg,iscg’gii
Step 5: Find out the F(pbest ]-) with minimax value, and assign this value to fgbest.
Meanwhile, assign the corresponding pbest; to gbest.
Step 6: Update v; according to Equation (37) where d=1,2,.., 2Ng. r1 and r, are
random numbers between 0 and 1.

vj= vj+cir (pbestj - xj) +cory (gbest — x;)
oMAX, 4. s pMAX (37)
U],d

Step 7: Update x; according to

Xj= X]‘—FU]'
] o9
id x}f‘dm; Xjg < xgm

Step 8: Decode variables according to Equation (35) and calculate ngi and Q;i accord-
ing to Equation (36). Calculate F (x;) and update fpbest; and pbest; according to

| fobest;; fobest; < F (x;)
fbest; = { F (x;); fobest; > F (x;)
B pbest]-; fpbestj < F (x]-)

phest; = { xj; fpbest; > F (x;)

(39)
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Step 9: Update fgbest and gbest according to

| fbest;; fpbest; < fgbest
fabest _{ fgbest; fpbest; > fgbest

pbest ;; fpbest. < fqbest
8best =9 gbest; fobest, > febest
gbest; fpbest; > febes

(40)

Step 10: Repeat Steps 6-9 until the deviation between the two adjacent iterations is

below ¢.

Step 11: Calculate ani’ref and Q;n;ref according to
1, N, 1,
[QGZEf/ R QGSG ref, QG;ef/ v Q

myref  ~myref

{ Qi f_ ch,if SCSsi
myef _ ~m,re m
Qi = Qag,i 584

4. Simulation Results

| = gbest (41)

(42)

In this paper, a simulated DFIG WF with two feeders was built on the MAT-
LAB/Simulink. Where each feeder was composed of 10 x 5SMW DFIG. The parameters

are shown in Tables 1 and 2.

Table 1. Parameters of Grouped optimization strategy.

Parameters Value
Particles number, Np 150
Reactive accuracy, &g 0.01
Number of groups, NG 6
Optimization accuracy, ¢ 0.00001
Maximum velocity, vMA4X 0.1
Minimum velocity, yMIN —0.1
Constant coefficient, ¢; 1.4961
Constant coefficient, ¢y 1.4961
Table 2. Parameters of 5 MW DFIG.
Parameters Value Per Unit Value
Rated Mechanical Power 5 MW 0.05 p.u.
Rated stator voltage 690 V 0.017 p.u.
Stator Winding Resistance, Rs 1.552 mQ) 0.000142 p.u.
Rotor Winding Resistance, R, 1.446 mQ) 0.000133 p.u.
Stator Leakage Reactance, X 2.033 O) 0.1867 p.u.
Excitation reactance, X, 1.733 Q) 0.1591 p.u.
Filter Resistance, Rﬁl 0.6791 mQ) 0.000062 p.u.
Rated WF Power, Syr 100 MVA 1.0 p.u
Base Impedance, Zp 10.89 () 1.0p.u
Cable resistance, R 0.1 QO/km 0.00918 p.u.
Cable reactance, X 0.129 Q) /km 0.0118 p.u.
Rated transformer capacity 8000 kVA 0.08 p.u.
No-load losses, Py 13.5 kW 0.0000135 p.u.
Load losses, Py 36 kW 0.000036 p.u.

Strategy 1: PSO Control Strategy

The target of this strategy is Equation (12). It directly uses the PSO algorithm to
optimize the reactive power distribution of WTs in the WF. The optimization variables of
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this strategy are the reactive power output of the stator and GSC in each WT. Therefore,
the number of optimization variables is 40.
Strategy 2: Grouped Optimization Control Strategy

The target of this strategy is Equation (24). It divides the WTs of the WF into six groups.
The PSO algorithm is used to optimize the distribution of reactive power among groups.
The proportional control strategy is used to distribute the reactive power requirements
in each group. Furthermore, the proposed control strategy optimizes the reactive power
distribution between the stator and GSC in each WT. The number of optimization variables
is 12.
Strategy 3: Proportional Control Strategy

The proportional control strategy refers to the distribution of reactive power according
to the proportion of the available reactive power of all operating generators. The formula
of reactive power distribution of WTs is

U1

ref QWL ref
thi - ):ll\iui t:;ﬁii wa (43)

where QZj{i is the reference value of reactive power of the ith WT, and Q%’é is the available
reactive power capacity of the i WT. Ny, is the number of WTs in the WF.

The simulation time was set to 600 s. The wind power model is shown in Figure 7.
From 0 s to 200 s, the total available wind power fluctuated between 0.61 p.u. and 0.645 p.u.
After 200 s, it gradually rose to the maximum value 0.78 p.u. at 340 s. After that, it

decreased gradually.

8.0 T T T T T

=
I
)
NS
ot
[
S
&
=%
]
8
100 200 300 400 500 600
Time (s)

Figure 7. Wind power for WE.

The actual simulation result shows that the optimization time of Strategy 1 and
Strategy 2 are 20 s and 10 s, respectively. However, it is close to 0 s when using Strategy
3. It can be seen that the operating speed of Strategy 2 is significantly higher than that of
Strategy 1, and the gap between the two strategies is even greater for larger WFs.

4.1. Case 1 Reactive Power of WF Remains Constant

In this case, it is assumed that the WF needs to output 0.2 p.u. reactive power.

The total reactive power output of the WF with different control strategies is shown in
Figure 8. The WF using Strategy 1 cannot track the reactive power dispatching requirement
of the power grid at 220 s, 280 s, and 400 s, etc. When using Strategy 2 and Strategy 3,
the total reactive power output of the WF can meet the reactive power requirement of the
power grid.
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0.207 T T T T T

~ —— Strategy 1
S 0204 | Strategy 2 -
= Strategy 3
2 o201
9]
o
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2
S o1
g o
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Figure 8. Total reactive power output of WF with different control strategies.

The total active power output of the WF with different control strategies is shown in
Figure 9. It can be seen that the total active power output with Strategy 1 is always similar
to that with Strategy 2, while both are about 0.05 p.u. larger than that with Strategy 3.

0.70 |- °7°

_
:. 069
3 0.65 -
Bt
o
3 068
=]
S 060 e
> — Strategy 1
b5 Strategy 2
< 0.55 |- — Strategy 3| |
1 1 1 1 1
100 200 300 400 500 600

Time (s)

Figure 9. Total active power output of WF with different control strategies.

The total losses of the WF with different control strategies are shown in Figure 10. It
can be seen that the total losses of the WF varies with wind power. When using Strategy 1
and Strategy 2, the total losses of the WF are similar, while using Strategy 3, the total losses
of the WF are about 0.005 p.u. larger than those of Strategies 1 and 2. That proves the result
of Figure 9.

0.08 |- Strategy 1
— Strategy 2
— Strategy 3

0.07

0.06

0.05

Total loss (p.u.)

100 200 300 400 500 600
Time (s)

Figure 10. Total losses of WF with different control strategies.

The losses components are shown in Figure 11. As can be seen from Figure 11a, when
using Strategy 1 and Strategy 2, the transmission losses of the WF are similar. Moreover,
they are smaller than those using Strategy 3. Figure 11b shows that when using Strategy 1,
the losses of WTs are bigger than those using Strategy 2. The losses of WTs using Strategy 2
are bigger than those using Strategy 3 from 0 s to 230 s. However, the losses using the two
strategies are similar during 230 s and 280 s. The losses of the WTs using Strategy 2 are less
than those using Strategy 3 from 280 s to 420 s. However, the two curves become similar
again after 420 s.
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The above simulation results show that when the wind power is small, compared with
strategy 3, the transmission losses with Strategy 1 and Strategy 2 are lower, but their WTs’
losses are larger. This means that Strategy 1 and Strategy 2 minimize the total losses of the
WEF by reducing the transmission losses, but increase the losses of the WTs. When the wind
power is large, the losses of the WTs increase. At this time, Strategy 1 and Strategy 2 can
reduce both transmission losses and WTs’ losses to minimize the total losses of the WF.

In order to find what causes this phenomenon, we show the main losses in WTs with
strategies 1, 2, and 3. Figure 12 shows the converter losses and copper losses. In Figure 12a,
the losses of the converter with Strategy 1 are greater than those with Strategy 2. The
converter losses with Strategy 2 are greater than those with Strategy 3 when the wind
power is small (such as from 0 s to 280 s and from 420 s to 600 s, etc.). However, the
opposite is true when the wind power is large (such as from 280 s to 420 s), as shown in
Figure 12b, and the copper losses with Strategy 1 are greater than those with Strategy 2.
The copper losses with Strategy 2 are greater during 0 s and 230 s, similar during 230 s and
250 s, and less after 250 s than those with Strategy 3.

0.006 T T T T T
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Strategy 2 Strategy 2
Strategy 3 Strategy 3

0.005

0.004

Copper loss (p.u.)

1 1
400 500

1
300
Time (s)
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Time (s)
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400 500 600 600

Figure 12. The main losses components of WTs with different control strategies: (a) Converter losses of WTs; (b) Copper

losses of WTs.

Compared with using strategy 3, the total losses of the WF using Strategy 1 and
Strategy 2 are smaller, and the total active power output is larger. Strategy 1 cannot
completely track the reactive power dispatching requirement of the power grid. While,
Strategy 2 and Strategy 3 can do that. Therefore, when the wind power changes and the
reactive power references of the WF are constant, the performance with the proposed
control strategy is better than that with the two other control strategies.

4.2. Case 2 Reactive Power of WF Remains Change

In this case, it is assumed that the reactive power references of the WF are mutative,
as is shown in Figure 13. From 0 s to 250 s, the reactive power reference value is 0.1 p.u.,
and 0.2 p.u. from 250 s to 500 s, after that it changes to 0.3 p.u.
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The total reactive power output of the WF with different control strategies are shown in
Figure 14. As in case 1, the WF using Strategy 1 cannot track the reactive power dispatching
requirement of the power grid when the wind power changes to become large, the error is
about 0.01 p.u. The difference is that Strategy 1 also cannot do that between 250 s and 260 s
because the reactive power reference value changes to 0.2 p.u. at 250 s. However, Strategy
1 can follow that change at 260 s because its running period is 20 s. Using Strategy 2 and
Strategy 3, the WF can track the reactive power dispatching instruction of the power grid
within the accuracy requirements.
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Figure 14. Total reactive power output of WF with different control strategies.
The total active power output of the WF with different control strategies are shown in

Figure 15. The active power output with Strategy 1 and Strategy 2 are similar and about
0.01 p.u. larger than those with Strategy 3. This is the same as the result of case 1.
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Figure 15. Total active power output of WF with different control strategies.

The total losses of the WF with different strategies are shown in Figure 16. It can be
seen that the total losses of the WF increase with the increase in wind power or reactive
power reference value. The curve of Strategy 1 is similar to that of Strategy 2. Moreover,
the total WF losses with these strategies are lower than those with Strategy 3.
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Figure 16. Total losses of WF with different strategies.

Figure 17 shows the transmission losses and WTs’ losses. In Figure 17a, the transmis-
sion losses with Strategy 1 and Strategy 2 are less than those with Strategy 3. Figure 17b
shows that when both the wind power and WF reactive power reference values are small,
the losses of the WTs with Strategy 1 and Strategy 2 are larger than those with Strategy 3.
In other cases, the losses of the WTs with Strategy 3 are no longer the smallest. This means
that Strategy 1 and Strategy 2 reduce the total losses of the WF mainly by reducing the
transmission losses when both the wind power and the WF reactive power reference value
are small. However, they can reduce all WTs losses in other cases.
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Figure 17. The losses components of WF with different control strategies: (a) Transmission losses of WF; (b) WTs” losses

of WE.
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Converter loss (p.u

Figure 18 shows the converter losses and copper losses. The converter losses of the three
strategies are similar to Case 1 before 250 s. The converter losses with Strategy 1 are larger
than those with Strategy 3. Meanwhile, the converter losses with Strategy 3 are larger than
those with Strategy 2 from 420 s to 500 s. During this time, the wind power is small, but the
reactive power reference value of WF is large. However, the converter losses with Strategy 1
and Strategy 2 are less than those with Strategy 3 when both the WF reactive power reference
value and wind power are large (such as from 280 s to 420 s, and from 500 s to 600 s). In
Figure 18b, the trends of copper losses are similar to that in Figure 18a.
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Figure 18. The main losses components of WTs with different control strategies: (a) Converter losses of WTs; (b) Copper

losses of WTs.
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The above simulation results show that when both the wind power and the WF
reactive power reference value are small, Strategy 1 and Strategy 2 can reduce the total
losses. As a result, this will cause both the converter losses and the copper losses of the
WTs increasing. On the contrary, they can reduce these two losses simultaneously.

When the reactive power references of the WF are mutative, the total active power
output with Strategy 1 and Strategy 2 are greater than those with Strategy 3. Strategy 1
cannot completely track the reactive power dispatching instruction of the power grid but
Strategy 2 and Strategy 3 can do that. Therefore, in this case, the performance with the
proposed control strategy is better than that with the two other control strategies.

5. Conclusions

When the traditional control strategies are used for large WFs, the number of variables
optimized is large and the control period must be long, which means the optimization
effect deteriorates. To improve this, a grouped optimization control strategy is proposed
to optimize the distribution of reactive power among the WTs rapidly. It distributes the
reactive power requirements in each group by a proportional control strategy and uses the
PSO algorithm to optimize the distribution of reactive power among groups. That reduces
the variables for optimization and shortens the control period. Therefore, compared with
traditional control strategies, the proposed control strategy increases the total active power
output of the WF and enables the WF to track the reactive power dispatching instruction of
the power grid. The simulation results verify the strategies advantages.
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