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   Abstract—To  address  the  difficulty  in  recovering  energy  storage
investment  costs  at  renewable  power  plants  (RPP),  a  collaborative
optimal dispatch strategy for multiple wind-photovoltaic (PV)-storage
systems  is  proposed,  incorporating  energy  storage’s  auxiliary  dis-
patch plan tracking and frequency regulation. It includes the optimal
control strategy for wind- or PV-storage systems and the bidding-dis-
patching-settlement strategy for energy storage alliances participating
in frequency regulation markets.  The optimal energy storage control
strategy aims to maximize the net profit  of  wind- or PV-storage sys-
tem  through  the  rolling  optimization  on  decision-making  for  the
energy  storage  output  assisting  in  tracking  the  dispatch  plan  and
delivering frequency regulation services. The bidding-dispatching-set-
tlement  strategy  for  energy  storage  alliances  determines  the  winning
capacity  of  each  energy  storage  station  in  each  frequency  regulation
dispatch period based on the minimum number of  participating sta-
tions,  and  then  allocates  the  frequency  regulation  tasks  and  benefits
among the stations. The proposed strategy is verified in three particu-
larly  designed  scenarios,  outperforming  in  dispatch  tracking  effects
and improving energy storage utilization and station economic bene-
fits.

    Index Terms—energy  storage, assisted  tracking  dispatch  plan, sec-
ondary  frequency  regulation, frequency  regulation  auxiliary  service
market, rolling optimization.
  

ABBREVIATION

CvaR conditional value-at-risk

MPC model predictive control

PV photovoltaic

RPP renewable power plants

SOC state of charge

SMPC stochastic model predictive control

UHVDC ultra-high voltage direct current
  

I.  Introduction

T o advance China’s strategic goal of “building new power
systems led by renewable power”, renewable power rep-

resented by wind and PV power is accelerating its large-scale
grid  connection  and  replacing  traditional  coal-fired  power
units [1], [2], [3], [4], [5].  As  of  the  end  of  October  2025,
China’s  cumulative  installed  power  generation  capacity
reached  approximately  3750  GW,  among  which  thermal
power accounted for around 1510 GW, wind power for about
590  GW,  and  PV power  for  roughly  1140  GW [6].  The  pro-
portion of  renewable power installed capacity has reached an
impressive 46.13%.  As regional  power grids with the highest
proportion  of  renewable  power  as  the  primary  power  source
[7], Northwest China is endowed with abundant wind and PV
resources.  Due  to  the  large  power  transmission  volume  and
long transmission distance in Northwest China, the Northwest
Power Grid has successively launched the UHVDC transmis-
sion mode [8]. With the large-scale grid integration of renew-
able  power  and  UHVDC  transmission,  the  active  power  bal-
ance  level  between  source  and  load  sides  of  power  grids  is
declining.  The  frequency  security  and  stability  issues  follow-
ing  large-power  disturbances  have  posed  significant  chal-
lenges  to  power  grids,  becoming  a  key  factor  restricting  the
safe operation of new power systems [9], [10], [11].

Existing research focuses on the application of flexible regu-
lating resources,  such as  energy storage,  in  frequency regula-
tion [12].  Reference [13] pointed  out  that  in  high-proportion
renewable  power  systems,  energy  storage  could  effectively
make  up  for  the  insufficient  response  time  of  thermal  power
units. Reference [14] described the game relationship between
energy  storage  and  renewable  power  units  to  meet  supply-
demand balance and optimize the difference between revenue
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and  cost.  Reference [15] took  the  maximum total  revenue  of
wind-storage  combined  operation  as  the  objective,  consider-
ing  energy  storage  lifetime  loss  under  different  SOC  levels
and  the  balance  between  upward  and  downward  frequency
regulation  capacity  when  energy  storage  participates  in  fre-
quency  regulation.  Reference [16] integrated  energy  storage
into  PV  power  plants  and  improved  the  adaptive  droop  con-
trol strategy to maximize the frequency regulation potential of
both energy storage and PV systems.

On  the  basis  of  considering  the  uncertainty  of  renewable
power output, some studies have further introduced optimiza-
tion methods to improve the decision-making performance of
energy  storage  in  frequency  regulation.  Reference [17] con-
structed  a  frequency  security  model  for  frequency  support
through  multi-energy  complementarity,  and  realized  energy
storage  capacity  planning  via  robust  optimization.  Although
this  method  ensures  system  frequency  security,  robust  opti-
mization  mainly  considers  worst-case  scenarios,  which  might
lead to resource waste and reduced efficiency. Reference [18]
achieved  frequency  regulation  by  optimizing  the  configura-
tion of energy storage systems, though energy storage systems
which  are  characterized  by  high  costs  and  limited  lifespans
require  frequent  maintenance  and  replacement.  Compared
with these methods, the advantage of MPC lies in its ability to
continuously  adjust  control  strategies  based  on  the  real-time
system  state  and  renewable  power  prediction  information  to
cope with uncertainty [19], [20]. However, most of the above
studies focus on a single RPP, and mainly consider the single
scenario of energy storage supporting frequency regulation.

As the number of RPP and energy storage resources contin-
ues  to  increase,  the  issue of  multi-station coordinated partici-
pation in frequency regulation has gradually attracted increas-
ing attention. Based on the frequency regulation auxiliary ser-
vice market,  Ref. [21] found that regional power grids would
prioritize selecting and regulating high-quality frequency regu-
lation resources such as wind and PV power, and established a
multi-source  coordinated  control  method  aimed  at  improving
the  system’s  dynamic  response  performance.  By  addressing
different  types  of  energy  storage  power  stations  in  power
grids,  Ref. [22] introduced  a  resistance  coefficient  related  to
the remaining frequency regulation capacity of energy storage
stations, which, together with frequency regulation costs, con-
stituted the objective function, and realized the optimal alloca-
tion  of  frequency  responses  based  on  frequency  regulation
costs and remaining frequency regulation capacities of differ-
ent types of energy storage stations. Reference [23] proposed a
distributed  control  strategy,  which  enabled  the  dispatching
center  to  ensure  the  response  speed  of  secondary  frequency
regulation  control  when  facing  multiple  distributed  energy
storage  systems,  and  was  feasible  in  engineering  practice.
However,  for  station-side energy storage in RPP,  the remain-
ing  capacity  available  for  frequency  regulation  is  jointly
affected by the current dispatch plan tracking task, the SOC of
the  storage  system,  and  the  output  direction,  thereby  exhibit-
ing  clear  time-varying  and  unidirectional  characteristics.  In

particular, in an individual wind-storage or PV-storage system,
the  energy  storage  unit  can  often  provide  only  unidirectional
upward regulation or unidirectional downward regulation dur-
ing  certain  periods,  making  it  difficult  to  independently  sat-
isfy the market access requirement for bidirectional regulation
capability  in  the  frequency  regulation  market.  This,  in  turn,
limits  both  the  feasibility  and  the  profit  potential  of  RPP
energy  storage  participating  in  the  frequency  regulation  mar-
ket.

A fair and efficient market operation model is an important
direction of the power system reform [24]. In the context of a
diversified electricity market, how RPP optimize their bidding
strategies is a crucial approach to realizing cost recovery, and
holds  significant  importance  for  sustainable  development  of
RPP [25]. The Notice on Establishing and Improving the Price
Mechanism for the Power Auxiliary Service Market points out
that the frequency regulation market shall, in principle, adopt a
single-price  mechanism  based  on  frequency  regulation
mileage. Each unit independently declares its frequency regu-
lation  capacity  and  price,  and  the  clearing  price  and  winning
capacity are determined through market competition [26]. Ref-
erence [27] considers the CVaR of wind power frequency reg-
ulation,  proposing  a  multi-time-scale  rolling  optimization
model  for  frequency  regulation  market,  and  then  conducts
wind  power  dispatching  based  on  comprehensive  frequency
regulation  indicators.  However,  it  is  difficult  to  completely
avoid  the  shortage  of  short-term  frequency  regulation
resources caused by random wind power. Equipping RPP with
energy storage is an important measure to enhance the regulat-
ing capacity of renewable power generation and improve mar-
ket  competitiveness [28], [29].  In  the  energy  market,  energy
storage  can participate  in  bidding competition  as  an  indepen-
dent entity or in cooperation with renewable power [30], [31].
The  current  research  still  has  the  following  limitations.  First,
research on the participation of  station-side energy storage in
the frequency regulation ancillary service market remains rela-
tively  limited,  particularly  in  terms  of  market  participation
mechanisms that are compatible with ultra-short-term forecast-
ing and rolling optimization control. Second, most studies dis-
cuss energy storage-assisted dispatch plan tracking and partici-
pation  in  frequency  regulation  services  separately,  without
fully  revealing  the  power  coupling  and  capacity  competition
between these two tasks in real-time operation. Third, for mul-
tiple  geographically  distributed  wind-storage  and  PV-storage
stations within a region, existing studies have not yet system-
atically  addressed  the  aggregation  of  remaining  regulation
capability,  joint  bidding  modes,  or  frequency  regulation  rev-
enue allocation mechanisms.

This  paper  focuses  on  the  requirements  of  station-side
energy storage in RPP for assisting dispatch plan tracking and
participating  in  frequency  regulation  ancillary  services,  and
proposes  a  optimal  coordination  strategy  for  multiple-wind-
PV-storage  systems.  First,  a  15-min-ahead  frequency  regula-
tion  ancillary  service  market  mechanism suitable  for  the  par-
ticipation of station-side energy storage in RPP is established.
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Second,  for  wind-storage  or  PV-storage  systems,  a  rolling
optimization  control  model  is  developed  that  considers  the
energy  storage-assisted  dispatch  plan  tracking  and  participa-
tion  in  frequency  regulation  services.  Finally,  a  bidding–dis-
patching–settlement  strategy for  energy storage alliances  par-
ticipating in the frequency regulation market is proposed.  

II.  Coordinated Optimal Dispatch Framework for
Multiple Wind-PV-Storage Systems

Based  on  the  market  mechanism  of  the  Electric  Reliability
Council  of  Texas  (ERCOT) and combined with  China’s  gen-
eral  market  model,  this  paper  constructs  a  15-min  pre-dis-
patch frequency regulation ancillary service market. Different
from the existing market clearing mechanisms, market partici-
pants are required to submit data such as bid capacity, capac-
ity  price  bid,  and  mileage  price  bid  15  min  in  advance.  The
market completes initial clearing within 15 min with the goal
of  minimizing  costs,  considering  historical  frequency  regula-
tion  performance  indicators,  and  final  clearing  is  completed
after verification by the dispatching center. In the actual opera-
tion process, the dispatching center arranges the winning units
to provide power frequency regulation ancillary services with
a  15-min  dispatch  cycle  based  on  the  final  clearing  results.
The 15-min pre-dispatch frequency regulation market can bet-
ter  reflect  real-time  supply  and  demand  conditions  and  will
encourage  a  large  number  of  small  and  medium-sized  power
market participants to engage in frequency regulation services.
To  ensure  the  market  clearing  calculation  performance  and
facilitate  the  dispatching  of  the  dispatching  center,  only  mar-
ket  participants  with  bidirectional  frequency  regulation  capa-
bility based on a certain benchmark value for their bid capac-
ity are allowed to participate in bidding.

The  15-min  pre-dispatch  frequency  regulation  market  is
highly consistent with the ultra-short-term prediction model of
RPP,  providing  an  opportunity  platform  for  the  energy  stor-
age of RPP to participate in the frequency regulation ancillary
service  market.  To  address  the  difficulty  of  unidirectional
remaining regulation capacity of energy storage in wind-stor-
age  or  PV-storage  systems  participating  in  the  market  during
different  time  periods,  an  alliance-based  market  participation
method  is  proposed.  The  energy  storage  alliance  agent  com-
bines the directions of remaining regulation capacity of energy
storage from multiple scattered RPP in the region. For the fre-
quency regulation ancillary service market, the energy storage
alliance is  equivalent  to  an independent  energy storage entity
and can accept direct dispatching from the dispatching center.

This paper proposes a coordinated optimal dispatch strategy
for  multi-wind-PV-storage  systems  considering  energy  stor-
age  assisting  in  tracking  dispatch  plans  and  participating  in
frequency  regulation.  The  strategy  mainly  consists  of  two
parts: the optimal control strategy for energy storage in wind-
storage  or  PV-storage  systems,  and  the  bidding–dispatching–
settlement strategy for energy storage alliances participating in
the frequency regulation market, as shown in Fig. 1.

(1)  Energy  storage  in  wind-storage  or  PV-storage  systems
operates with the primary objective of tracking dispatch plans
and the secondary objective of participating in frequency regu-
lation ancillary services. Considering the ultra-short-term pre-
dicted  output  of  wind  power  or  PV  power,  the  plant  control
center  determines  the  current  output  power  of  energy storage
for assisting in dispatch plans and the bid power for participat-
ing  in  frequency  regulation  ancillary  services  in  the  next
period, with the goal of maximizing the expected profit of the
plant.

(2) With the aim of maximizing the bid capacity, the energy
storage  alliance  agent  integrates  the  magnitude  and  direction
of  the  bid  power  from each  energy  storage  unit  to  determine
the  final  bid  capacity  for  the  frequency  regulation  ancillary
service  market.  During  the  frequency  regulation  dispatch
phase,  the  energy storage alliance agent  directly  receives  fre-
quency regulation commands from the dispatching center and
distributes these commands to each energy storage unit. At the
end  of  each  dispatch  cycle,  settlement  is  conducted  based  on
the actual profit.  

III.  Optimal Control Strategy for Energy Storage
of the Wind- or PV-Storage System

  

A.   Rolling  Optimization  Control  Strategy  for  the  Wind- or
PV-Storage System

Considering  that  the  energy  storage  control  strategy  is
almost  the  same  between  wind- and  PV-storage  systems
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Fig. 1.     Coordinated  optimal  dispatch  schematic  diagram  of  the  multiple
wind-PV-storage system.
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except for power outputs of the two different RPP types,  this
paper  elaborates  on  the  optimal  control  strategy  for  energy
storage in RPP using the wind-storage system as an example.
This study does not consider the formation method of the day-
ahead generation schedule; instead, it focuses primarily on the
optimal  control  of  energy storage assisting the  units  in  track-
ing dispatch plans during the intraday period and energy stor-
age  responding  to  frequency  regulation  dispatch  in  the  real-
time phase. The rolling optimization control framework of the
wind-storage system is shown in Fig. 2.

(1)  Stage  of  day-ahead  generation  schedule  formulation:
Take  the  day-ahead  predicted  output  of  the  wind  farm as  the
day-ahead generation schedule of the wind farm.

(2) Stage of intraday rolling optimization dispatch: To com-
pensate for the deviation between the actual wind power out-
put and the wind power dispatch plan output every 15 min and
participate in the capacity bidding of the frequency regulation
ancillary service market, based on the actual wind power out-
put, ultra-short-term predicted output, and wind farm dispatch
plan  output  at  the  current  moment,  considering  the  SOC  of
energy  storage,  with  the  goal  of  maximizing  the  expected
profit  of  the  wind-storage  system,  the  rolling  optimization
control strategy based on MPC is adopted. By considering the
current 15-min interval and the subsequent three 15-min inter-
vals,  the  power  of  the  energy  storage  assisting  the  unit  in
tracking the dispatch plan at the current moment and the pre-
bid power of the energy storage participating in the frequency
regulation  ancillary  service  market  at  the  next  moment  are
determined.  That  is,  the  winning  capacity  of  the  energy  stor-
age participating in the frequency regulation ancillary service
market  at  the  current  moment  is  determined  by  the  previous
moment, as shown in the block diagram on the right of Fig. 2.
To highlight the mechanism of the proposed coordinated opti-
mal  dispatch  and  alliance  bidding  strategy,  the  original  case
study  is  first  analyzed  under  ideal  forecasting  conditions,

where the actual output is used in place of the ultra-short-term
forecast  output  to  construct  the  benchmark  scenario.  On  this
basis,  scenarios  with  different  levels  of  ultra-short-term fore-
cast error are further introduced to conduct a sensitivity analy-
sis of the tracking dispatch performance and economic perfor-
mance of the proposed strategy.

(3)  Stage  of  real-time  frequency  regulation  dispatch:  The
stage  of  energy  storage  real-time  frequency  regulation  dis-
patch is carried out simultaneously with the stage of assisting
in tracking the dispatch plan.  Taking the output  power of  the
energy storage assisting the unit  in tracking the dispatch plan
as  the  reference  value,  considering  the  energy  storage  output
direction,  rated  power,  and  SOC  constraints  in  the  same
period, the energy storage takes 1 min as a response cycle and
15 min as a complete dispatch cycle to respond in real time to
the frequency regulation commands issued by the energy stor-
age alliance agent.

To  further  clarify  the  temporal  coupling  between  rolling
optimization  and  frequency  regulation  market  decisions,  the
realized values and forecast values of the decision variables in
the  rolling  optimization  process  are  described  in  a  tabular
form, as shown in Table 1.  

B.   Construction  of  Optimal  Operation  Model  for  Wind-Stor-
age System

Based  on  the  rolling  optimization  control  strategy  for  the
wind-storage  system  proposed  in Section  III-A,  this  section
constructs  an  optimal  operation  model  for  the  wind-storage
system, aiming to make optimal decisions on the output power
of  energy  storage  assisting  in  tracking  the  dispatch  plan  and
that  of  energy  storage  participating  in  the  frequency  regula-
tion  ancillary  service  market  during  the  rolling  optimization
process.  

B.1  Objective Function
For  the  wind-storage  system,  its  goal  is  to  maximize  net
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Fig. 2.     Wind-storage systemr Rolling optimization control strategy framework.
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profit, so the objective function of the optimal control model is
as  shown in Eq.  (1).  The  income of  the  wind-storage  system
includes income from on-grid electricity, frequency regulation
capacity income and frequency regulation mileage income; the
cost  includes  energy  storage  life  loss  cost,  energy  loss  cost,
and output deviation penalty cost.
 

WP
i =max

T∑
t=1

(WR
i (t)−WC

i (t))

WR
i (t) =WR,E

i (t)+WR,C
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i (t)
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i
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where  denotes the profit  of wind-storage system  within
the total  number of  current  rolling optimization time periods;
T denotes the total number of current rolling optimization time
periods;  and  respectively denote the income and
cost  of  wind-storage  system  in  time  period ; ,

, and  respectively denote the income from on-
grid electricity, frequency regulation capacity income, and fre-
quency regulation mileage income of wind-storage system  in
time period ;  and  respectively denote the life
loss  cost  and energy loss  cost  of  the  energy storage of  wind-
storage system  in time period ; and  denotes the out-
put  deviation  penalty  cost  of  wind-storage  system  in  time
period .

(1) Income from on-grid electricity of wind-storage system

t

The wind-storage system obtains power generation compen-
sation  when  it  integrates  the  generated  electricity  into  the
power  grid,  and  the  income  from  on-grid  electricity  of  the
wind-storage system in time period  is
 W

R,E
i (t) = λPWB

i (t)△ t

PWB
i (t) = PW

i (t)+PB,c
i (t)−PB,d

i (t)
(2)

λ PWB
i (t)

i t PW
i (t)

i
t PB,c

i (t) PB,d
i (t)

i
t

where  denotes  the  on-grid  price;  denotes  the  com-
bined output of wind-storage system  in time period ; 
denotes the actual output of the unit of wind-storage system 
in  time  period ;  and  and  respectively  denote
the  charging  and  discharging  power  of  the  energy  storage
assisting the unit of wind-storage system  in tracking the dis-
patch plan in time period .

(2)  Frequency  regulation  capacity  income  and  frequency
regulation mileage income of wind-storage system

t

Under  the  general  electricity  market  rules  in  China,  energy
storage  receives  frequency  regulation  capacity  compensation
and frequency regulation mileage compensation when partici-
pating  in  the  frequency  regulation  ancillary  service  market,
and  the  frequency  regulation  ancillary  service  income  of  the
wind-storage system in time period  is
 W

R,C
i (t) = BCPB,C

i (t)

WR,M
t,i = BMKi(t)P

B,M
i (t)

(3)

BC BM

PB,C
i (t) PB,M

i (t)

i t
Ki(t)

i t

where  and  respectively  denote  the  frequency  regula-
tion capacity price and the frequency regulation mileage price;

 and  denote  the  winning  frequency  regulation
capacity  and  the  actual  frequency  regulation  mileage  of  the
energy  storage  of  wind-storage  system  in  time  period ,
respectively;  and  denotes  the  frequency  regulation  per-
formance of wind-storage system  in time period .

i t

Generally  speaking,  energy  storage  can  respond  quickly  to
frequency regulation commands, and the frequency regulation
performance of wind-storage system  in time period  can be
simplified  as  a  piecewise  function  related  to  the  SOC  of
energy storage, as follows
 

Ki(t) =

1.8,0.2 ⩽ SOCi(t) ⩽ 0.8
1, else

(4)

SOCi(t)
i

t

where  denotes the ratio of the remaining energy to the
full  charge  capacity  of  energy  storage  at  the  start  of  time
period .

This  paper  adopts  a  piecewise  function  to  approximately
characterize  this  relationship.  This  treatment  preserves  physi-
cal  interpretability  while  also  facilitating  the  solution  of  the
rolling optimization model.  The specific  details  can be found
in Ref. [32].

(3) Life loss cost of energy storage

i
t

To  more  accurately  reflect  the  differences  in  battery  life-
time  degradation  under  different  depths  of  charge  and  dis-
charge,  this  paper  extends  the  original  linear  lifetime  loss
model to a degradation model considering cycle depth. Specif-
ically,  the  equivalent  cycle  depth  is  first  extracted  from  the
energy  storage  SOC  sequence,  as  shown  in Eq.  (5);  then,  a
power-function relationship between cycle life and cycle depth
is  adopted  to  describe  the  battery  lifetime  characteristics,  as
shown in Eq.  (6).  On this  basis,  the lifetime degradation cost
caused by a single cycle is expressed by Eq. (7). Therefore, the
total  lifetime degradation cost  of  the  energy storage system 
in time period  of the dispatch horizon is given by Eq. (8).
 

DoDk,i(t) = SOCmax
k,i (t)−SOCmin

k,i (t) (5)
 

N(DoDk,i(t)) = N100,iDoD−b
k,i (t) (6)

 

WC,L
k,i (t) =

Cinv,i

N(DoDk,i(t))
(7)

 

TABLE 1
Realized and forecast values in rolling optimization

Decision
variables Realized value Forecast value

PB
i PB,c

i (t) PB,d
i (t), 

PB,c
i (t+1: t+3)

PB,d
i (t+1: t+3)

Cbid
PB,up

i (t+1)

PB,down
i (t+1)

, PB,up
i (t+2: t+3)

PB,down
i (t+2: t+3)

fi f ci (t) f di (t), 
f ci (t+1: t+3)
f di (t+1: t+3)

SOCi SOCi(t) SOCi(t+1: t+3)
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WC,L
i (t) =

nc∑
k=1

Cinv,i

N100,i
DoDb

k,i(t) (8)

DoDk,i(t)
i

t N100,i
i b

N(DoDk,i(t))
i

DoDk t Cinv,i

i WC,L
k,i (t)

i k
t nc

where  denotes the cycle depth of the energy storage
system of wind-storage system  in the kth cycle during period
;  denotes the rated cycle life of the energy storage sys-

tem of  wind-storage  system  at  100% depth  of  discharge; 
denotes  the  cycle-depth  influence  coefficient; 
denotes  the  battery  cycle  life  of  wind-storage  system  at  the
cycle  depth  in  time period ;  denotes  the  invest-
ment  cost  of  the  energy  storage  system  of  wind-storage  sys-
tem ;  denotes  the  lifetime  degradation  cost  of  the
energy  storage  system  of  wind-storage  system  in  the th

cycle  in  time  period ;  and  denotes  the  total  number  of
cycles.

(4) Energy loss cost of energy storage

t

In  actual  operation,  energy  storage  will  result  in  a  certain
amount of energy loss because the charging–discharging effi-
ciency  fails  to  reach  100%.  The  energy  loss  cost  of  energy
storage in time period  is
 

WC,E
i (t) =WC,Ec

i (t)+WC,Ed
i (t)

WC,Ec
i (t) = λ

[
PB,c

i (t)△ t+βPB,down
i (t)

]
(1−ηc

i
)

WC,Ed
i (t) = λ

[
PB,d

i (t)△ t+βPB,up
i (t)

] 1
ηd

i

−1


(9)

WC,Ec
i (t) WC,Ed

i (t)

i t ηc
i

ηd
i

i PB,up
i (t) PB,down

i (t)

i t
β

β

where  and  respectively  denote  the  charg-
ing–discharging  energy  loss  cost  of  the  energy  storage  of
wind-storage system  in time period ;  and  respectively
denote  the  charging  efficiency  and  discharging  efficiency  of
energy  storage .  and  respectively  denote
the  upward  frequency  regulation  power  and  downward  fre-
quency regulation power of energy storage  in time period ;
and  denotes  the  frequency  regulation  energy  coefficient,
indicating  that  the  energy  storage  will  charge  (discharge) 
MWh  of  energy  in  actual  operation  for  every  1  MW  of  fre-
quency regulation power provided.

(5) Output deviation penalty cost of wind-storage system

t

When the actual  power generation of  the wind-storage sys-
tem  fails  to  meet  the  dispatch  plan  requirements,  the  market
dispatch  authority  will  impose  a  deviation  penalty  based  on
the power shortage; when the actual power generation exceeds
the  dispatch  plan  requirements,  it  will  lead  to  wind  curtail-
ment, resulting in economic losses for the power station. Dur-
ing the rolling optimization operation of the wind-storage sys-
tem, this part of the cost must be minimized as much as possi-
ble, and the output deviation penalty cost of the wind-storage
system in time period  is
 

WC,D
i (t) = 2λ

∣∣∣PWB
i (t)−PWP

i (t)
∣∣∣ (10)

PWP
i (t) i

t
where  denotes the dispatch plan output of the unit  in
time period .  

B.2  Constraints
The  constraints  of  the  optimization  model  mainly  include

energy  storage  constraints  and  wind-storage  system  power
generation constraints.

(1) Energy storage constraints
Energy  storage  will  be  subject  to  power  constraints  and

energy constraints in actual operation.
Energy storage power constraints include power constraints

when assisting the unit in tracking the dispatch plan and power
constraints for participating in frequency regulation. It is stipu-
lated  that  the  energy  storage’s  dispatch  plan  tracking  output
shall not exceed its rated power; the sum of the dispatch plan
tracking  output  and  the  frequency  regulation  participation
power  of  energy  storage  shall  not  exceed  its  rated  power;
energy storage is only allowed to operate in the charging state
or  discharging  state  during  the  same  dispatch  period.  Details
are as follows
 

0 ⩽ PB,c
i (t) ⩽ f ci (t)PB,rate

i

0 ⩽ PB,d
i (t) ⩽ f di (t)PB,rate

i

0 ⩽ PB,c
i (t)+PB,down

i (t) ⩽ f ci (t)PB,rate
i

0 ⩽ PB,d
i (t)+PB,up

i (t) ⩽ f di (t)PB,rate
i

f ci (t)+ f di (t) ⩽ 1

f ci (t), f di (t) ∈ {0,1}

(11)

f ci (t) f di (t)
i

t PB,rate
i i

where  and  respectively denote the binary variables
for charging and discharging of energy storage  in time period
; and  denotes the rated power of energy storage .
The main purpose of  energy storage’s energy constraints  is

to avoid life degradation caused by overcharging and over dis-
charging  of  energy  storage,  so  it  is  necessary  to  impose  cer-
tain  restrictions  on  its  depth  of  charge  and  discharge  during
operation. Details are as follows
 

SOCmin
i ⩽ SOCi(t) ⩽ SOCmax

i

SOCi(t) = SOCi(t−1)+△SOCi(t)

△SOCi(t) =

ηci

[
PB,c

i (t)△ t+βPB,down
i (t)

]
−

PB,d
i (t)△ t+βPB,up

i (t)

ηdi

EB,rate
i

(12)

SOCmin
i SOCmax

i
i SOCi(t)

i t
SOCi(t−1) i

t−1 △SOCi(t)
i t EB,rate

i
i

where  and  respectively denote the minimum
and maximum values of the SOC of energy storage ; 
denotes  the  SOC  of  energy  storage  in  time  period ;

 denotes  the  SOC  of  energy  storage  in  time
period ;  denotes  the  SOC  variation  of  energy
storage  in time period ; and  denotes the rated capac-
ity of energy storage .

(2) Wind-storage system power generation constraints
To  ensure  the  safe  and  stable  operation  of  the  power  grid,

the actual  on-grid electricity of the wind-storage system shall
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strictly follow the dispatch plan. However, wind power output
exhibits  significant  uncontrollability  and  volatility,  making  it
difficult to achieve precise output in accordance with the dis-
patch  plan.  Meanwhile,  the “Detailed  Rules  for  the  Adminis-
tration of Power Grid Connection and Operation in the North
China  Region” stipulates  that  units  with  a  single-machine
capacity  of  100 MW or  less  are  exempt  from penalties  if  the
dispatch  deviation  is  less  than  3%.  Based  on  this  provision,
this paper sets an allowable error range for the dispatch plan of
the  wind-storage  system,  and  the  combined  output  of  the
wind-storage  system  within  this  range  shall  be  deemed  to
operate  in  accordance  with  the  dispatch  plan.  Details  are  as
follows
 PWP,up

i (t) = (1+ θ)PWP
i (t)

PWP,down
i (t) = (1− θ)PWP

i (t)
(13)

PWP,up
i (t) PWP,down

i (t)

i t θ

where  and  respectively denote the upper
and  lower  limits  of  the  combined  power  generation  of  wind-
storage system  in time period ; and  denotes the allowable
dispatch deviation.

After considering the allowable error range of the wind-stor-
age system’s dispatch plan output, the combined power gener-
ation constraint of the wind-storage system is
 

PWP,down
i (t) ⩽ PWB

i (t) ⩽ PWP,up
i (t) (14)

t

When the combined output of the wind-storage system fails
to enter the allowable error range of the dispatch plan in time
period ,  the  combined  power  generation  constraint  of  the
wind-storage system is not considered; instead, only the allow-
able error range of the dispatch plan is taken into account.  In
actual  operation,  the  wind-storage  system  will  minimize  the
dispatch  deviation  due  to  the  substantial  power  deviation
penalty cost.  

IV.  Bidding-Dispatching-Settlement Strategy for
Energy Storage Alliances Participating in the Fre-

quency Regulation Market

The process  of  energy storage alliances  participating in  the
frequency  regulation  auxiliary  service  market  is  shown  in
Fig.  3.  Before  the  response  period,  each  station  within  the
alliance declares the size and direction of the frequency regu-
lation  capacity  for  the  response  period  to  the  energy  storage
alliance agent. The energy storage alliance agent integrates the
declared capacities of each energy storage station, determines
the  final  declared  capacity  to  the  frequency  regulation  auxil-
iary service market,  and feeds back their  winning capacity  to
each  station  within  the  alliance.  During  the  response  period,
the dispatching center issues frequency regulation instructions
to  the  energy  storage  alliance  based  on  the  winning  informa-
tion  provided  by  the  frequency  regulation  auxiliary  service
market.  The  energy  storage  alliance  agent  allocates  the  fre-
quency regulation tasks to each station within the alliance for
execution in accordance with its internal dispatching strategy.

After  the  response  period,  the  frequency  regulation  auxiliary
service  market  settles  with  the  energy  storage  alliance  agent
based on its actual frequency regulation performance, and the
energy storage alliance agent is responsible for distributing the
frequency  regulation  revenue  to  each  station  within  the
alliance.  

A.  Bidding Strategy Considering the Maximization of Alliance
Benefits

t

Based  on  the  15-min-ahead  frequency  regulation  auxiliary
service  market  mechanism,  the  energy  storage  alliance  agent
needs  to  determine  the  bidding  capacity  during  the  bidding
phase.  To  achieve  the  maximum  frequency  regulation  auxil-
iary service revenue and meet  the basic  market  access condi-
tions,  the  energy  storage  alliance  agent  takes  the  minimum
value  of  the  sum  of  the  upward  frequency  regulation  power
and  the  sum  of  the  downward  frequency  regulation  power
declared by each station as the bidding capacity for participat-
ing  in  the  frequency  regulation  auxiliary  service  market.  The
declared capacity of the energy storage alliance agent partici-
pating in the frequency regulation market after integrating the
declared  capacities  of  each  station  in  time  period  is
expressed as
 

Cbid(t) =min

 I∑
i=1

PB,up
i (t),

I∑
i=1

PB,down
i (t)

 (15)

Cbid(t)

t I

where  denotes the bidding capacity of the energy stor-
age alliance agent for participating in the frequency regulation
auxiliary  service  market  in  time  period ,  and  denotes  the
number of stations participating in the energy storage alliance.

After  the  energy  storage  alliance  agent  determines  the  bid-

 

Before the
response period

During the
response period

After the
response period

The energy storage alliance allocates the frequency
regulation tasks to each energy storage  for execution

The dispatching center directly issues frequency regulation
instructions to the energy storage alliance

The energy storage alliance distributes the frequency
regulation revenue within the alliance

The energy storage alliance integrates the declared
capacities and determines the winning capacities

for each energy storage

Each new energy station within the alliance declares the
frequency regulation capacity to the energy storage alliance

The frequency regulation auxiliary service market settles
with the energy storage alliance based on its actual

frequency regulation performance

 
Fig. 3.     Process  of  energy  storage  alliances  participating  in  the  frequency
regulation auxiliary service market.
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ding  capacity  for  the  response  period,  it  needs  to  promptly
notify each station within the alliance of  their  actual  winning
capacity. This allows each station to adjust the energy storage
power  reserved  for  responding  to  frequency  regulation  tasks
during  the  response  period,  thereby  improving  the  ability  of
energy  storage  auxiliary  units  within  the  station  to  track  the
dispatched output.  Each station in the energy storage alliance
maintains a cooperative–competitive relationship. If a station’s
declared  capacity  includes  both  upward  and  downward  fre-
quency regulation power, it can directly participate in the fre-
quency regulation auxiliary service market without joining the
alliance.  Therefore,  when  determining  the  actual  winning
capacity of each station within the alliance, priority should be
given  to  ensuring  the  winning  of  the  equivalent  bidirectional
partial  capacity  for  such  stations.  For  dispatch  convenience,
the  winning  capacity  of  stations  that  only  declare  unidirec-
tional frequency regulation power and the remaining declared
power  of  the  aforementioned  stations  is  determined  based  on
the minimum number of participants.

If  a  station’s  declared  capacity  includes  both  upward  and
downward frequency regulation power, its equivalent bidirec-
tional partial capacity is guaranteed to win; otherwise, its guar-
anteed winning capacity is zero. Details are as follows
 

Cbid,must
i (t) =min
[
PB,up

i (t),PB,down
i (t)

]
,PB,up

i (t) > 0 and PB,down
i (t) > 0

0, else
(16)

Cbid,must
i (t)

i t

t

where  denotes the guaranteed winning capacity of
station  in time period , including upward frequency regula-
tion  power  and  downward  frequency  regulation  power.  The
deficit  capacity  of  the  energy  storage  alliance  agent  in  time
period  after  subtracting  the  sum  of  the  guaranteed  winning
capacities of each station is
 

Cneed
i (t) =Cbid(t)−

I∑
i=1

Cbid,must
i (t) (17)

Cneed
i (t)where  denotes  the  sum  of  the  frequency  regulation

capacity to be additionally provided by each station within the
alliance,  including  upward  frequency  regulation  power  and
downward frequency regulation power.

The  remaining  available  upward  power  and  downward
power of each station within the alliance after subtracting the
guaranteed winning capacity from the declared capacity are
 C

sur,up
i (t) = PB,up

i (t)−Cbid,must
i (t)

Csur,down
i (t) = PB,down

i (t)−Cbid,must
i (t)

(18)

Csur,up
i (t) Csur,down

i (t)

i
t

where  and  respectively  denote  the
remaining  available  upward  frequency  regulation  power  and
downward  frequency  regulation  power  of  station  in  time
period .

To ensure the minimum number of participants in each fre-
quency  regulation  dispatch  period  of  the  energy  storage

alliance,  both  the  remaining  available  upward  and  downward
frequency regulation power of each station in the alliance are
sorted in descending order. The sum is accumulated from top
to  bottom  until  the  total  upward  frequency  regulation  power
and  total  downward  frequency  regulation  power  of  the
selected stations both meet  the deficit  capacity.  At  this  point,
part  or  all  of  the  remaining  capacity  of  the  selected  stations
wins  the  bid,  while  the  remaining  capacity  of  the  other  sta-
tions fails to win the bid.

i
t

The actual winning capacity of station  within the alliance
in time period  is
 C

bid,up
i (t) =Cbid,must

i (t)+Csup ,up
i (t)

Cbid,down
i (t) =Cbid,must

i (t)+Csup ,down
i (t)

(19)

Cbid,up
i (t)

i t Cbid,down
i (t)

i t Csup ,up
i (t)

i t Csup ,down
i (t)

i t

where  denotes  the winning upward frequency regu-
lation  capacity  of  Station  in  time  period ; 
denotes the winning downward frequency regulation capacity
of  station  in  time  period ;  denotes  the  winning
part  of  the  remaining  available  upward  frequency  regulation
power  of  station  in  time  period ;  and  denotes
the  winning  part  of  the  remaining  available  downward  fre-
quency regulation power of station  in time period .  

B.   Dispatching  Strategy  Considering  Equal  Opportunity  of
Frequency Regulation Response for Stations

i j
t

During  the  response  period,  the  energy  storage  alliance
agent receives frequency regulation instructions issued by the
dispatch center and allocates frequency regulation tasks in pro-
portion  to  the  actual  winning  upward  and  downward  fre-
quency  regulation  capacities  of  each  station.  The  frequency
regulation task that station  shall undertake during the th fre-
quency regulation dispatch in time period  is
 

PAGC
i, j (t) =



Cbid,up
i (t)

I∑
i=1

Cbid,up
i (t)

PAGC
j (t), PAGC

j (t) > 0

0, PAGC
j (t) = 0

Cbid,down
i (t)

I∑
i=1

Cbid,down
i (t)

PAGC
j (t), PAGC

j (t) < 0

(20)

PAGC
i, j (t)

i
t PAGC

j (t)

t

where  denotes the frequency regulation task that sta-
tion  shall  undertake  during  the jth frequency  regulation  dis-
patch in time period , and  denotes the frequency reg-
ulation  instruction  received  by  the  energy  storage  alliance
agent during the jth dispatch in time period .  

C.   Settlement  Strategy  Based  on  the  Process  of  Actual  Fre-
quency Regulation Response of Stations

As the  hub  between the  frequency  regulation  auxiliary  ser-
vice market and the stations, the market settles accounts based
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t

on  the  actual  response  of  the  energy  storage  alliance  agent.
The frequency regulation revenue obtained by the energy stor-
age alliance agent in time period  is
 

RC(t) = BC
I∑

i=1

[
Cbid,up

i (t)+Cbid,down
i (t)

]
RM(t) = BMK(t)

I∑
i=1

J∑
j=1

PAGC
i, j (t)

(21)

RC(t)
t

RM(t)
t K(t)

t

J
t

where  denotes  the  frequency  regulation  capacity  rev-
enue  of  the  energy  storage  alliance  agent  in  time  period ;

 denotes the frequency regulation mileage revenue of the
energy  storage  alliance  agent  in  time  period ;  denotes
the  frequency  regulation  performance  of  the  energy  storage
alliance  in  time  period ,  taking  the  mean  value  of  the  fre-
quency  regulation  performance  of  the  stations  within  the
alliance;  and  denotes  the  number  of  frequency  regulation
dispatches within time period .

i
t

Based on the winning capacity and actual dispatch situation
of each station, the energy storage alliance agent allocates the
frequency  regulation  revenue,  without  considering  cost  shar-
ing temporarily. The frequency regulation revenue of Station 
in time period  is
 

RC
i (t) =

Cbid,up
i (t)+Cbid,down

i (t)
I∑

i=1

[
Cbid,up

i (t)+Cbid,down
i (t)

]RC(t)

RM
i (t) =

J∑
j=1

PAGC
i, j (t)

I∑
i=1

J∑
j=1

PAGC
i, j (t)

RM(t)

(22)

RC
i (t)

i t RM
i (t)

i t

where  denotes  the  frequency  regulation  capacity  rev-
enue of  station  in time period ,  and  denotes the fre-
quency regulation mileage revenue of station  in time period .

The overall process of the control strategy described earlier
is shown in Fig. 4.  

D.  Evaluation Indicators
(1) Performance indicator for tracking dispatching plans

 

Pindex
i =

1
100

√√√√√√√√ T∑
t=1

(Perr
i (t))2

T
(23)

 

Perr
i (t) =


PWB

i (t)−PWP,up
i (t), PWB

i (t) > PWP,up
i (t)

PWP,down
i (t)−PWB

i (t), PWP,down
i (t) > PWB

i (t)

0, else

(24)

Pindex
i iwhere  denotes the performance indicator for station  to

track  dispatching  plans,  representing  the  root  mean square  of

i
Perr

i (t)
i t T

deviations between the actual grid-connected power of station
 and the dispatching plans. The smaller this value is, the bet-

ter  the  ability  to  track  dispatching  plans;  denotes  the
dispatching  deviation  of  station  in  time  period ;  and 
denotes the number of dispatching operations with a time step
of 15 min, and it is set to 96.

(2) Assessment quantity indicator
 

Papc
i (t) =

T∑
t=1

Perr
i (t)

4
(25)

Papc
i (t)

i t
where  denotes the assessment quantity indicator of sta-
tion  in  time  period .  A  smaller  assessment  quantity  value
indicates a stronger regulation capability of the energy storage
system,  enabling  it  to  better  fulfill  dispatch  instructions  and
thereby enhance grid stability.

(3) Energy storage utilization rate indicator
 

Pusage
i =

K∑
k=1

[
PB,c

i (k)+PB,d
i (k)+PB,up

i (k)+PB,down
i (k)

]
K∑

k=1

PB,rate
i (k)

×100%

(26)

 

Start

Obtain the ultrashort-term predicted output  in the current
time period and the next three time periods

Obtain the dispatching plan output  in the current time
period and the next three time periods

Establish the objective function with the
maximization of net profit 

Solve to obtain the optimal energy storage
control sequence 

Determine the auxiliary dispatching planned power
for the current time period and the bidding power

in the next time period  

Determine the  bidding capacity of the energy storage alliance and
the energy storage winning capacity  for the next time period 

Perform frequency regulation dispatch for energy
storage within the alliance in the current time period 

Perform settlement based on the actual frequency regulation response
process of the energy storage alliance agent 

Output the relevant power,  frequency regulation revenue of the energy
storage , and winning capacity for the next time period

End

Obtain  winning capacity in the current time period

 
Fig. 4.     Control strategy flow chart.
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Pusage
i

i
i

i K

where  denotes the energy storage utilization rate of Sta-
tion , representing the ratio of the sum of the actual dispatch
mileage of energy storage  to the sum of the frequency regu-
lation mileage under  maximum power output.  The larger  this
value is, the higher the utilization rate of the energy storage of
station ; and  denotes the number of dispatching operations
with a time step of 1 min, and it is set to 1440.  

V.  Results and Model Validation
  

A.  Case Study Design
To verify  the  effectiveness  of  the  strategy  proposed  in  this

paper, a case study is constructed based on the generation data
of  a  domestic  wind  farm  and  a  PV  power  station.  Among
them,  the  dispatching plans  and actual  output  curves  of  wind
farm  1,  wind  farm  2,  and  the  PV  power  station  on  a  typical
day are shown in Fig. 5, respectively. The dynamic frequency
regulation  signal  generated  with  reference  to  the  energy stor-
age  frequency  regulation  dispatching  mechanism  in  the  PJM
market  is  presented  in Fig.  6.  The  relevant  parameters  of  the
wind-storage  system  and  the  PV-storage  system  are  listed  in
Table 2, and other system parameters are shown in Table 3.

To demonstrate and compare the effectiveness of the coordi-
nated optimal dispatching strategy for the multi-wind-PV-stor-
age system proposed in this  paper,  the operation and revenue
of wind-storage system and PV-storage system in four scenar-
ios are discussed respectively.  Scenario 1:  no energy storage;
scenario 2: energy storage within the station only assists units
in  tracking  dispatching  plans  without  participating  in  fre-
quency  regulation  auxiliary  services;  scenario  3:  energy  stor-
age system at each station assists the generating unit in track-
ing  dispatching  plans  and,  under  the  existing  market-based
participation  mode,  independently  participates  in  the  fre-
quency  regulation  ancillary  service  market  as  an  individual
market  entity;  and  scenario  4:  energy  storage  system  at  each
station assists in tracking dispatching plans and participates in
the  frequency  regulation  ancillary  service  market  through  an
alliance-based aggregation mode.  

B.  Calculation Results and Analysis
  

B.1  Effectiveness Analysis of Energy Storage Assisting Units
in Tracking Dispatching Plans

The effectiveness of energy storage assisting units in track-
ing dispatching plans for all stations under different scenarios
is  shown  in Fig.  7,  and Table  4 compares  the  performance
indicators  of  all  stations  in  tracking  dispatching  plans  under
different scenarios.

As  can  be  seen  from Fig.  7,  wind-storage  system  1  can
respond to dispatching plans in all periods except for dispatch
deviations  occurring  in  periods  92–96  (scenario  2),  93–96
(scenario  3),  and  58–67,  93,  and  95–96  (scenario  4),  respec-
tively.  Wind-storage  system  2  can  respond  to  dispatching
plans in all periods except for dispatch deviations occurring in

periods 7–32 and 85–96 under scenarios 2, 3, and 4. PV-stor-
age  system  can  respond  to  dispatching  plans  throughout  the
entire  period under  Scenarios 2 and 3,  with a  dispatch devia-
tion occurring only in periods 35, 48, 53, and 55 in scenario 4.
The reason for  the  different  dispatch deviation periods  of  the
stations under different scenarios is that the energy storage in
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Fig. 5.     Dispatching plans and actual outputs of all stations.
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Fig. 6.     Dynamic frequency regulation signals.
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the  stations  under  scenarios  2  and  3  is  almost  only  used  to
assist units in tracking dispatching plans, while in scenario 4,
in addition to assisting units in tracking dispatching plans, the
energy storage also participates in frequency regulation auxil-
iary  services  multiple  times,  resulting  in  more  charging  and
discharging opportunities, which is conducive to the recovery
of  the  energy  storage  SOC.  As  shown  in Fig.  7,  the  energy
storage  of  wind-storage  system  2  was  completely  unable  to
respond  to  dispatching  plans  during  periods  7–32  under  sce-

narios  2  and  3,  but  in  scenario  4,  due  to  the  supplementary
power obtained from participating in frequency regulation, the
energy storage can intermittently respond to dispatching plans.

Further  comparison  of Table  4 shows  that  the  maximum
absolute value of output deviation of wind-storage system 1 is
the smallest in scenario 4 and the largest in scenarios 1 and 2;
the maximum absolute value of output deviation of wind-stor-
age  system 2  is  the  same  across  all  scenarios,  at  10.02  MW;

 

TABLE 2
Relevant Parameters of Wind-Storage System and PV-

Storage System

Project
Parameter

Wind farm 1 Wind farm 2 PV power
station

Installed capacity of the sta-
tion (MW) 88 50 20

Rated power of energy stor-
age (MW) 20 10 5

Rated capacity of energy
storage (MWh) 40 20 10

Investment cost of the
energy storage (yuan) 57,000,000 44,000,000 17,400,000

Rated cycle life at 100%
DoD 2500 2500 3000

 

TABLE 3
Other System Parameters

Project Parameter

λ (yuan/MWh) 480

BC  (yuan/MW) 60

BM  (yuan/MW) 10

b 1.5

β (MWh/MW) 0.13

θ  (%) 3

SOCmin 0.1

SOCmax 0.9

ηc,ηd 0.9
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Fig. 7.     Performance of all stations in tracking dispatching plans under different scenarios.
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Pindex

Pindex

and  the  maximum  absolute  value  of  output  deviation  of  PV-
storage  system  is  the  smallest  in  scenarios  2  and  3  and  the
largest  in  scenario  1.  The  assessment  electricity  quantity  of
wind-storage  system  1  is  the  smallest  in  scenario  4;  that  of
wind-storage system 2 is the smallest in scenario 3; and that of
PV-storage system is  relatively small  in both scenarios 2 and
3,  at  0.10 MWh. By comparing the dispatching plan tracking
indicators between scenarios 2 and 4, it can be found that the

 indicator of wind-storage system 1 in scenario 4 is 50%
lower  than  that  in  scenario  2,  while  the  indicators  of
wind-storage system 2 and PV-storage system are the same in
both scenarios 2 and 4. Therefore, the strategy proposed in this
paper can improve the ability of  energy storage in stations to
assist units in tracking dispatching plans.  

B.2  Analysis of Energy Storage Participation in the Fre-
quency Regulation Auxiliary Service Market

The frequency regulation capacity declared by all stations to
the energy storage alliance agent under scenario 4 is shown in
Fig.  8,  and  the  winning  capacity  after  the  integrated  calcula-
tion  of  the  declared  frequency  regulation  capacity  by  all  sta-
tions  in  each  period  by  the  energy  storage  alliance  agent  is
shown in Fig. 9.

As can be seen from Fig. 8, since wind farms operate contin-
uously 24 h a day, the station’s energy storage needs to deter-
mine whether  it  is  necessary  to  assist  the  unit  in  tracking the
dispatching plan during each dispatching period. The remain-
ing power of the station’s energy storage often only has a uni-
directional  output  capacity,  so  the  declared frequency regula-
tion capacity of wind-storage system 1 and wind-storage sys-
tem 2 is mostly either upward or downward frequency regula-
tion capacity in each period. In addition, wind-storage system
1 and wind-storage system 2 declared bidirectional frequency
regulation  capacity  in  period  83  and  periods  57,  67,  74,  and
79,  respectively,  because  the  actual  output  of  the  wind  farm
was  within  the  allowable  deviation  range  of  the  dispatching
plan  during  these  periods.  In  contrast,  affected  by  its  power

 

TABLE 4 
Performance Indicators of All Stations in Tracking Dispatching Plans Under Different Scenarios

Scenario/system Maximum absolute value of output
deviation (MW) Assessment quantity (MWh) Indicators in tracking dispatching

plans

1

Wind farm 1 20.70 112.38 0.46

Wind farm 2 10.02 63.34 0.26

PV power station 5.38 11.27 0.05

2

Wind-storage system 1 20.70 9.99 0.04

Wind-storage system 2 10.02 21.66 0.09

PV-storage system 0.38 0.10 0

3

Wind-storage system 1 14.25 7.23 0.02

Wind-storage system 2 10.02 21.25 0.02

PV-storage system 0.38 0.10 0

4

Wind-storage system 1 2.99 5.00 0.02

Wind-storage system 2 10.02 23.18 0.09

PV-storage system 1.02 0.91 0
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Fig. 8.     Declared frequency regulation capacity of all stations.
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Fig. 9.     Winning frequency regulation capacity of all stations.
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generation  characteristics,  PV-storage  system  only  generates
power during the day. Therefore, it declared bidirectional fre-
quency  regulation  capacity  in  both  periods  1–21  and  67–96,
and  only  declared  unidirectional  frequency  regulation  capac-
ity in other periods because it needed to assist the unit in track-
ing the dispatching plan.

As  can  be  seen  from Fig.  9,  since  the  declared  frequency
regulation capacity of PV-storage system in periods 1–21 and
67–96  includes  equivalent  upward  and  downward  frequency
regulation  capacity,  all  the  declared  frequency  regulation
capacity  of  PV-storage system was awarded in  these  periods.
In addition,  to meet  the access requirements of  the frequency
regulation auxiliary service market, the energy storage alliance
agent integrated the unidirectional frequency regulation capac-
ity  declared  by  each  station  with  the  goal  of  maximizing  the
declared frequency regulation capacity in each period. Taking
period 48 in Fig. 9 as an example, the upward frequency regu-
lation capacity in this period consists of wind-storage system 2
and  PV-storage  system,  with  the  two  stations  awarded  9.48
and  1.29  MW,  respectively,  while  the  downward  frequency
regulation  capacity  is  composed  of  wind-storage  system  1,
with  the  station  awarded  10.77  MW.  The  participation  mode
of the energy storage alliance in the frequency regulation aux-
iliary  service  market  can  provide  more  opportunities  for  sta-
tions to participate in frequency regulation auxiliary services,

thus  increasing  the  revenue  of  stations  from  participating  in
auxiliary services.

The composition of energy storage output and the SOC vari-
ation  curves  of  energy  storage  for  all  stations  under  different
scenarios  are  shown  in Figs.  10 and 11,  respectively.  As
shown in Fig. 10, in scenario 2, the energy storage in stations
only assists  units  in tracking dispatching plans,  so the energy
storage  output  of  each  station  consists  solely  of  power  for
assisting dispatching plans. In scenario 3, the energy storage in
stations participates in frequency regulation auxiliary services
independently  when meeting the  frequency regulation market
access requirements, the energy storage output composition of
wind-storage  system  1  and  wind-storage  system  2  includes  a
small  amount  of  frequency  regulation  response  power,  while
the  energy  storage  output  of  PV-storage  system  is  mainly
composed  of  frequency  regulation  response  power.  The  rea-
son  is  that  wind  farms  generate  power  continuously  through-
out the day, and deviations between the actual output and the
dispatch plan exist during most periods. As a result, the energy
storage  system  must  give  priority  to  assisting  the  generating
unit  in  tracking  the  dispatch  plan,  leaving  relatively  limited
remaining  power  available  for  frequency  regulation.  In  con-
trast, PV plants generate power only during daytime, and dur-
ing nighttime as well as some non-generating periods, energy
storage  is  not  required  to  continuously  correct  dispatch  plan
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Fig. 10.     Composition of energy storage output of all stations under different scenarios.
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deviations. Therefore, the storage system has more remaining
regulation  capability  available  for  frequency  regulation  ser-
vices. Compared with scenario 3, in scenario 4 where stations
participate  in  the  frequency  regulation  auxiliary  service  mar-
ket  through  the  energy  storage  alliance,  the  unidirectional
remaining regulation capacities of wind-storage system 1 and
wind-storage  system 2  can  be  integrated  through  the  alliance
and  converted  into  effective  awarded  capacity;  therefore,  the
proportion of frequency regulation response power in the stor-
age  output  of  both  systems increases  significantly.  As  shown
in Fig.  11,  due  to  the  similar  composition  of  energy  storage
output, the SOC variation of energy storage for all stations in
scenarios 2 and 3 is basically consistent. In scenario 4, due to
the  substantial  frequency  regulation  output  of  station  energy
storage,  the  SOC  maintenance  effect  of  energy  storage  in
wind-storage  system  1  and  PV-storage  system  is  slightly
worse than that in scenarios 2 and 3.

To further analyze the participation of energy storage in the
frequency  regulation  auxiliary  service  market,  the  utilization
rate  indicators  of  energy  storage  for  all  stations  under  differ-
ent scenarios are calculated, and the results are shown in Table
5. Compared with that in scenario 2, the energy storage utiliza-
tion rate of  wind-storage system 1 in scenario 4 increased by
5.57%, that of wind-storage system 2 increased by 5.46%, and
that  of  PV-storage  system  increased  by  31.57%.  Under  the
strategy  proposed  in  this  paper,  the  application  scenarios  of
station  energy  storage  have  shifted  from  a  single  scenario  of
assisting units in tracking dispatching plans to multiple scenar-
ios  where  they  can  simultaneously  participate  in  frequency
regulation auxiliary services. This can effectively improve the
utilization  rate  of  energy  storage  in  RPP  and  shorten  the
investment payback period of energy storage.  

B.3  Economic Analysis of Stations
Table  6 presents  the  abandoned  wind  and  PV power  of  all

stations under different scenarios.
As can be seen from Table 6, the abandoned wind power of

wind-storage system 1 in scenario 4 is less than that in scenar-
ios  2  and 3.  After  configuring energy storage,  the  abandoned
wind  and  PV  power  of  wind  farm  2  and  PV  power  station
have been reduced to 0 MWh.

Tables  7–9 present  the  operating costs,  revenues,  and prof-
its  of  each  station  in  scenarios  2–4,  respectively.  As  can  be
seen from Table 9, the total profit of wind-storage system 1 in
scenario  4  is  187,484.54  yuan,  an  increase  of  4.96% com-
pared with that in scenario 3, among which the frequency reg-
ulation revenue has increased by 113.13%.  The total profit of
wind-storage  system  2  in  scenario  4  is  51,734.99  yuan,  an
increase of 10.49% compared with that in scenario 3, with the
frequency  regulation  revenue  increasing  by  107.89%.  As  can
be seen from Table 8, this is mainly because, under scenario 4,
 

TABLE 5
Utilization Rate of Energy Storage for All Stations

Under Different Scenarios

Scenario
Pusage

iEnergy storage utilization rate indicator  (%)
Wind-storage

system 1
Wind-storage

system 2
PV-Storage

system
2 21.33 17.37 9.31

3 22.96 19.70 40.43

4 26.90 22.83 40.88

 

TABLE 6
Abandoned Wind and PV Power of All Stations Under Dif-

ferent Scenarios

Scenario
Abandoned wind and PV power (MWh)

Wind-storage
system 1

Wind-storage
system 2 PV-storage system

1 74.51 19.05 7.40

2 9.99 0 0

3 7.23 0 0

4 0.28 0 0
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Fig. 11.     SOC variation curves of energy storage for all stations under differ-
ent scenarios.

Li et al. POWER AND ENERGY FUTURE

Power and Energy Future, 2026, 1, 9650009 14

https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009
https://www.sciopen.com/article/10.26599/PEF.2026.9650009


the energy storage alliance effectively integrates the unidirec-
tional remaining regulation capability of each station, enabling
the wind-storage systems to gain more opportunities to partici-
pate  in  frequency  regulation  ancillary  services,  thereby

increasing  their  frequency  regulation  revenue  and  signifi-
cantly improving their total profit. The total profit of PV-stor-
age system in scenario 4 is 102,331 yuan, slightly lower than
that  in  scenario  3.  The  main  reason is  that,  under  scenario  3,
the PV-storage station is already able to participate in the fre-
quency regulation market independently by virtue of its strong
bidirectional frequency regulation capability. Therefore, under
scenario  4,  the  incremental  revenue  brought  by  the  alliance-
based  participation  mode  is  relatively  limited,  and  the  addi-
tional revenue is basically offset by the additional costs, result-
ing in a slight decrease in the total profit.  

C.   Verification  of  strategy  stability  under  high  Wind- or  PV
variability scenarios

In  practical  engineering scenarios,  wind and PV generation
is  subject  to  significant  uncertainty,  which  can  lead  to  larger
deviations  between  actual  and  scheduled  outputs.  To  better
reflect  real-world  conditions,  this  subsection  amplifies  the
fluctuation magnitude of the actual wind-PV output relative to
the dispatching plan,  and compares the corresponding perfor-
mance  indices  against  those  under  the  original  wind-PV pro-
files, so as to verify the stability of the proposed strategy under
high wind-PV variability.

The  high-variability  scenario  adopted  in  this  paper  is  con-
structed as follows for the units’ actual power output
 

PW,high
i (t) = PWP

i (t)+α(PW
i (t)−PWP

i (t)) (27)

PW,high
i (t) i

t α

where  denotes  the  actual  power  output  of  station 
in time period ; and  denotes deviation coefficient of actual
output relative to the dispatching plan, and it is set to 1.2.

The  tracking  performance  of  the  storage-assisted  units  at
each station under the high-variability scenario is illustrated in
Fig. 12. Table 10 compares the dispatch-tracking performance
indices of each station under two scenarios.

Compared with the original scenario, wind-storage system 1
exhibits additional dispatch deviations at time intervals 23, 44,
54,  57,  and  92,  while  it  follows  the  dispatch  schedule  in  the
remaining intervals. Wind-storage system 2 does not show an
increase  in  the  number  of  intervals  with  dispatch  deviations;
however,  when deviations occur,  their  magnitudes are  farther
away  from  the  deviation  band,  whereas  the  other  intervals
largely  coincide  with  those  in  the  original  scenario.  The  PV-
storage plant shows one fewer dispatch deviation at interval 48
but additional deviations at intervals 51, 52, and 54, and it fol-
lows the dispatch schedule in all other intervals.

Scenario 5 denotes the high-variability scenario.  

D.  Analysis  of  the economic impacts  of  frequency regulation
mileage price variations

This  subsection  considers  different  frequency  regulation
mileage prices and analyzes how changes in the mileage price
affect plant-level utilization and revenues.

In the preceding subsections, the regulation mileage price is
set  to 10,  which is  regarded as the baseline market  incentive.

 

TABLE 7
Operating Costs of All Stations Under Different Scenar-

ios

Scenario/system
Lifetime
loss cost
(yuan)

Energy
loss cost
(yuan)

Output devia-
tion penalty cost

(yuan)

2

Wind-storage system 1 10,839.65 5116.75 9587.17

Wind-storage system 2 8249.42 2121.28 20,792.98

PV-storage system 1336.14 1115.41 92.35

3

Wind-storage system 1 11,482.78 5510.82 6943.02

Wind-storage system 2 8457.46 2404.00 20,398.42

PV-storage system 2080.69 2446.16 92.35

4

Wind-storage system 1 15,158.55 6465.13 4796.57

Wind-storage system 2 10,052.14 2780.47 22,248.18

PV-storage system 2528.13 2475.00 870.24

 

TABLE 8
Operating Revenues of All Stations Under Different Sce-

narios

Scenario/system Energy revenue
(yuan)

Frequency regula-
tion revenue (yuan)

2

Wind-storage system 1 19,4691.19 0

Wind-storage system 2 69,869.00 0

PV-storage system 50,573.82 0

3

Wind-storage system 1 19,4691.19 7872.00

Wind-storage system 2 70,066.28 8016.00

PV-storage system 50,573.82 57,729.00

4

Wind-storage system 1 197,127.17 16,777.62

Wind-storage system 2 70,151.59 16,664.19

PV-storage system 50,637.36 57,567.01

 

TABLE 9
Operating Profit of All Stations Under Different Scenar-

ios

Scenario/system Total cost
(yuan)

Total rev-
enue (yuan)

Total profit
(yuan)

2

Wind-storage system 1 25,543.57 194,691.19 16,9147.62

Wind-storage system 2 31,163.68 69,869.00 38,705.32

PV-storage system 2543.9 50,573.82 48,029.92

3

Wind-storage system 1 23,936.62 202,563.19 178,626.57

Wind-storage system 2 31,259.88 78,082.28 46,822.4

PV-storage system 4619.2 108,302.82 103,683.62

4

Wind-storage system 1 26,420.25 213,904.79 187,484.54

Wind-storage system 2 35,080.79 86,815.78 51,734.99

PV-storage system 5873.37 108,204.37 102,331
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BM = 5
BM = 20

In what follows, the variation trends of the relevant indices are
analyzed under a low-incentive market regime ( ) and a
high-incentive market regime ( ).

It  can  be  observed  from  the  operation  that  changes  in  the
frequency regulation mileage price do not alter the number of
energy  storage  actions,  and  therefore,  the  energy  storage  uti-
lization rate remains unchanged.

As  can  be  seen  from Table  11,  as  the  regulation  mileage
price  increases,  the  total  cost  remain  unchanged,  while  the
increase  in  frequency  regulation  mileage  leads  to  higher  fre-
quency  regulation  revenue,  which  in  turn  improves  the  total
profit of the station.  

E.  Ultra-short-term Forecast Error Sensitivity Analysis

i t

To examine the sensitivity of the rolling optimization results
to ultra-short-term forecast errors, some forecast error scenar-
ios are constructed on the basis of the benchmark case. Let the
ultra-short-term forecast output of station  in time period  be
defined as
 

PST
i (t) = (1+εi)PWB

i (t) (28)

PST
i (t)

i t εi

where  denotes  the  ultra-short-term  forecast  output  of
station  in  time  period ,  and  denotes  the  forecast  error
coefficient.

To  more  intuitively  reflect  the  sensitivity  of  the  proposed
strategy to ultra-short-term forecast errors under different error
scenarios,  the  three  systems  are  aggregated.  A  comparative
analysis  is  then  conducted  on  the  changing  trends  of  total
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Fig. 12.     Performance of all stations in tracking dispatching plans under two
scenarios.

 

TABLE 10
Performance Indicators of All Stations in Tracking Dis-

patching Plans Under two Scenarios

Scenario/system
Maximum abso-

lute value of
output devia-
tion (MW)

Assessment
quantity
(MWh)

Indicators in
tracking dis-

patching
plans

4

Wind-storage system 1 2.99 5.00 0.02

Wind-storage system 2 10.02 23.18 0.09

PV-storage system 1.02 0.91 0

5

Wind-storage system 1 24.95 16.29 0.07

Wind-storage system 2 11.39 27.53 0.11

PV-storage system 1.53 1.57 0.01

 

TABLE 11 
Operating Profit of All Stations Under Different incentive

Incentive/system Total cost (yuan) Total revenue (yuan) Total profit (yuan)

Low

Wind-storage system 1 26,420.25 20,8417.4 181,997.15

Wind-storage system 2 35,080.79 81,282.23 46,201.44

PV-storage system 5873.37 88,133.9 82,260.53

Base

Wind-storage system 1 26,420.25 213,904.79 187,484.54

Wind-storage system 2 35,080.79 86,815.78 51,734.99

PV-storage system 5873.37 108,204.37 102,331

High

Wind-storage system 1 26,420.25 224,879.57 198,459.32

Wind-storage system 2 35,080.79 97,882.88 62,802.09

PV-storage system 5873.37 148,345.3 142,471.93
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assessment  quantity  and total  profit  under  different  error  sce-
narios, as shown in Table 12.

 
 

TABLE 12 
Variation of Each Indicator under Different Error Sce-

narios

Scenario Total assessment quantity (MWh) Total profit (yuan)

3 28.58 329,133

4 29.09 341,551

1% error 27.72 346,930

2% error 27.63 350,420

3% error 27.43 347,310

4% error 27.87 349,530

5% error 32.74 346,460

6% error 35.67 341,820

7% error 41.69 335,330

8% error 52.94 315,040

 
εiThe results show that when the value of  lies within a cer-

tain  point  between  4% and  5%,  the  total  assessment  quantity
begins  to  exceed that  of  the  benchmark strategy;  when it  lies
within  a  certain  point  between  7% and  8%,  the  total  profit
begins to fall below that of the benchmark strategy. This indi-
cates  that  the  proposed  strategy  still  maintains  advantages  in
tracking  dispatch  performance  and  economic  performance
within  a  certain  range  of  ultra-short-term  forecast  errors,
demonstrating good adaptability to such forecast errors within
that range.  

F.   Case  study  analysis  considering  stochastic  MPC  and
chance-constrained methods

To  further  enhance  the  robustness  of  the  proposed  rolling
optimization  dispatch  method  under  renewable  energy  fore-
cast errors, this paper introduces an SMPC approach based on
the  original  rolling  optimization  framework,  considering  the
impact  of  ultra-short-term  forecast  uncertainty  on  dispatch
decisions.  During  the  rolling  optimization  process,  the  actual
output can be expressed as
 

Pact
i (t) = PST

i (t)+ ξt (29)

Pact
i (t) i

t ξt

where  denotes  the  actual  output  of  station  in  time
period , and   denotes the forecast error random variable.

This  paper  assumes that  the  ultra-short-term forecast  errors
of  wind  power  and  PV  follow  a  normal  distribution  with  a
mean of zero.
 

ξt ∼ N(0,σ2
t )

σt = ρPST
i (t)

(30)

σt
ρ

where  denotes the standard deviation of the forecast error,
and  denotes  the  forecast  error  scaling  coefficient.  In  this

paper, the value is set to 8% for wind power stations and 10%
for PV stations.

The equivalent output considering forecast errors is given by
 

Pnet
i (t) = PST

i (t)+PB,d
i (t)−PB,c

i (t) (31)

To ensure the reliability of energy storage-assisted tracking
of  the  dispatch  plan,  this  paper  further  introduces  a  chance-
constrained  method,  extending  the  plan-tracking  constraints
from deterministic constraints to probabilistic constraints.
 

Pr(Pnet
i (t) ⩽ PWP,up

i (t)) ⩾ 1−ε

Pr(Pnet
i (t) ⩾ PWP,down

i (t)) ⩾ 1−ε
(32)

Pr(·)

ε

where  denotes the probability operator, and it  is used to
characterize the probability level that the constraints are satis-
fied under the influence of the forecast error random variable;
and  denotes the violation probability, and the value is set to
5%.

Under  the assumption that  the  forecast  error  follows a  nor-
mal  distribution,  the  above  probabilistic  constraint  can  be
transformed into an equivalent deterministic form.
 

PST
i (t)+PB

i (t)+ zεσt ⩽ PWP,up
i (t)

PST
i (t)+PB

i (t)− zεσt ⩾ PWP,down
i (t)

(33)

Since  the  above  model  requires  relatively  strict  parameter
selection,  this  paper  further  adopts  a  soft  chance-constrained
formulation.
 

PST
i (t)+PB

i (t)+ zεσt ⩽ PWP,up
i (t)+ st

PST
i (t)+PB

i (t)− zεσt ⩾ PWP,down
i (t)− st

st ⩾ 0

(34)

zε
st

where  denotes the quantile of the standard normal distribu-
tion and   denotes the slack variable.

Under the SMPC and chance-constrained model that consid-
ers  forecast  uncertainty,  simulation  analyses  were  conducted
for three renewable power stations. The results of the tracking
performance  indicators,  compared  with  those  of  the  original
method, are shown in Table 13.

By  comparing  the  tracking  performance  indicators  of  the
two methods, it can be observed that different types of renew-
able  energy  systems  exhibit  significantly  different  behaviors
after incorporating forecast uncertainty. For wind-storage sys-
tem 1, the tracking performance index increases from 0.02 to
0.05. This indicates that,  after considering forecast errors, the
dispatch strategy of wind-storage system 1 becomes more con-
servative, as the energy storage system needs to reserve regu-
lation  margins,  leading  to  reduced  tracking  accuracy  in  some
periods. For wind-storage system 2, the tracking performance
index decreases from 0.09 to 0.08. This suggests that for wind
farms with larger fluctuations, the stochastic MPC method can
effectively  reduce  the  accumulation  of  deviations  caused  by
forecast  errors,  thereby  significantly  improving  tracking  per-
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formance. For the PV-storage system, the maximum deviation
decreases from 1.02 to 0.38 MW, and the assessment quantity
decreases from 0.91 to 0.10 MWh, indicating that the PV sys-
tem  achieves  near-perfect  tracking  under  the  stochastic  MPC
method,  with  the  impact  of  forecast  errors  being  effectively
suppressed.

The  SOC  variation  curves  of  each  station  before  and  after
incorporating forecast uncertainty are shown in Fig. 13.

As can be observed from Fig.  13,  after  introducing SMPC,
the SOC variation range of each system increases overall, and
in some periods it even approaches the upper and lower SOC
bounds  more  frequently.  The main  reasons  are  as  follows:  In
deterministic MPC, the rolling optimization is based only on a
single forecast trajectory, and the charging/discharging behav-
ior of energy storage mainly serves as a passive correction of
current  deviations.  In  contrast,  in  SMPC,  the  optimization
model  considers  forecast  error  scenarios  and their  probability
distributions,  requiring  the  energy  storage  system  to  reserve
regulation  capacity  for  future  uncertainties.  As  a  result,  the
storage system may charge or discharge in advance during cer-
tain  periods,  leading  to  more  pronounced  dynamic  fluctua-
tions in the SOC trajectory. In addition, since wind power typ-
ically  exhibits  higher  randomness  and  volatility  than  PV,  its
forecast error distribution is generally wider. Under the influ-
ence  of  chance  constraints,  the  wind-storage  systems  need  to
adjust  their  storage  states  more  frequently,  resulting  in  more
pronounced SOC fluctuations compared with PV-storage sys-
tems.

To further  analyze  the  utilization  of  energy storage  at  each
station after introducing SMPC, a comparative analysis of the
energy  storage  utilization  rate  before  and  after  the  modifica-
tion is conducted, as shown in Table 14.

From  the  energy  storage  utilization  results,  it  can  be
observed that under the improved method, the utilization rates

of wind-storage system 1 and wind-storage system 2 increase
from  26.90% and  22.83% to  28.72% and  27.07%,  respec-
tively,  while  the  utilization  rate  of  the  PV-storage  system
decreases  from  40.88% to  18.99%.  This  indicates  that,  after
considering  forecast  uncertainty,  the  utilization  patterns  of

 

TABLE 13 
Performance Indicators of All Stations in Tracking Dispatching Plans Under two Methods

Method/system Maximum absolute value of out-
put deviation (MW) Assessment quantity (MWh) Indicators in tracking dispatch-

ing plans

MPC

Wind-storage system 1 2.99 5.00 0.02

Wind-storage system 2 10.02 23.18 0.09

PV-storage system 1.02 0.91 0

SMPC

Wind-storage system 1 14.48 12.37 0.05

Wind-storage system 2 9.40 18.86 0.08

PV-storage system 0.38 0.10 0
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Fig. 13.     SOC variation  curves  of  energy  storage  for  all  stations  under  two
methods.

 

TABLE 14 
Utilization Rate of Energy Storage for All Stations Under two Methods

Method
Pusage

iEnergy storage utilization rate indicator  (%)

Wind-storage system 1 Wind-storage system 2 PV-storage system

MPC 26.90 22.83 40.88

SMPC 28.72 27.07 18.99
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energy storage in different  types of  renewable power stations
exhibit clear differentiation.

An  economic  analysis  of  the  renewable  power  stations  is
conducted, as shown in Table 15.

 
 

TABLE 15 
Operating Profit of All Stations Under two Methods

Method/system Total cost (yuan) Total revenue (yuan) Total profit (yuan)

MPC

Wind-storage system 1 26,420.25 208,417.4 181,997.15

Wind-storage system 2 35,080.79 81,282.23 46,201.44

PV-storage system 5873.37 88,133.9 82,260.53

SMPC

Wind-storage system 1 35,504.4 223,930.94 188,426.55

Wind-storage system 2 34,412.89 95,424.69 61,011.8

PV-storage system 4045.75 64,445.71 60,399.96

 

The total  profit  of  wind-storage system 1 increases  slightly
from 187,484.54 to 188,426.55 yuan; the total profit of wind-
storage system 2 increases from 51,734.99 to 61,011.80 yuan,
representing  a  17.9% improvement;  while  the  total  profit  of
the PV-storage station decreases significantly from 102,331 to
60,399.96 yuan. These results indicate that the stochastic MPC
approach is more suitable for application in wind-storage sys-
tems with high volatility scenarios.  

VI.  Conclusions

To improve the dispatching plan tracking capability, energy
storage utilization rate, and revenue of RPP with energy stor-
age,  as  well  as  ensure  the  safe  and  stable  operation  of  the
power  grid,  a  coordinated  optimal  dispatch  strategy  for  multi
wind-PV-storage  system  considering  energy  storage-assisted
dispatching  plan  tracking  and  frequency  regulation  participa-
tion is proposed. Simulation verification is conducted, and the
following conclusions are drawn:

(1) The optimal energy storage control strategy proposed in
this paper can enhance the capability of station energy storage
to  assist  units  in  tracking  dispatching  plans.  Compared  with
the  scenario  without  energy  storage,  the  dispatching  tracking
performance  indicators  of  wind-storage  system  1,  wind-stor-
age system 2, and PV-storage system are reduced by 95.65%,
65.38%, and 100%, respectively.

(2)  The  strategy  of  energy  storage  alliance  participating  in
the frequency regulation auxiliary service market proposed in
this paper transforms the application scenario of station energy
storage  from  a  single  dispatching  plan  assistance  to  a  multi-
scenario  that  combines  dispatching  plan  assistance  with  fre-
quency  regulation  auxiliary  service  participation.  This  can
effectively improve the energy storage utilization rate of RPP.
Compared with the scenario where energy storage only assists
in  dispatching  plan  tracking,  the  energy  storage  utilization
rates  of  wind-storage  system  1,  wind-storage  system  2,  and
PV-storage  system  are  increased  by  5.57%,  5.46%,  and
31.57%, respectively.

(3) Under the strategy proposed in this paper, the total prof-
its  of  wind-storage  system  1  and  wind-storage  system  2  are

increased by 4.96% and 10.49%,  respectively, compared with
the  scenario  where  energy  storage  assists  in  dispatching  plan
tracking and participates in frequency regulation auxiliary ser-
vices  independently.  This  effectively  improves  the  economic
benefits of RPP.

(4)  The  proposed  strategy  in  this  paper  demonstrates  good
scenario  adaptability,  making  it  suitable  for  high  wind-PV
variability  scenarios  and  capable  of  effectively  adapting  to
market incentive fluctuations.  
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