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Coordinated control strategy for wind power accommodation
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Abstract: To solve the severe problem of wind power curtailment in the winter heating period caused by “power determined by

heat” operation constraint of cogeneration units. this paper analyzes thermoelectric load, wind power output distribution and

fluctuation characteristics at different time scales, and finally proposes a two-level coordinated control strategy based on electric

heat storage and pumped storage. The optimization target of the first-level coordinated control is the lowest operation cost and

the largest wind power utilization rate. Based on prediction of thermoelectric load and wind power, the operation economy of

the system and wind power accommodation level are improved with the cooperation of electric heat storage and pumped storage

in regulation capacity. The second-level coordinated control stabilizes wind power real-time fluctuations by cooperating electric

heat storage and pumped storage in control speed. The example results of actual wind farms in Jiuquan, Gansu verifies the

feasibility and effectiveness of the proposed coordinated control strategy.
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0 Introduction

At present, due to operation constraint of “power
determined by heat” of cogeneration units, the peak-
shaving capacity of power system is insufficient in
heating period. Therefore, main contradiction in the
development of wind power is still caused by wind
power curtailment!? . Besides, wind power output is
volatile, intermittent and uncertain. If it is paralleled
in power grid, there exists a great challenge to its
stable operation and difficulty of wind power
integration accommodation™*.

In order to decouple operation constraint of “power
determined by heat” of cogeneration units, stabilize
wind power output fluctuations, and improve
networking scale of wind power, energy storage
technology has been widely concerned at home and
because of its good wind

11, addition to

abroad power

complementarity Recently, in
pumped storage which has been mature, other energy
storage methods are faced with problems whose
scale, cost, life and efficiency cannot meet the

requirements of modern power system. As for wind
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power accommodation, in Ref.[8], configuration
theory was used to expand wind in power operation
feasible domain by output distribution between wind
power and pumped storage. In Ref. [9], wind power
acceptance capacity and system economy were studied
in case of different wind power permeabilities and
different Through

configuration of thermal energy storage and electrical

storage capacity scenarios.
boiler in cogeneration plants, the thermoelectric
coupling relationship is broken™® . As for wind

Ref. [12] ’

distributed between super capacitors and batteries to

power stabilization, in power was

stabilize wind power fluctuations at different time
Ref. [13] ’

interruptible load were directly controlled to reduce

scales. In electric  vehicles and
the burden of power grid operation. In Ref. [14], the
first-order low-pass filter was used as a wind power
stabilization method. However, most of the current
studies separately consider the problems of wind
power accommodation and its fluctuation
stabilization, to a certain extent, which leads to the
difficulty of coordination management.

In view of difficulty of wind power accommodation
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and stabilization of wind power fluctuations, a two-
level coordinated control strategy based on electric
heat storage and pumped storage is proposed in this
paper. The optimal control is carried out according to
plan of previous day and real-time situation at
different time scales, which can not only improve
wind power accommodation, but also reduce the
impact of wind power fluctuations on frequency

adjustment units.

1 Thermoelectric load and wind power
output characteristics

1.1 Characteristics of thermoelectric load and
wind power output distribution during
heating period

By analysis of previous data, the distribution of
electric load is opposite to thermal load, and wind
power output characteristics and thermal load trends
are roughly the same. In the night of wind power
season, the situation of wind power curtailment is
most serious in this period, as shown in Fig. 1. If
wind power can be converted into heat and then
stored, the heat will be used as the peaking source of
thermal network at night, which can not only
improve peak-shaving capacity of hot grid, but also
decouple thermoelectric coupling of cogeneration
units, so as to improve peak-shaving capacity of
power system and allocate more networking space to
wind power. Since only peak-shaving of electric heat
storage can not completely consume wind power,
large-scale wind power integration is detrimental to
power system stability. If pumped storage and
electric heat storage operate togther, the wind power

curtailment and its fluctuations can be further

eliminated.
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Fig. 1

during heating period

Thermoelectric load and wind power distribution

1.2  Characteristics of wind power real-time
fluctuation

The real-time output process of wind power is
generally described by fluctuation characteristics of
time scale in minute. The output fluctuation curve of

a wind farm is shown in Fig. 2.
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Fig.2 Real-time fluctuation curve of wind power output

According to fluctuation range, the fluctuations
small fluctuations are in
[— 1%, 1%], and large fluctuations are outside
[—1%, 1% ). In[—1%,1%], wind power outputs
are relatively stable, and the fluctuations are small;
outside [ —1% 1% |, the fluctuations are large, will

cause a larger prediction error.

are divided into two cases:

2 Combined system structure with
electric heat storage

The structure of the combined system with electric

heat storage is shown in Fig. 3.
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Fig.3 Structure diagram of combined system

Electric heat storage has advantages of large
capacity and high efficiency, which can supply
cogeneration units with heat together to reduce the
effect of

“power determined by heat” operation

constraint of cogeneration units on peak-shaving
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capacity in heating period. Besides, if electric heat
storage participates in heating, the electrical load of
the system will be increased, thus expanding wind

power accommodation space.

3 Coordinated control strategy based on
electric heat storage and pumped
storage

3.1 Coordinated control strategy

Based on the above-mentioned analysis of wind
power fluctuation characteristics and the capacity of
wind power accommodation of the combined system
with electric heat storage, a two-level coordinated
control strategy based on electric heat storage and
pumped storage is proposed to promote wind power
accommodation and stabilize its fluctuations. The

process is shown in Fig. 4.
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Fig. 4 Block diagram of coordinated control strategy

For the coordinated control of electric heat storage
and pumped storage, the first-level coordinated
control belongs to planning dispatch control. It
mainly promotes wind power accommodation and
operation economy, and the adjustment time scale is
longer. By means of coordinated operation of electric
heat storage and pumped storage at different time
intervals, wind power curtailment generated by
restrictions of the capacity of conventional units can
be eliminated as much as possible. The second-level
coordinated control is a real-time tracking control. It
requires faster regulation, therefore it needs
complementary adjustment capacity of electric heat
storage and pumped storage to respond and regulate

real-time fluctuations of wind power.
3.2 First-level coordinated control

Considering priority of wind power integration, the
optimal scheduling model does not take account of
cost of wind power generation. Cogeneration units
need to heat the system, so it cannot stop working.
The electric and thermal output of cogeneration units
are converted into the output under pure coagulation
conditions. The optimization objectives of the first-
level coordinated control are built considering wind
power utilization and system operation economy,
respectively.

1) Objective function 1; The operation cost of the
system is the lowest, namely

N

T Mr

minF, = >3 { D ULLA P + A —U,, DS, +
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Ny o
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where U,;, is the start-stop state of thermal power
unit 7 in time interval t; Py, and f, (Py.;.,) are the
output power and the power generation costs of
thermal power unit 7 in time interval ¢, respectively;
S, and C, (R!,. RY,) are the starting costs and
reserving costs of thermal power unit 7, respectively;
R, and R, are the positive and negative spinning
reserve capacity of thermal power unit i in time
Pg;,» Pc,;, and
f2(Pg,;.»Pc;.,) are the electric output, heat output

interval ¢,  respectively;

and operating costs of cogeneration unit j in time
interval t, respectively; S§% and S} are the start-up
costs under the power generation condition and

pumping condition of pumped storage unit £ in time
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interval t, respectively; Nt is the number of time
periods for a scheduling cycle; and Nx, N and Ny
are the total number of thermal power units,
cogeneration units and pumped storage units,
respectively.

The operating cost equation of thermal power units
is

fl(PII.z.z) = a;P%I.M +b0:Pu..toais (2)

where a;, b; and ¢; are the operating cost coefficients
of thermal power units.
The operating cost equation of cogeneration units

1s

fz(PE.j.mPC.j.z) == aj(PE.j./ +(:VPC.j./>2 -+

bj(PE.j.z +Cvp<t.,‘,z) +C,' 9 (3)

where a;, b; and c; are operating cost coefficients of
cogeneration units, and C, is conversion coefficient of
pure condensate state of cogeneration units.

The equation of reserving cost is
C.(R!,+R.) = ki.R}, + ki R{,, D

where kY, and k¢, are the positive and negative
reserving costs, respectively.
The equations of starting costs of pumped storage
unit under different operation states are
o= SELE (I — IE )
(5
Sk o= SpmIpEr Ay — IRt

where S§" and S}"™ are the starting costs under the
power generation condition and pumping condition of
pumped storage unit k, respectively; I§7=1 and I}"}
=1 mean that pumped storage unit is in the power
generation condition and pumping condition in time
interval ¢, repectively.

2) Objective function 2: The wind power

curtailment is the least, namely

'\‘l
mink, = E(P}Yﬂ“dfpmfl.z)a (6)
t=1

where P and P!, are wind power forecast and
planning dispatch output, respectively.
The constraints are as follows.

(D The power balance constraint is

Ngr Ng Nu
ZPH.i.z + ZPE.j.z + ZPI’S,k.z + P, =

i—1 j=1 k=1
Proa.: + Prs. s D)

where Pps.., is the output of pumped storage £ in

time interval #; plus and minus represent the power
generation state and pumping state, respectively;
P.., and Pgs,, are the wind farm output and consumed
electric power of electric heat storage in time interval
t, respectively.

@ The heat balance constraint is

Ng
DPc,., = Pl — P, (8)

i=1

where Pib,., and Pi%, are the heat load of the system

and heating power of electric heat storage in time
interval ¢, respectively.

@ The unit output constraint is
Ur'vtPi-,mm < Pi.r < Ui-,IPi.max ’ (9)

where P; ..« and P, .. are the upper and lower limits
of unit ¢, respectively.

@ The unit climbing constraint is
| P, — P, | I, (10)

where P™ is the rise and fall speed of unit i.

® The pumped storage capacity constraint is

T
gen gen
z :PPSz"? T

Vo 7 Vmax < t=1 . Z Phum < VO 7 Vmin
pum ~ pum PS.t == pum ’
t=1
(1D
where ™™ and 7*" are the water-electricity conversion

coefficients for pumping and power generation of
pumped storage; V, is the initial water volume of the
upper reservoir; V... and V. are the maximum and
minimum water volume of the upper and lower
reservoirs, respectively.

The above formula represents the upper reservoir
capacity constraint of pumped storage. Because the
total storage capacity of the wupper and lower
reservoirs is constant during pumping and power
generation process, the capacity constraint of the
lower reservoir is also considered.

® The minimum starting and stopping time

constraints are

Wi —UD T — Ti) =0,
12
=

(Ui.1 * Ui.zfl ) (T?ff * T;J.Hmin> 0,

where T and T are the continuous running time
and continuous down time of unit 7 in time interval ¢,
respectively; T, and T, are the minimum
continuous running time and the minimum continuous

down time of unit 7, respectively.
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@ The spinning reserve constraint is

R;'J.z < min(U,'_[Pl»’n]ax — U,‘_1P“, ’U[.[Plgamp) ,
(13
R, << min(U. P = Ui P s U PI™).

The planning dispatch output of wind power Py,
generated by the first-level coordinated control is the
maximum wind power accommodation within the
regulation capacity of electric heat storage and
pumped storage. It is passed to the second-level

coordinated control as reference value.
PWpl;\n,l = P;:’l‘;:i‘.t -+ APES.[ + APPS,[ s (14

where APps, and APy, are the

accommodation quota of electric heat storage and

wind power

pumped storage in time interval ¢, respectively.
3.3 Second-level coordinated control

The second-level coordinated control based on the

first-level coordinated control is to eliminate

fluctuations between real-time output and planning

output of wind power by regulating working state

and output of electric heat storage and pumped
storage.

According to the planning output of wind power
obtained by Eq.(14), the

fluctuations of wind power can be calculated by

real-time  output

Pw :‘ P:Vei;.‘ld 7PWplzm | (15)

According to the real-time fluctuations of wind
power output, the power fluctuations are divided into
small fluctuations and large fluctuations. The output
power which fluctuates within 1% of the planning
output (within the dotted line in Fig. 2) has a small
fluctuation, and the output power which fluctuates
out of =1% of the planning output (outside the
dotted line in Fig.2) has a large fluctuation. For
small fluctuations and large fluctuations, the second-
level coordinated control method are shown in
Table 1, where Py ... and AP are the limit of wind
power fluctuations and the limit of adjustment

capacity of pumped storage, respectively.

Table 1 Second-level coordinated control strategy

Pw Control method Control objective
< Pw.max Electric heat storage regulation Stabilize small fluctuations
[Pw.max s AP ] Pumped storage regulation Stabilize large fluctuations
> AP, Wind power curtailment regulation Quasi regulation

The regulation amount is calculated as follows.

1) The fluctuation Pw of wind power are
determined based on the comparison of planning
output and real-time output of wind farms.

2) According to the electrical split information of
local source path, the distribution factor dw, =
P /Py which is sent to electric heat storage by
wind farm output power P,; and the distribution
factor dw, = P, ps/P. which is sent to pumped
storage by wind farm output power are determined,
= P ps/Prs which is

absorbed from wind farms by electric heat storage

and the absorption factor dy

power Prs and the absorption factor dp, = Py ps/ Pps
which is absorbed from wind farms by pumped
storage power Pps are determined, where P g is
the sum of transmission power on all split paths
between wind farms and electric heat storage., and
P, ps is the sum of transmission power on all split
paths between wind farms and pumped storage"'™’.

3) According to wind power output fluctuations in
each time period, the regulation amount of electric

heat storage and pumped storage for wind farm

output fluctuations is calculated by

wind __ _ P 2WFES wind __
AP = dwidin Py = P. P | P — Pyyan |5 (16)
APrJvénd :dwvdpva :M | PW]v,‘id_PWl. ‘. (17)
S 2 2 ow P])S real plan

4 Solving method

In this paper, a complex multi-objective and multi-
period optimization method is proposed, which has
multiple

characteristics  of  high  dimension,

constraints and nonlinearity.  The traditional
optimization algorithm is difficult to solve this
complicated optimization problem, therefore a
harmony search algorithm (multi-objective harmony
search, MOHS) is adopted, which has a strong
search ability and fast convergence speed to solve the
optimization model™™™, Moreover, the weighted

scale method is wused to make multi-objective
decision. Assuming that the system operator has the

same preference for different objects, the weight
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coefficient is K =1[0. 5,0. 5]. The implementation
process is as follows.

1) The parameters is initialized. The algorithm
parameters to be initialized include harmony memory
search (HMS), harmony memory considering rate
(HMCR) and the number of final iterations G,.

2) The dominant relationship is determined. The

multi-objective optimization is defined as

min{F, (X),F,(X),-,F, (X)}, X €V, (18)

where the decision variable X = (x5, x5, == x,)" is

within the range of V. In general, each object is
mutually exclusive, so it is necessary to determine

the the

harmonies. If the decision variables X, and X, satisfy

dominant relationship between various

Eq. (19), it can be determined that the decision
X,
variable X, , namely
Vi: fi(X) < fi(Xy),
di ] fi(X)) < fi(X,),

variable is dominated by the other decision

(19

17'“ s M.

3) The crowding degrees of the same level
harmonies are calculated. Besides, they are sorted
according to the crowding degrees.

4) The hybrid strategy is used to produce new
harmonies. As the number of iterations increases,
the diversity of the solution in the algorithm will
decrease, but increasing the diversity of the solution
will lead to the decrease of the convergence rate.
Therefore, this paper uses hybrid strategy to produce
generation

new harmonies. The new harmonies

algorithm is

X = XM+ rand | XN — X |, 20

where X" is the new harmony produced; X and X*
the

dominated harmonies, respectively; and rand is the

are randomly selected non-dominated and
random number which is generated by the HMCR
algorithm.

5) The harmony memory (HM) is updated. The
the

initialization is replaced by the new harmony.

harmony whose solution is worst  after

6) Determine whether the algorithm reaches the
termination condition. If not, return to step 4 to
cycle until the number of iterations is G,..» or else

the algorithm ends.
S Simulation

5.1 Basic data

In order to verify the feasibility and effectiveness of
the coordinated control strategy based on electric heat
storage and pumped storage, taking the wind farm of
Jiuquan new energy base in Gansu as an example, the
simulation was carried out. The installed capacity of
is 300 MW,
shown in Table 2. The prediction of electric load and

the wind farm and its prediction is
thermal load is shown in Table 3. The parameters of
The
parameters of thermal power unit are shown in
Table 5. The parameters of cogeneration unit are
shown in Table 6. The dispatch cycleis 1 d, and 1 h
is a dispatch period.

pumped storage unit are shown in Table 4.

Table 2 Wind power prediction

Time Prediction (MW) Time Prediction (MW) Time Prediction (MW) Time Prediction (MW)
06:00 130. 05 12:00 95. 48 18:00 101. 32 24:00 232. 46
07:00 77.01 13:00 67. 64 19:00 134. 48 01:00 212.16
08:00 17.18 14:00 78.01 20:00 169. 29 02:00 224. 35
09:00 67.55 15:00 40. 25 21.00 183. 45 03:00 182. 83
10:00 57.83 16:00 73.01 22:00 197. 04 04:00 167. 46
11:00 97.02 17.00 87. 26 23:00 216.17 05:00 156. 25
Table 3 Prediction of electric load and thermal load
Time Plosa (MW) Piha(GI/h) Time Pload (MW) Piba(GI/h) Time Ploua (MW) Piha(Gl/h)
06:00 1077.19 767.58 14.00 1237.54 736. 44 22:00 1014.79 795. 20
07:00 1 089. 76 783.47 15:00 1226.15 675.91 23:00 1023.62 881.18
08:00 1 099.61 766.16 16:00 1135.93 683. 25 24:00 1012.23 899. 53
09:00 1124.38 787.93 17.00 1172.08 694. 81 01:00 1 005. 32 884. 26
10:00 1 188.02 712.55 18:00 1 204.92 709.73 02:00 1022.45 892.75
11:00 1 205. 25 694. 32 19:00 1 228.55 774.56 03:00 1017.63 875.08
12:00 1 216.41 631. 24 20:00 1 167.62 817. 42 04:00 1031.22 818. 36
13:00 1 291. 33 648. 39 21.00 1103.41 782.12 05:00 1 053. 38 759. 24
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Table 4 Operating parameters of pumped storage unit
Upper reservoir ( X10° m*) Lower reservoir ( X10° m®)
Unit Sen(§) S $)  Pgn (MW) PP (MW)
V max V min Vo Vend V max V min Vo
PU-1 15 5 10 10 45 35 40 250 400 60 40. 1
PU-2 15 5 10 10 45 35 40 250 400 60 40. 1
Table S5 Operating parameters of thermal power unit

Unit Poin(MW)  Poox(MW) Prame (MW /h)  Ton, (h) Tolf, (b a($/h) b ($/MW) e ($/MW?) S ($)

Gl 400 150 200 8 8 0.000 48 16.19 1 000 5 960

G2 400 150 200 8 8 0.000 31 17. 26 970 5 960

G3 130 60 100 6 6 0.002 20 16.61 700 2620

Table 6 Operating parameters of cogeneration unit

Unit Prin (MW) P (MW) Pemax (MW) - Prame (MW /h) a ($/h) b (S /MW) ¢ ($/MW?) C,

G4 150 70 200 50 0.000 68 32 450 0.15

G5 150 70 200 50 0.000 68 32 450 0.15

load.
5.2 Result analysis . .
System [[[: It contains electric heat storage and
The case includes three systems as follows. pumped storage. Electric heat storage and

System I: It does not contain electric heat storage

and pumped storage. Conventional cogeneration
plants supply heat to thermal load, and conventional
power supplies supply power to electric load.

Tt

storage

System [: contains electric heat

Electric heat

storage.

and cogeneration units

collaboratively supply heat to thermal load, and

conventional power supplies supply power to electric

1300
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Fig.5 Contrast curves of equivalent electric load
It of

equivalent electric load and equivalent heat load
heat

can be seen from the contrast curves

before and after the operation of electric
storage, when electric heat storage is involved in
heating, the equivalent electric load is increased
significantly, and the equivalent thermal load is

the
thermal load. It indicates that not only the peak of

significantly reduced during peak period of
thermal load can be adjusted by electrothermal
conversion after electric heat storage operation, but
also the electric load of the system is increased,

which therefore plays the role of cutting thermal load

cogeneration units collaboratively supply heat to
thermal load, and conventional power supplies and
pumped storage collaboratively supply power to
electric load.

The contrast curves of equivalent electric load and

heat load the

configuration of electric heat storage are shown in

equivalent before and after

Figs. 5 and 6, respectively.
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Fig. 6 Contrast curves of equivalent thermal load

peak and filling electric load valley.

Wind power planning dispatch output curves of
different systems are shown in Fig. 7.

It can be seen from Fig. 7, in case that electric heat
storage and pumped storage are not equipped in the
system, the wind power curtailment is very serious
from 21:00 of the previous day to 8:00 of the next
day. When electric heat storage is equipped in the
system and collaboratively heats with cogeneration
the effect of
curtailment is very obvious in the heat load peak
period (23:00 —07:00), but the situation of wind

plants, eliminating wind power
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power curtailment is not improved in the non-
When

electric heat storage and pumped storage are equipped

operating period of electric heat storage.

in the system and work togather, the wind power is

consumed to the maximum extent,

250 Wind power prediction
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Fig. 7 Contrast curves of wind power scheduling output

According to the above analysis, the system
performs at the lowest cost and the maximum
utilization of wind power. When electric heat storage
and pumped storage work togather. The respective

adjustments are shown in Fig. 8.
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Fig. 8 Electric heat storage and pumped storage regulation

It can be seen from electric heat storage adjustment
curve, electric heat storage begins to peak and store
heat in electric load valley period (23:00—07:00). In
other periods, electric heat storage is closed and its
heat storage system heats the users.

When the wind power is still obstructed in the
system, pumped storage starts to pump ( pump
mode) ; when the net load of the system is more than
0 but less than the start power of pumped storage
units, pumped storage is at rest; when the net load
of the system is more than the starting power of
pumped storage units, pumped storage begins to
generate electricity (turbine mode).
after the
coordinated operation of electric heat storage and

The scheduling results before and

pumped storage are shown in Table 7.

Table 7 Comparison of dispatch results of three systems

Wind power Wind power Total cost
System . o
curtailment (MW « h) utilization rate (%) $)
System [ 705.75 76.98 814 670. 26
System [[ 291.17 90. 50 767 096.78
System [l 0 100 736 043.91

It can be seen that if electric heat storage is
equipped in the system., conventional cogeneration
plants and electric heat storage co-heating can not
only greatly eliminate wind power curtailment to
improve the wind power accommodation rate, but
also help to reduce the total scheduling cost to
improve operation economy of the system. However,
because part of wind power is still blocked when
electric heat storage is equipped in the system, the
coordinated operation of electric heat storage and
pumped storage can further promote wind power
accommodation and help to improve operation
economy of the system.

The second-level coordinated control of electric
heat storage and pumped storage was carried out
taking 30 min as a operation cycle, and the real-time
fluctuations of wind power are stabilized with a time
scale of 1 min to ensure the safety and reliability of
the system. The real-time fluctuation curve of wind
power output is shown in Fig.9. The maximum
fluctuation is 2. 88% ., and the stabilization target is

183. 45 MW,
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Fig. 9 Real-time fluctuations of wind power output before the
second-level coordinated control

The stabilization effect of wind power output

fluctuations second-level

generated by  the
coordinated control of electric heat storage and
pumped storage is shown in Fig. 10. The wind power
real-time output which fluctuates within +1% of
fluctuation, therefore,

planning output is small

electric heat storage adjusts; the wind power real-

time output which fluctuates outside +1% of
planning output is large fluctuation, therefore,
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pumped storage adjusts. After the second-level
coordinated control, wind power is stable at around
183.45 MW with the
0.58%,

requirements of wind power integration.

maximum fluctuation of

meeting the safety and reliability
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Fig. 10 Real-time fluctuations of wind power output after the

second-level coordinated control

6 Conclusions

1) Through the first-level coordinated operation of
electric heat storage and pumped storage, the
operation constraint of “power determined by heat”
of cogeneration units can be decoupled by
electrothermal conversion, and the blocked wind
power can be consumed. The rate of wind power
curtailment is decreased by 23.02% compared with
the system without electric heat storage and pumped
storage, and decreased by 9.50% compared with the
system only with electric heat storage without
pumped storage.

2) The operation cost of the system with the
coordinated operation of electric heat storage and
pumped storage is the lowest, which is reduced by
9.65% compared with the system without electric
heat storage and pumped storage, and reduced by
4.05% compared with the system only with electric
heat storage.

3) The maximum real-time fluctuation of wind
power is decreased from 2.88% to 0.58% by means
of the second-level coordinated operation of electric
heat storage and pumped storage. The grid wind
power is basically stable around the planning dispatch
output.

Therefore, the coordinated control strategy based
on electric heat storage and pumped storage proposed
in this paper can further expand wind power
accommodation space, stabilize fluctuations of wind
power, save the operation cost of the system and

provide a new control means and theoretical method

for wind power integration.
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