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ABSTRACT Wind speed fluctuations are extremely easy to cause the voltage change frequently. The
existing voltage control methods are lacking in adjustment range and response speed. When wind speed
fluctuates substantially or rapidly, voltage exceeding limit and the resulting grid safety problems cannot be
avoided. Therefore, reasonably distributing and utilizing the reactive power of variable speed wind turbines
in the whole network are an inevitable choice. However, the controllable reactive capacity of wind turbines
is limited by converter capacity and active power, and thus, the grid demand may not be met. A new
idea of active and reactive power-coordinated control for preventing voltage exceeding limit due to wind
speed fluctuations was proposed. The effects of wind speed fluctuations on voltage were analyzed, and the
controllable reactive capacity of variable speed wind turbines under wind speed fluctuations was studied.
The relationship between voltage and the active and reactive power of wind farms was deduced. The theory
and method of active and reactive power coordinated control before wind speed fluctuations were proposed
based on the model predictive control theory. The control model based on multi-timescale was established.
Finally, it was verified that the method can solve the voltage problems and maximize the system economy.

INDEX TERMS Wind power, wind speed fluctuation, voltage problem, active power control, reactive
compensation.

I. INTRODUCTION

Wind power has been increasingly developed throughout the
world for the past few years [1]. The active power out-
put by wind turbine fluctuates with the wind speed fluctu-
ations, therefore, the intrinsic randomness of wind energy
will threaten the power balance of the power grid [2].
With the growing demand for renewable energy generation,
wind power is developing to large-scale centralized construc-
tion. A regional power grid containing high-proportion wind
power is generally connected to a load center through long-
distance transmission lines, causing the support on the point
of common connection (PCC) voltage is insufficient [3].

The associate editor coordinating the review of this manuscript and
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This problem will become more serious because of the rapid
and random wind speed fluctuations [4].

The wind farm grid connection standard generally requires
that wind farms must ensure the PCC voltage within an allow-
able range. Nowadays, a common measure for realizing this
requirement is installing capacitors or reactors in the wind
farms or integration substations, or regulating transformer
tap [5], [6]. However, the change rate of voltage during
wind speed fluctuations may be quite rapid, even more than
6kV within 10s in some wind farms [7]. Therefore, it may
be difficult to control the PCC voltage within an allowable
range by capacitors, reactors or transformer tap in the case of
rapid wind speed fluctuations. Static var compensator (SVC),
which can realize smooth and rapid reactive power adjust-
ment, is more applicable [8]. However, it has been
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investigated that the configured capacity of SVC is insuffi-
cient at present because of the expensive costs [9]. Historical
data shows that the range of voltage fluctuation caused by
wind fluctuation was more than 10% per day [7]. Therefore,
it may be difficult to control the PCC voltage within an
allowable range by SVC in the case of great wind speed fluc-
tuations [10]. Moreover, SVC may cause voltage overshoot
due to the hysteresis response, even leading to the cascading
trip-off of the wind turbines [3], [11]. It further limits the
application of SVC even without considering the costs.

For the wind farm owners, voltage exceeding limit influ-
ences wind turbines generate electricity normally and hinders
wind turbines grid-connected operation, causing great eco-
nomic losses. For power system operators, voltage exceeding
limit caused by wind power may result in protection malop-
eration, equipment damage or even grid stability problems,
bringing great security risks. As the installed capacity of wind
power keeps increasing, the limitations of voltage control
methods for wind power grid-connected power system are
becoming increasingly serious.

Variable speed wind turbines (VSWTs) represented by per-
manent magnet synchronous generator (PMSG) and doubly
fed induction generator (DFIG) have become the main equip-
ment for wind power [3]. VSWTs can realize the decoupling
control of active and reactive power by converter control.
Therefore, the flexible and fast controllable reactive capabil-
ity of VSWTs have become a reliable choice for solving the
voltage problem of a grid-connected wind farms [12].

In recent years, the reactive power control of wind power
system have received a lot of attentions, however, these
researches mainly focused on the transient support of VSWTs
for the voltage under grid fault [13]-[16]. However, the reac-
tive control of wind turbines is not only employed for grid
fault cases, but also for wind speed fluctuations. At present,
there have been some studies on reactive control of vari-
able speed wind turbines under normal operating condi-
tions, and the voltage fluctuations have been proven greatly
mitigated [7], [9], [17], [18]. Above methods for voltage
control are realized by the reactive capacity of wind turbines,
the reactive capacity is regarded as a fixed value determined
by the converter capacity [19].

However, the reactive capacity of VSWT is influenced by
its real-time active power. When the wind speed increases,
the active power of VSWT increases while the reactive capac-
ity decreases. Meanwhile, the reactive demand will increase
as the voltage at the point of common connection (PCC)
decreases. The reactive capacity could be unable to ensure the
voltage within an accepted range if the wind speed fluctuates
seriously. Therefore, when the voltage exceeding limit caused
by wind speed fluctuations is unavoidable, it is an efficient
method to beforehand adjust the active power of wind farms
according to wind speed prediction, and reasonably distribute
the active and reactive power of wind farms. Compared with
the problems caused by over-limit voltage such as losing the
grid-connected capability and decreasing the system security,
the proposed method can perform better both in terms of
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economic and security. It should be noted that the control
method proposed in this paper is only used for the cases
that existing reactive capacities and control methods cannot
ensure the PCC voltage within an allowable range.

To solve the voltage problems caused by wind speed fluc-
tuations, a new control idea by coordinating active and reac-
tive power was proposed. The effects of the active power
of VSWTs on controllable reactive capacity and voltage
were included. The active and reactive powers of VSWTs
were optimized to prevent voltage exceeding the accepted
range according to the wind speed prediction. This paper
is reorganized as follows: Firstly, the effects of wind speed
fluctuations on the grid voltage were analyzed; Secondly,
the controllable reactive capacity of a VSWT under wind
speed fluctuations was deduced; Subsequently, the relation-
ship between voltage and active and reactive powers of
VSWTs was deduced; Then, the idea and method for volt-
age control by coordinating the active and reactive power
was proposed, and the multi time-scale control model based
on model predictive control theory (MPC) was established;
Finally, the effectiveness of this method was demonstrated
by using examples.

Il. POWER-VOLTAGE CHARACTERISTICS

OF WIND POWER SYSTEM

A. INFLUENCES OF WIND SPEED FLUCTUATIONS

As the wind speed fluctuates, the active power of wind
machine will fluctuate as well. The active power output
by DFIG is approximately equal to the mechanical power
because the converter and internal losses are small enough
to be neglected [20], which can be written as [21]

Pp = 0.5p7 R*V2, Comax(1 + 5) 1)

where p is air density, R is blade radius of wind machine, v,, is
wind speed, s is slip ratio, and Cpmax is the maximum rotor
power coefficient.

The converter and internal losses of PMSG are small
enough to be neglected as similar with DFIG. The maximum
active power output by PMSG at one wind speed is equal to
the mechanical power because the wind machine is directly
connected to the drive shaft. Therefore, the active power of
PMSG is written as

Pp = 0.5p7R*v3 Cpmax )

A power system contained with m wind farms is shown
in Figure 1, where B2 is the PCC, T'1 is the booster station,
and the line from B2 to B3 is the AC transmission lines.
Moreover, the reactive power compensators are installed
at Bl. The active and reactive powers from VSWTs flow
past Bl, and converge together with the reactive power of
compensators. Then, the powers from B1 flow past 71 and
transmit to the grid.

The relationship between the voltage at PCC and Bl and
the active and reactive power of the power system in Figure 1
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FIGURE 1. A power system with m wind farms.

can be expressed as [22]

AUpe | _ APy
where AUy is the PCC voltage variation, AUp; is the
voltage variation at Bl1, AP,, and AQ,, are the active and

reactive power variations passing through 7'l respectively,
and I'ys is the sensitivity matrix of voltage-power, which is

Ly = [ an @12 ] (4)

az] a2

where a1 and apy are the sensitivities of PCC voltage to
active and reactive power passing through the booster station
respectively, ap| and ap; are the sensitivities of B1 voltage to
active and reactive power passing through the booster station
respectively.

Therefore, the active power of VSWT varies with the
wind speed fluctuations, resulting in the PCC voltage fluctu-
ations. The reactive compensation devices and wind turbines
respond, causing reactive power flow changes and further
affecting the grid voltage. Voltage variations under wind
speed fluctuations are depended on the reactive power of the
reactive compensation devices and the active and reactive
power of wind turbines.

B. CONTROLLABLE REACTIVE CAPACITY OF VSWT

The reactive power of DFIG is the sum of stator and grid-side
converter reactive power. Considering the limit of grid-side
converter capacity and rotor current, the controllable reactive
capacity of DFIG is [23]

Op.max = \/Rgc — (Pps — Psc)2 — Qs + v S]Z)C - (SPDS)2

(5)
In Equation (5),
3UZ.R
Py = —— > o 6
3U2.X,
Qsc = _~Zsmfm 7

2(R? +X2)
QU2 X2
2 _ sm“*m 2
Rsc - 4(R2+X2) Irmax ®)
S S

where Iimax 1S the maximum current of rotor, Ugy, is the
amplitude of stator voltage, Pp; is the active power of DFIG
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stator, R; and X are the stator resistance and reactance respec-
tively, Xy, is the magnetizing reactance, Sp. is the grid-side
converter capacity. The power controllable range on stator
side is a circle with the center of (P, Q) and the radius Ry,.

The controllable reactive power of PMSG is influenced by
its converter capacity. Therefore, the reactive power capacity
of PMSG can be written as

OPmax = \ S}%C - P}% 9

where Sp. is the capacity of grid-side converter of PMSG, and
Pp is the active power.

Under wind speed fluctuations, PCC voltage variation
should be limited into an accepted range. According to
Equation (3), the reactive demand of ensuring the PCC volt-
age within an acceptable range can be written as

AUpce,al — ail (NDAPD +NPAPp)
ap

where AUpc 41 is the maximum allowable variation on PCC,

Np and Np are the number of DFIG and PMSG respectively,

APp and APp are the active power variation of DFIG and

PMSG respectively.

The reactive control of DFIG and PMSG can quickly
respond to voltage variation and make up for voltage variation
due to wind speed fluctuation [24], [25]. However, the con-
trollable reactive power of a wind farm is the sum of the
reactive capacity of all VSWTs. The reactive capacities of
VSWTs depend on their active power, which may be unable
to limit the PCC voltage into an accepted range.

AQw,de = (10)

Ill. CONTROL IDEA OF COORDINATING ACTIVE
AND REACTIVE POWER
Wind speed fluctuations affect grid voltage through active
power directly and through the reactive power indirectly. The
reactive control of VSWTs is an effective measure to make
up for voltage variations. Moreover, the controllable reactive
capacity of wind farms can be improved and the voltage can
be limited into an acceptable range by adjusting the active
power of VSWTs proactively [26]. Therefore, the effects of
active and reactive power should be considered for control-
ling the grid voltage under the wind speed fluctuations.
Equation (11) can judge whether the reactive demand of
limiting the PCC voltage into an acceptable rang can be met.

AQw,de - AQc,max =< NDQD.max + Npr. max (11)

where AQ¢ max is the maximum adjustment range of reactive
power compensation devices.

When the controllable reactive power of grid cannot meet
the system demand, the active power of VSWTs is adjusted
before the wind speed fluctuations to improve the reactive
power capacity. The active power of grid is usually ample;
thus, the reduced active power of wind farms can be com-
pensated through the coordination of power grid. Therefore,
the controllable reactive capacity of VSWTs can be improved
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FIGURE 2. Active and reactive power-coordinated control.

by reducing the active power. When the wind speed fluctuates
seriously, the measure can be used for the rapid voltage
control. The control theory of coordinating active and reactive
power is shown in Figure 2.

If Equation (11) is not satisfied, the controllable reactive
capacity of the wind power system is insufficient. Thus,
VSWTs should be controlled at the reactive power limit. The
PCC voltage can be expressed as

Pp 2
Upcc = a12Np Rgc - (S - Psc>

_l’_
+a2Np <\/ S3. — P;%) +ai1 (NpPp+NpPp)+M>

(12)
In Equation (12),
M, = UI/)CC —a (NDPi:) +NPP13) + al2Qc,max
—arz (Q, + NpQp + NpQp)  (13)

where U is the PCC voltage before power variation,
Qp and Py are the reactive and active power of DFIG before
power variation, P, and Q}, are the active and reactive power
of PMSG before power variation respectively.

Figure 3 shows the relationship between PCC voltage and
active power of VSWTs. PCC voltage is a non-monotonic
function of the active power of DFIG and PMSG. According
to Equation (12), Upcc changes linearly with Np or Np, so the
change rules of Upcc under any Np and Np are same to the
Figure 3. Therefore, whatever the value of Np and Np are,
under the premise of satisfying the active power flow balance
and voltage within allowable range, there is an optimum value
which can maximize the active power of VSWTs.

Under the same load, the greater the active power of
VSWTs is, the smaller the active power of thermal power
units and the better the grid economy are. Therefore, the
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FIGURE 3. Relationship between PCC voltage and active power of VSWTs.

reduction in the active power of VSWTs should be mini-
mized. The active power of VSWTs affects the grid voltage
directly, although it affects grid voltage indirectly through the
controllable reactive capacity of wind farms. Therefore, the
active and reactive power of VSWTs must be coordinated to
limit the grid voltage into an allowable range while maximiz-
ing the power system economy.
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FIGURE 4. Multi time-scale control based on MPC.

The uptime and off-time of thermal power units are limited,
and switching capacitors is difficult to meet the response
speed requirements under rapid wind speed fluctuation.
Therefore, thermal power units and capacitors can hardly
realize short-term or real-time control. However, the predic-
tion error of wind speed is large under long-term scale, result-
ing in large control errors. Therefore, a multi-timescale active
and reactive power-coordinated control strategy before wind
speed fluctuation based on MPC is proposed. Figure 4 shows
the multi-timescale control theory based on MPC. The rela-
tionship between long-term optimization control and short-
term control is:

1) Long-term optimization control is mainly used to deter-
mine the switching states of capacitors and the combination
of thermal power units in grid, which will not change in
the short-term scale. The long-term control objective is to
minimize the generating costs of thermal power units, which
includes operating and start-up costs. Long-term control
starts at every AT time interval and predicts wind power and
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load in future M AT periods. However, each power supply
only executes the power plan at the first moment. At the next
moment fp+ AT, the time window moves backward by a time
interval, and the above process is repeated.

2) Short-term optimization control is mainly used to deter-
mine the actual power of each power supply. The short-term
control objective is to minimize the operating cost of thermal
power units. The sampling step-size of short-term control is
AT’ (AT’ < AT),the actual power of each power supply will
be corrected in real time. Then repeat the process of short-
term control until at the next sampling moment of long-term
control.

The MPC technology can obtain an optimized control
sequence through considering comprehensively the predicted
data and the current operating status of the power grid.
According to the wind speed prediction, the active and reac-
tive power of VSWTs and thermal power units are optimized
online based on MPC. Therefore, the grid voltage can be
limited into an allowable range and the operating costs of the
power system is lowest.

IV. CONTROL MODEL BASED ON COORDINATING

ACTIVE AND REACTIVE POWER

A. LONG-TERM CONTROL MODEL

The control variables of long-term scale include active and
reactive power of each thermal power unit and each wind
farm, reactive compensation of capacitors, and reactive power
of SVCs. The control model optimizes the above control
variables according to the long-term wind speed prediction.
The system economy can be expressed by the generating
costs fiof all thermal power units, which include operating
and start-up costs. Wind power consumption is maximized by
adding a penalty termf> of abandoning wind to the objective
function, which has the following expression:

F1 = min (fi + /) (14)
Ny Ng

h = Z Z [Ui.t (dif’é,i,t + biPgi¢ + ci> + Bi_tSi] (15)
=1 i=1
N Ny

f2 = Z Z CW (Pw.k.t - PW.k.t) (16)
t=1 i=1

where t = 1,2,...,N;, N; is the number of time interval

under long-term scale, i = 1,2, ..., Ng, Ng is the number

of thermal power units, Bj; = max (Uj; — Ujr1,0), Uit
is the 1-0 variable indicating the i-th thermal power unit
operating or not at time ¢, Bj; is the 1-0 variable indicating
the i-th thermal power unit switching on or not, Pg; is the
active power of the i-th thermal power unit at time ¢, is the
start-up cost of the i-th thermal power unit, Cy, is the cost
coefficient of abandoning wind, a;, b; and ¢; are character-
istic parameters of energy dissipation, i’w,k_t and Py are
the predicted and actual active power of the k-th wind farm
respectively.

The long-term control
constraints:

model has the following
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1) Constraint of system power balance

Ng Ny
Py = Z UiPGit + pr.k‘t
i=1 k=1

NG N a7
OLi= ) UitQcit+ ) Qukt + Qe + Osvet
i=1 k=1

where Py ; and Qp ; is the active and reactive load of grid
under long-term scale respectively, Qg.i: is the reactive
power of the i-th thermal power unit at time ¢ under long-term
scale, P,, x , and Q,, x ; are the active and reactive power of the
k-th wind farm at time runder long-term scale respectively,
Q..; and Qy,; are the reactive power of capacitors and SVCs
at time runder long-term scale respectively.
2) Power constraint of wind farm

0 < Pyxt < Pwkit
Owkt < 3.?()‘
where QU{* is the controllable reactive capacity of the k-th

wind farm under the predicted active power.
3) Power constraint of thermal power unit

{PE‘E‘} < Pgit < PE3Y
2
106 </ (SY.)" = (PG.io)?

where PG} and Pg‘f‘t are the allowable maximum and mini-

mum active power of the i-th thermal power unit respectively,

Sg_i is the rated apparent power of the i-th thermal power unit.
4) Climbing ability constraint of thermal power unit

{Pc.i.t — PGt < UipiRyg+ (1 — U )P

(18)

19)

(20)

PGit — PGir < UitRai + (1 — Ui )PGY

where R, ; and R, ; are the climbing speed and landslide speed
of the i-th thermal power unit respectively.

5) Minimum starting-up and shutdown time constraint of
thermal power unit

21

it—1
T — T Uiy — Ui 2 0

i. min

{(T-”" — T Y Uir—1 — Ups) > 0

where T} | and Tl.(_’?: | are the durations of on/off state of the

i-th thermal power unit respectively at time -1, 77, . ~and
Tf’glin are the minimum durations of on/off state of the i-th
thermal power unit respectively.

6) Reactive power constraint of capacitor and SVC

0 < Qci = Qcmax (22)
0 =< stc.t = stc.max (23)

where Q¢ max and Qgvemax are the maximum reactive power
of capacitors and SVCs respectively.
7) Voltage constraint at PCC

Upcc.min = Upcc.t = Upcc.max (24)

where Upcc calculated by Equation (3) is the PCC voltage
at time ¢ under long-term scale, Upce.max and Upee.min are the
upper and lower limit of PCC voltage respectively.
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B. SHORT-TERM CONTROL MODEL
The on/off state of thermal power units and capacitors are
determined under long-term optimization control. The con-
trol variables of short-term scale include: active and reactive
power of each thermal power unit, active and reactive power
of each wind farm, and reactive power of SVCs. The above
control variables are optimized on the basis on short-term
wind speed prediction. The short-term control objective is
minimizing the operating cost of thermal power units. Under
the short-time scale, wind farms can increase the wind power
consumption capacity by abandoning wind [27], so there is
no penalty term in this objective function. The expression
of Fy is:
Ng
Fr=min Y (Ui (aPgs’ +biPgic+6i) | 29)
i=1
where Py, , is the active power of the i-th thermal power unit
under short-term scale.
The short-term control

constraints:
1) Constraint of system power balance

Ng Ny
/o . p/ /
PL‘t - Z UitPg + Z Py
i=1 k=1

Ng Ny
0l = UiQsii+ Y Quicr + Qe + Qe

i=1 k=1

model has the following

(26)

where P| , and Q , is the active and reactive load of grid
under short-term scale respectively, O ; ,is the reactive power
of the i-th thermal power unit at time funder short-term scale,
P, and Q| ,  are the active and reactive power of the k-th
wind farm at time funder short-term scale respectively, Q.
are the reactive power of capacitors and SVCs at time 7.

2) Power constraint of wind farm

Oyt = QWX

where P(N.k.t is the predicted active power of the k-th wind
farm at time ¢ under short-term scale.
3) Power constraint of thermal power unit

Pmi_n < pP.. < pmax
{ G.i.t G.i.t G.i.t (28)

N \2 2
1061 =V (58" - (P60
4) Reactive power constraint of SVC

0 < Qe < Osvemax (29)

5) Voltage constraint at PCC

Upcc,min =< Uécc_t = Upcc.max (30)

where Uy, calculated by Equation (3) is the PCC voltage at
time ¢ under short-term scale.
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FIGURE 5. The system diagram of examples.

V. EXAMPLES

For verifying the validity of active and reactive power-
coordinated control method, an example of 5 wind farms inte-
grated into a standard IEEES7 system is built. Figure 5 shows
the system diagram, where the red node represents the point
of common connection. The total installed capacity of all
VSWTs is 225 MW, and the length of the AC transmission
line between PCC to the IEEES57 system is 40 km. The capac-
itor capacity of hosting wind farms is 35Mvar, and the SVC
capacity is 250Mvar. The five wind farms consist of 80 DFIG
and 70 PMSG. The capacity of a VSWT is 1.5 MW, and the
rated wind speed is 15 m/s.

There are 7 thermal power units in the IEEES7 system.
Table 1 lists the active power limit and the cost coefficients
of each unit, and number of each unit is the conjoint node ID.
The No. 1 thermal power unit is a balancing unit.

TABLE 1. Unit parameters in IEEE57 node system.

UPPER LIMIT OF LOWER LIMIT OF
UNIT ACTIVE ACTIVE a b c
POWER(/MW) POWER(/MW)
1 578.55 300 75 200 0
2 100 40 350 175 0
3 140 50 1250 100 0
6 100 40 166 325 0
8 550 300 75 200 0
9 100 40 500 300 0
12 200 60 500 300 0

Under the wind speed fluctuations, the multi-time rolling
optimization based on MPC is used, and the influences of
three models are compared. The control step-sizes of long-
term and short-scale are 15 and S5min, respectively. The
particle swarm optimization is adopted in the three models,
and the model is introduced as follows.
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In the first model, abandoning wind is not considered in
wind farms, that is, the active power of VSWTs is based on the
real-time prediction. The optimization objective of the first
model is minimizing the generating costs of thermal power
units. In the second model, abandoning wind is considered,
that is, the controllable reactive capacity of all VSWTs can be
increased by decreasing active power according to the wind
speed prediction. However, the influences of active power of
VSWTs on PCC voltage are not considered. The optimization
objective of the second model is minimizing the generat-
ing costs of thermal power units under ensuring the voltage
within an allowable range. The third model is the active and
reactive power-coordinated control strategy proposed in this
paper. In the third model, wind farms are allowed abandoning
wind, and the influences of active and reactive power on
PCC voltage are considered. The optimization objective of
the third model is minimizing the generating costs of thermal
power units under ensuring the voltage within an allowable
range. In all models, the reactive power compensation quan-
tities of capacitors and SVCs are considered.

16 1
Long-term prediction
Short-term prediction
15
Q)
£
S 14r
@
o]
o
2]
- 13+
£
=
12
1 . . . . . . . )
0 0.5 1 1.5 2.5 3 3.5 4

2
time(/h)

FIGURE 6. Wind speed variations under multi-timescale.
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FIGURE 7. Active power predictions of wind farms under multi-timescale.

Figure 6 shows wind speed at different times under multi-
timescale. Figure 7 shows the active power predictions of all
VSWTs based on the above wind speed. Figure 8 shows the
active load of grid within 4 h under multi-timescale. As shown
in Figures 6 and 7, the active powers of VSWTs increase as
the wind speed increases.

The amplitude of PCC voltage under the three model is
shown in Figure 9. PCC voltage is able to maintain 1.0 pu
when the reactive power demand of the power system is met.
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FIGURE 8. Active load predictions of the system under multi-timescale.
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FIGURE 9. Amplitude of PCC voltage under the three models.

At 5-15 min, PCC voltage is slightly larger than 1.0 pu,
because the reactive power of the capacitors determined under
long-term scale, which cannot be changed under short-term
scale, is larger than the reactive power demand under short-
term scale. At 115-140 min, wind speed increases to nearly
15m/s, and the PCC voltage drops to approximately 0.862 pu
under the first model. Therefore, wind speed fluctuation will
damage the grid voltage if the voltage control methods are
not taken. When the control method of the second and third
models are considered, PCC voltage can be kept between
0.997 and 1.007 pu.
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FIGURE 10. Active power of wind farms under three models.

Figures 10 and 11 are the active and reactive power of
variable speed wind turbines respectively at different times
under the three models. As shown in Figure 10, when taking
the first model, the active power of variable speed wind tur-
bines is equal to the active power prediction under short-term

51207



IEEE Access

J. Ouyang et al.: Multi-Timescale Active and Reactive Power-Coordinated Control of Large-Scale Wind Integrated Power System

160 The first model
= The second model
g The third model
S 120
5}

2
S sor
19
=
g
o 40r
o

time(/h)

FIGURE 11. Reactive power of wind farms under three models.

scale, and the active power of the second model was the
smallest. At 115-140 min, when taking the second and
third models, variable speed wind turbines proactively reduce
active power to increase the controllable reactive capacity.
Hence, the active power of variable speed wind turbines
is smaller than the first model. As shown in Figure 11,
at 0—40 min, the reactive demand of PCC can be met by
capacitors and SVCs, and thus variable speed wind turbines
do not output reactive power. As the wind speed increases,
capacitors and SVCs fail to meet reactive power demand, and
variable speed wind turbines need to output reactive power to
compensate for the reactive power deficits. At 115-140 min,
when taking the first model, wind farms output reactive
power depends on the controllable reactive capacity. When
the second and third models are considered, the reactive
power of the variable speed wind turbines increases and
the second model has the largest reactive power. As shown
in Figures 9 to 11, the second and third models improved
the controllable reactive capacity of wind farms by reducing
active power, providing sufficient reactive support for grid to
meet the voltage demand. However, the influences for active
power of wind farms on grid voltage are considered under the
third model. This condition conforms to the actual state and
improves the active power of wind farms.

Figure 12 compares the active power of thermal power
units under the three models. As shown in Figure 12 (a),
the active power of units #2, #3, #6, #9, and #12 under the
three models are in agreement. The unit #3 is full load at
all times, #6 and #9 always remain off, #12 always output
power of 60 MW, and #2 changes from 100 MW to 0 MW
at 3 h. Therefore, the differences in the active power of units
under the three models are only in #1 and #8. Figure 12 (b)
compares the active power of thermal power units #1 and #8
in the three models. At 115—-140 min, the second and third
models reduce the active power of VSWTs to limit PCC
voltage into an allowable range. Hence, increasing the active
power of thermal power units is necessary to compensate for
the deficit of active power. Units #1 and #8 are adjusted for to
maximize economy of the power system. Figure 12 indicates
the active power of thermal power units in the second model is
more than that of the third model. Therefore, the third model
can limit the PCC voltage into allowable range through small
economic losses.
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FIGURE 12. Active power of thermal power units under three models
(a) units #2, #3, #6, #9 and #12 (b) units #1 and #8.

TABLE 2. Costs under three models.

ABANDON WIND INDICATORS

MODEL CosTs
POWER (MW) RATIO (%)

The first model 0 0 12.2366

The second model 26.6292 2.02 12.2175

The third model 15.0652 1.14 12.1925

The abandoning wind indicators of VSWTs and the total
costs of thermal power units under the three models are shown
in Table 2. It can be seen from Table 2 that the abandoning
wind ratio of the second model is higher than the third model.
Furthermore, the generating costs of thermal power units
under the first model is the highest, and the model proposed
in this paper has the lowest power generation costs

VI. CONCLUSION

The reactive control of VSWT is an effective measure to
make up for voltage variation under wind speed fluctuation.
However, the controllable reactive capacity of wind farms,
which depends on active power, may be unable to limit PCC
voltage into allowable range. Furthermore, voltage can be
influenced to an extent by changing active power. Therefore,
the influence of active and reactive power of wind farms on
grid voltage should be considered.
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In this paper, the new idea of voltage control was pro-
posed based on coordinating active and reactive power before
the wind speed fluctuations. According to the wind speed
prediction and the sensitivity matrix, the grid voltage was
limited into an allowable range by adjusting the active power
of VSWTs in advance and fully excavating the controllable
reactive capability of VSWTs. The active and reactive power
of VSWTs and the grid were optimized under the control
objective of maximizing the power system economy and
the constraints of voltage, power flow, power supply and so
on. The method can effectively improve the contradiction
between the influence of wind speed fluctuation on voltage
and the limitation of controllable reactive power capacity of
wind turbine through a small amount of wind abandonment.
The examples in this paper have verified that the control
method can quickly and effectively prevent the voltage prob-
lems and realize the safe and economical operation of the grid
under the rapid and serious fluctuations of wind speed.

Compared with the method ignoring the influences of
active power of VSWTs on PCC voltage, the control strategy
proposed in this paper can limit the voltage into an allowable
range by lesser economic loss of the wind power system.
Coordinating the active and reactive power of wind farms and
grid in advance is significant for the safe and stable operation
of wind power system.
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