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A B S T R A C T   

A large-scale battery energy storage station (LS-BESS) directly dispatched by grid operators has operational 
advantages of power-type and energy-type storages. It can help address the power and electricity energy 
imbalance problems caused by high-proportion wind power in the grid and ensure the secure, reliable, and 
economic operations of power systems together with conventional power generation units. To enable power 
systems to resist any power disturbance in the prediction failure set and cope with wind power and load fluc-
tuations while meeting the load demand, a day-ahead dispatch optimization model to minimize operation costs 
on the dispatch day is established, which utilizes the regulation advantages of conventional units and a LS-BESS 
to participate in regulation services of diverse timescales and effectively achieve the coordination of various 
service demands. To account for wind power variations on the dispatch day, a robust optimization (RO) approach 
based on the budget uncertainty set is proposed, which improves the robustness and economy of grid operations 
against realistic uncertainties. The effectiveness of the day-ahead dispatch strategy is verified through extensive 
simulations and comparisons, which can better serve modern power systems with high penetration of wind 
power.   

1. Introduction 

With high penetrations of renewable energy, traditional homoge-
neous large-scale rotational generation units are being decommissioned. 
With this trend, power systems’ inertia frequency response (IFR) [1,2], 
primary frequency response (PFR) [3,4], secondary frequency regula-
tion (SFR) [5], and peak regulation (PR) [6] capabilities are becoming 
increasingly insufficient, and the active power balance and electricity 
energy at different timescales face great reliability challenges. BESSs 
have the advantages of rapid response, flexible electrical parameter 
adjustment, and bi-directional regulation [7], which can be used as a 
flexible resource to alleviate the problem associated active power bal-
ance in power systems [8]. To meet the dispatch and operation re-
quirements in large power grids, the energy storage systems in the main 
grid are evolving toward large scale and large capacity [9]. At present, 
several pilot projects of energy storage at the hundred-megawatt level 
are being developed worldwide, such as the LS-BESS with rated power of 
200 MW installed and put into operations in the city of Dalian, China. A 
grid-side LS-BESS can participate in multi-type active power regulation 

ancillary services [10] with conventional units under the unified 
dispatch of grid operators. This is considered an effective means to 
facilitate renewable energy integration, improve the flexibility and 
reliability of power supply, and ensure the security and stability oper-
ations of grids. It is necessary for grid operators to formulate the output 
and reserve scheduling of a LS-BESS and conventional units in the 
day-ahead stage, so that they can participate in active power regulation 
services in dispatch day operations. This motivates our research. 

Authors in Refs. [8,9] proposed the configuration scheme of energy 
storage considering power system dispatch and operations, to guide the 
construction scale of energy storage. These are achieved by determining 
the demand capacity participating in active power regulations. Different 
from the propositions in Refs. [8,9], this study designs a day-ahead 
dispatch scheme from the perspective of grid operators based on the 
existing LS-BESS resource to realize the optimal daily active power op-
erations of power systems. The participation of a LS-BESS in the 
day-ahead dispatch needs to consider the control strategy of an energy 
storage participating in active power regulation services, the coopera-
tive operation mode between an energy storage and conventional units, 
and the treatment methods of wind power output uncertainties. 
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Relevant studies have been conducted in these aspects. 
Regarding the operational strategy of a BESS participating in multi- 

type active power regulation services, some studies attempt to maximize 
economic benefits through refined management of state of charge (SoC) 
of the BESS. For example, authors in Ref. [11] took a BESS as a price 
maker to participate in the energy, reserve, and SFR markets, and pro-
posed a bi-level bidding optimization framework that can obtain the 
optimal market clearing scheduling to maximize its revenue. Authors in 
Ref. [12] proposed an intra-day lookahead operation model for a 
behind-the-meter BESS to maximize its economic benefits through 
charging, discharging, and PFR behavior. Authors in Refs. [13,14] 
respectively established a two-stage bidding decision model and a bid-
ding scheduling robust model to maximize their profits of an energy 
storage agent and an aggregated energy storages and wind resources 
participating in the joint energy and reserve markets. These studies 
belong to the autonomous regulation of a BESS based on the system 
frequency signal, which are generally applicable to a single energy 
storage [11,12] or an energy storage aggregator [13,14], rather than 
achieving the global optimization operations from the system perspec-
tive. In contrast, some studies on regulating a BESS to participate in 
active power regulations from the perspective of system operations 
generally consider certain types of services in daily operations, such as 
participation in PR and PFR [15,16], SFR [17], or absorption of 
renewable energy that is difficult to be accepted by power grids [18]. 
These studies do not consider a LS-BESS participation in power and 
electricity energy balance regulation services at various timescales in 
daily power system operations under the direct dispatch mode, which 

did not realize application values of a LS-BESS and could not enhance 
the security, reliability, and economy of power system operations. 

Regarding the coordinated regulation strategy between a LS-BESS 
and conventional units, to take advantage of the rapid regulation 
speed of a BESS, researchers in Refs. [19,20] consider that the BESS 
releases a large amount of power immediately after the system is 
disturbed to directly compensate for the power deficit. Then its dis-
charging power after the system’s SFR response is gradually reduced. 
This has the problem of non-essential or excessive utilization of energy 
storage resources. For participating in SFR, some studies [21–23] 
consider filtering the regulation signal so that BESSs are responsible for 
high-frequency components and conventional units are responsible for 
low-frequency components, which makes BESSs in operations for a long 
time. In addition, the demand for high-frequency components is rela-
tively small, BESSs may still have a large surplus space when the system 
has insufficient regulation capacity for low-frequency components, and 
therefore BESSs did not fully participate in the regulation. All the above 
shortcomings may restrict the advantages of BESSs in real power system 
operations. 

Accounting for wind power uncertainties in each time step can make 
the dispatch decision more applicable in actual operations of power 
systems. For the treatment of uncertainties, some studies adopt the 
stochastic programming method based on some expectation scenarios 
[24,25], which clusters several typical scenarios for probability expec-
tation value weighting. Some studies use the chance-constrained pro-
gramming [26,27] to allow a certain degree of probabilistic deviations 
for constraints. All the above methods need to be based on a large 

Nomenclature 

Y Number of regulation units in the power system that 
respond to step disturbances 

M Number of conventional SFR units of the power system 
ui,t A binary variable: “1” if regulation unit i is ON in time step 

t, and “0” otherwise. 
vt A binary variable: “1” if the LS-BESS is discharging in time 

step t, and “0” otherwise. 
Hi Inertia time constant of regulation unit i (s) 
HS,t Virtual inertial time constant of a LS-BESS in time step t (s) 
Hsys,t Inertia time constant of the power system in time step t (s) 
ΔPL,t Power deficit value of the power system in time step t 

(MW) 
KFFR

S,t Virtual inertial response coefficient of a LS-BESS in time 
step t (MWs/Hz) 

KPFR
S,t Virtual droop control coefficient of a LS-BESS to participate 

in PFR in time step t (MW/Hz) 
KPFR

G,t Droop control coefficient of conventional units to 
participate in PFR in time step t (MW/Hz) 

Δfmax Maximum frequency deviation of conventional units for 
the droop relation (Hz) 

PPFR
G,t Capacity of conventional units to participate in PFR in time 

step t (MW) 
PG,i,t Power output scheduling of conventional unit i in time step 

t (MW) 
Pmax

G,i , Pmin
G,i Maximum and minimum power outputs of conventional 

unit i (MW) 
Ton

i , Toff
i Minimum-up and minimum-down time of conventional 

unit i (h) 
R+

G,i, R−
G,i Maximum ramp-up and ramp-down limits in a time step of 

conventional unit i (MW) 
ωj,t , εt Commitment factors of SFR unit j and a LS-BESS 

participating in SFR in time step t 
PSFR,up

G,t , PSFR,down
G,t Reserved upper and lower SFR spaces of 
conventional units to participate in SFR in time step t (MW) 

PFFR
S,t , PPFR

S,t Reserved spaces for a LS-BESS participation in FFR and 
PFR in time step t (MW) 

PSFR,up
S,t , PSFR,down

S,t Reserved upper and lower SFR spaces of a LS-BESS 
to participate in SFR in time step t (MW) 

Pch
S,t, Pdis

S,t Charging and discharging power scheduling of a LS-BESS 
in time step t (MW) 

ηC, ηD Charging and discharging efficiency of the LS-BESS 
Pmax

S Rated power capacity of a LS-BESS (MW) 
ES,t Energy capacity of the LS-BESS in time step t (MWh) 
Erated

S Rated energy capacity of the LS-BESS (MWh) 
ΔtFFR, ΔtPFR Time set for the LS-BESS to participate in FFR and PFR 

(s) 
SoCini

S SoC value of the LS-BESS in the initial time step on the 
dispatch day 

SoCmax
S , SoCmin

S Upper and lower thresholds of the SoC value of the 
LS-BESS 

ΔEFFR
S,t , ΔEPFR

S,t Energy consumptions of the LS-BESS participating in 
FFR and PFR in time step t (MWh) 

ΔE′

S,t Energy consumptions of the LS-BESS in time step t (MWh) 
ΔESFR

S,t , ΔES,t Energy consumptions of the LS-BESS participating in 
SFR and PR in time step t (MWh) 

Psup
W,t, Pinf

W,t Upper and lower thresholds of wind power output in time 
step t (MW) 

CG,t, CS,t Operation costs of conventional units and a LS-BESS in 
time step t ($) 

Ccur
W,t Wind power curtailment cost in time step t ($) 

PLD,t Load demand of the power system in time step t (MW)  
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amount of probabilistic statistical or predictive information of wind 
power [28,29], which leads to the contradictions between the excessive 
number of selected scenarios and the accuracy and time consumption of 
the solution. To solve these problems, some researchers adopt the RO 
method [6,30,31] that does not need to account for too many scenarios 
to formulate the optimization operation strategy under the worst-case 
scenario, to achieve strong robustness of decisions. However, the 
occurrence probability of the worst-case scenario is low, and if the 
scenario is selected in each time step, the obtained results are more 
conservative, which does not benefit the system operation economy. 

In summary, there are very few studies on the day-ahead dispatch 
strategy of a LS-BESS directly dispatched by grid operators to participate 
in active power regulation services at various timescales on a dispatch 
day in cooperation with conventional units. In view of this, this study 
proposes a day-ahead optimal dispatch framework that considers the 
participation of a LS-BESS in active power regulations of power systems 
from for the power system as a whole. The main contributions of this 
paper are listed as follows.  

• To fully utilize the complementary operation advantages among the 
regulation units, responsibility allocation strategies are proposed for 
two types of regulation units to coordinatively participate in the 
multi-type active power regulation services of the power system to be 
directly dispatched by the grid operator.  

• To formulate the sequential decisions of the day-ahead reserved 
space for each unit to participate in various active power regulation 
services on the dispatch day, a day-ahead dispatch optimization 
model is established to ensure frequency reliability after the occur-
rence of any power disturbance in the prediction failure set, 
considering net load fluctuations and the risk of wind power 
curtailment.  

• To address the over-conservativeness problem of standard RO when 
dealing with wind power uncertainties on the dispatch day, the 
proposed RO approach based on the budget uncertainty set limits the 
perturbation values of uncertainties. This allows grid operators to 
limit total fluctuations of wind power over a large timescale ac-
cording to the dispatch requirements and their own risk preferences. 

The rest of this paper is organized as follows. Section 2 proposes 
coordination principles for a LS-BESS and conventional units to partic-
ipate in multi-type active power regulation services. Section 3 estab-
lishes the day-ahead dispatch optimization model. Section 4 describes 
the treatment method for wind power uncertainties. Section 5 provides 
simulation studies and data analysis. Finally, this paper concludes in 
Section 6. 

2. Responsibility allocation strategy for a LS-BESS and 
conventional units 

In this section, we propose the cooperative regulation principle of a 
LS-BESS and conventional units for the four active power regulation 
services of IFR, PFR, SFR, and PR. 

2.1. IFR and fast frequency regulation (FFR) 

When power deficit occurs, conventional units release their inherent 
inertia energy caused by rotors’ rotation to provide the resistance ability 
of power systems upon the disturbances [2,4]. This process is called the 
IFR of conventional units, which generally lasts for 0–5 s and acts as a 
buffer for the system frequency drop. When the frequency drops to the 
deadband fdb set by conventional units, governors start to act with the 
frequency difference through the droop control. This is the PFR of units 
and generally lasts for 5–60 s. However, a LS-BESS is connected to power 
grids through some power electronic devices, which cannot synchronize 
the frequency to participate in IFR and PFR. Therefore, it is necessary for 
a LS-BESS to achieve these regulations through FFR and virtual droop 

control. 
Grid operators need to reserve sufficient inertia and PFR spaces for 

power systems in day-ahead scheduling to have the ability to withstand 
possible step disturbances on the dispatch day. In this paper, we reserve 
spaces for the most severe scenario in the prediction failure set to ensure 
that UFLS does not occur in the power grid after any disturbance occurs. 
Grid operators mainly focus on two frequency dynamic characteristic 
indexes [1]: the initial rate of change of frequency (RoCoF) RoCoF0+ and 
the frequency nadir fnadir after the system is disturbed. After the most 
serious step disturbance occurs, the reserved space should ensure that 
RoCoF0+ does not exceed the allowable maximum limit RoCoFmax and 
fnadir does not fall below the frequency critical value fmin of triggering 
UFLS. These frequency security constraints are formulated as, 

RoCoF0+ ≤ RoCoFmax (1a)  

f nadir ≥ f min (1b) 

Different from the participation of conventional units in IFR and PFR, 
a LS-BESS participates in FFR and PFR, which is paid by the grid oper-
ator. Therefore, grid operators should invoke a LS-BESS when regulation 
capacities of conventional units are insufficient, and thus, the timing of a 
LS-BESS participation in FFR and PFR can be determined. 

Ignoring the load damping effect, the RoCoF of the power system is 
expressed as [4], 

Δḟ t =
(
ΔPG,t +ΔPS,t − ΔPL,t

)
f0
/ (

2Hsys,tPB
)

(2)  

where Δft is the frequency difference. Terms ΔPG,t and ΔPS,t are incre-
mental power generations of conventional units and a LS-BESS in time 
step t, respectively, and f0 is the initial frequency of the power system. 
Term PB is the baseline power value of the system, and we set it as the 
sum of the rated power capacities of units that can participate in inertia 
regulation and PFR. Hsys,t can be calculated as [32,33], 

Hsys,t =
∑Y

i=1

(
Hiui,tPN

i

/
PB

)
(3)  

where term PN
i is the rated power capacity of unit i. 

According to (2), the value of RoCoF0+ after occurring disturbances 
in time step t can be described as, 

Δḟ t|t=0+ =RoCoF0+
t =ΔPL,t f0

/ (
2Hsys,tPB

)
(4) 

In the day-ahead dispatch, it can be judged whether the RoCoF0+

value (i.e., RoCoF0+

nons,t) satisfies the security margin (as in (1a)) under the 
condition that a LS-BESS does not participate in FFR, based on the most 
serious fault ΔPmax

L,t . If so, the inertia time constant HS,t of the LS-BESS is 
set to 0, that is, it does not participate in FFR. Otherwise, a minimum 
value constraint on term Hsys,t is assigned, as shown in (5). The related 
flowchart is shown in Fig. 1(a). Through the coordination between a LS- 
BESS and conventional units, the optimal value of HS,t can be determined 
after optimization. 

Hsys,t ≥ ΔPmax
L,t f0

/
(2RoCoFmaxPB) (5) 

The reserved space for a LS-BESS participation in FFR can be 
calculated as, 

PFFR
S,t =KFFR

S,t RoCoFmax (6)  

where term KFFR
S,t is written as, 

KFFR
S,t = 2HS,tPmax

S

/
f0 (7)  

2.2. Primary frequency response 

Conventional units respond linearly to changes of frequency differ-
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ence through the droop characteristics, and their regulations to partic-
ipate in PFR can be written as, 

PPFR
G,t =KPFR

G,t

(
Δf max − f db) (8)  

After the power system is disturbed, term fnadir is calculated as, 

f nadir
t = f0 −

ΔPL,t

2PB

(
XG,t + KPFR

S,t

/
PB

) (9)  

where XG,t is the sum of ramp gains of the whole online conventional 
units in time step t [34]. 

If the PFR capacities of conventional units are sufficient after the 
system is disturbed, the UFLS relay is not triggered because the fnadir 

value (i.e., fnadir
nons,t) satisfies the security margin (as in (1b)) under the 

condition that a LS-BESS does not participate in PFR, and the LS-BESS 
does not need to reserve PFR space. Otherwise, the reserved amount 
of a LS-BESS participating in PFR is obtained by (10). The related 
flowchart is shown in Fig. 1(b). 

PPFR
S,t =KPFR

S,t

(
f0 − f min − Δf max) (10)  

2.3. Secondary frequency regulation 

SFR generally lasts for 30 s–15 min and can cope with wind power 
and load fluctuations within a dispatch time step. This regulation service 
is realized by grid operators sending dispatch instructions to regulation 
units through the required amount of power PSFR

req,t . In this paper, an affine 
allocation strategy is adopted and modified between conventional units 
and a LS-BESS, and the reserved SFR spaces are determined by opti-
mizing the commitment factors. Taking reserved upper SFR space as an 
example, their expressions are shown as follows, 

PSFR,up
G,t =

∑M

j=1
ωj,tuj,tPSFR,up

req,t (11a)  

PSFR,up
S,t = εtPSFR,up

req,t (11b)  

εt +
∑M

j=1
ωj,tuj,t = 1 (11c)  

2.4. Peak regulation 

As an independent energy storage resource, a LS-BESS cooperatively 
operates with conventional units to meet the load demand in each time 
step and maximize the wind power acceptance on the basis of achieving 
the supply-demand balance of active power. The scenarios of high wind 
power and low load bring challenges for grid operators to make dispatch 
decisions. Generally, the anti-peak regulation characteristics of wind 
power described in Ref. [35] may make conventional units enter the 
deep peak regulation (DPR) state [36] and even require oil injection to 
support combustion, which seriously increases the system operation 
cost. In this situation, a LS-BESS can enhance the downward PR 

capability of power systems through its bi-directional regulation. 
The PR costs of power systems include the power production and 

DPR costs of conventional units, as well as the operation cost of a LS- 
BESS. For grid operators, a trade-off should be made between reserved 
PR space and wind curtailment. More space can result in less curtailment 
or complete acceptance of wind power but will cause higher reserved 
cost. Conversely, less reserved space may lead to higher wind curtail-
ment. Considering all these factors, the proposed optimization model is 
proposed and detailed below. The day-ahead dispatch optimization 
framework proposed in this paper is shown in Fig. 2. 

3. Mathematical optimization model of day-ahead dispatch 

Although a LS-BESS has the characteristics of power-type and 
energy-type energy storage, its dispatchable space is limited [18], so, it 
should make optimal coordination for the reserved spaces of the LS-BESS 
to participate in various types of active power regulation services. The 
goal of the day-ahead dispatch is to optimize the economy of power 
system operations. In this section, a day-ahead dispatch optimization 
model is established for conventional units and a LS-BESS to coor-
dinatively participate in multi-type active power regulation services. 

3.1. Objective function of the proposed dispatch model 

In this paper, a dispatch day is divided into 96 timesteps, and each 
step Δt is 15 mins. In the day-ahead scheduling stage, grid operators 
make decisions on the reserved spaces for each regulation unit to 
participate in active power regulations in each time step, with mini-
mizing the total operation cost Cda of the power system on a dispatch 
day. The objective function is expressed as, 

minimize Cda =
∑96

t=1

(
CG,t +CS,t +Ccur

W,t

)
(12)    

1) Conventional units: The decision variables related to conventional 
units include ui,t, PG,i,t, PSFR,up

G,i,t , and PSFR,down
G,i,t . Term CG,t can be 

calculated as, 

CG,t =
∑N

i=1

(
Cb

G,i,t +Ce
G,i,t +Cop

G,i,t +CSFR
G,i,t +CDPR

G,i,t

)
(13)  

where 

Cb
G,i,t =Con

G,i

(
1 − ui,t− 1

)
ui,t (14a)  

Ce
G,i,t =Coff

G,iui,t− 1
(
1 − ui,t

)
(14b)  

Cop
G,i,t =

(
aiP2

G,i,t + biPG,i,t + ciui,t

)
Δt (14c)  

CSFR
G,i,t = cSFR

G,i

(
PSFR,up

G,i,t +PSFR,down
G,i,t

)
Δt (14d) 

Fig. 1. Schematic diagram of logic criteria for a LS-BESS participating in FFR and PFR.  
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CDPR
G,i,t =

⎧
⎪⎨

⎪⎩

cDPR1
G

(
PDPR1

G,i − PG,i,t

)
Δt,PDPR2

G,i < PG,i,t ≤ PDPR1
G,i

cDPR1
G

(
PDPR1

G,i − PDPR2
G,i

)
Δt + cDPR2

G

(
PDPR2

G,i − PG,i,t

)
Δt,PG,i,t ≤ PDPR2

G,i

(14e) 

In (13), term N is the number of conventional units in the power 
system. The startup and shutdown costs Cb

G,i,t and Ce
G,i,t of conventional 

unit i in time step t are expressed by (14a) and (14b), they are related to 
the ON and OFF status of the unit during two consecutive steps. Equation 
(14c) describes the power production cost Cop

G,i,t of unit i in time step t, 
and ai, bi, and ci are the production cost coefficients. Term CSFR

G,i,t in (14d) 
represents the reserved SFR space cost of unit i in step t, and cSFR

G,i is the 
unit electricity cost of participating in SFR. In (14e), term CDPR

G,i,t repre-
sents the cost of conventional unit i participating in DPR in time step t. 
The participation of conventional units in PR can be divided into 
obligatory and paid regulations, and the DPR is a paid service. The cost 
calculation varies according to different regulation intervals, and in this 
paper, we consider dividing the DPR of conventional units into two in-
tervals, i.e., (PDPR2

G,i ,PDPR1
G,i ] and [Pmin

G,i ,PDPR2
G,i ].  

2) LS-BESS: The decision variables related to a LS-BESS include Pch
S,t, Pdis

S,t , 

PFFR
S,t , PPFR

S,t , PSFR,up
S,t , and PSFR,down

S,t . Term CS,t is described by 

CS,t =CFFR
S,t + CPFR

S,t + CSFR
S,t + Cop

S,t (15)  

where 

CFFR
S,t = cFFR

S PFFR
S,t Δt (16a)  

CPFR
S,t = cPFR

S PPFR
S,t Δt (16b)  

CSFR
S,t = cSFR

S

(
PSFR,up

S,t +PSFR,down
S,t

)
Δt (16c)  

Cop
S,t = cop

S

(
Pch

S,t +Pdis
S,t

)
Δt (16d) 

In (15), terms CFFR
S,t , CPFR

S,t , and CSFR
S,t are the reserved space costs of the 

LS-BESS participating in FFR, PFR, and SFR in time step t, respectively. 
Cop

S,t is the operation cost of the LS-BESS in step t. In (16a)–(16c), terms 
cFFR

S , cPFR
S , and cSFR

S are unit electricity costs of the LS-BESS participating 
in FFR, PFR, and SFR, respectively, and cop

S is the unit operation cost of 
the LS-BESS. 

3) Wind power: The acceptance capacity is embodied in the mathe-
matical model through term Ccur

W,t , which can be expressed as, 

Ccur
W,t = cW

(
Pact

W,t − PW,t

)
Δt (17)  

where term cW is the unit cost of wind power curtailment, and PW,t is the 
wind power value accepted by grids in time step t. Term Pact

W,t is the actual 
wind power in step t, which is the uncertain factor, and its treatment 
method is described in Section 4. 

3.2. Constraints of the proposed model 

The day-ahead dispatch optimization model established from the 
perspective of power system operations should consider the relevant 
constraints of the system and regulation units. For the power system, it 
should meet the supply-demand balance of the active power under 
normal operations, as in (18a), and the total spinning reserve should 
meet the minimum requirement, as in (18b). 

∑N

i=1
PG,i,t +Pdis

S,t − Pch
S,t + PW,t = PLD,t (18a)  

∑N

i=1

(
ui,tPmax

G,i − PG,i,t

)
+
(

Pmax
S − Pdis

S,t +Pch
S,t

)
≥ γPLD,t (18b)  

where term γ is the minimum spinning reserve factor and is set to 8% in 
this study. 

The regulation units should consider the various operation con-
straints of conventional units and a LS-BESS, such as power output 
limits, reserved capacity constraints, etc., which can be found in Ap-
pendix A. Other constraints of the proposed dispatch framework have 
been analyzed in Section 2. 

4. Robust optimization model for wind power uncertainties 

In this section, we establish a model to deal with wind power un-
certainties through employing the RO approach based on the budget 
uncertainty set [30,37]. 

4.1. RO model establishment 

To improve the over-conservativeness of the standard RO, we control 
the offset of uncertainties through increasing the 1-norm constraint on 
their perturbations to satisfy the uncertainty box set, that is, establishing 
the budget uncertainty set for wind power output. The above model can 
be expressed as, 

Pact
W,t =Ppre

W,t + Punc
W,t (19a)  

PW,t ≤ Pact
W,t (19b)  

Pact
W,t ∈

[
Pinf

W,t,Psup
W,t

]
(19c) 

Fig. 2. The proposed day-ahead dispatch optimization framework for a LS-BESS participating in multiple active power regulation services.  
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Ppre
W,t =

(
Psup

W,t +Pinf
W,t

) /
2 (19d)  

Punc
W,t = zW,tPh

W,t (19e)  

Ph
W,t =

(
Psup

W,t − Pinf
W,t

) /
2 (19f)  

⃒
⃒zW,t

⃒
⃒ ≤ 1 (19g)  

∑96

t=1

⃒
⃒zW,t

⃒
⃒ ≤ ΓW (19h)  

where Ppre
W,t is the prediction value of the wind power in time step t. Punc

W,t is 
the prediction error, which raises the uncertainty. Term Ph

W,t is the half- 
length value of wind power output interval, which characterizes the 
maximum offset of the actual value from the prediction value. The 
fluctuation range is enforced in (19g), where zW,t is the perturbation 
value of the uncertainty in time step t. Equation (19h) describes the 
budget constraint, where ΓW is the budget value and can limit the total 
fluctuations of uncertainties. 

The RO method is to obtain the optimal strategy for the worst-case 
scenario of uncertainties, and mapping this to our study is to formu-
late the day-ahead dispatch decision that minimizes the total operation 
cost of the power system when considering the maximum wind 
curtailment cost. Therefore, (17) can be further written as, 

sup
∑96

t=1
Ccur

W,t =
∑96

t=1
cW

(
Ppre

W,t − PW,t
)
Δt + sup

∑96

t=1
cW zW,tPh

W,tΔt (20)  

4.2. Model transformation 

After adopting the RO approach based on the budget uncertainty set 
to deal with the wind power uncertainties, the objective function of the 
day-ahead dispatch optimization model becomes a double-layer nested 
problem in the form of “min-sup”, and the decision variable of the inner 
optimization problem is the random variable of the outer problem. If the 
inner-layer “sup” problem is not transformed, the model is difficult to 
solve through existing techniques. Duality theory [38] is feasible for 
model transformation. Before applying it, (19b) needs to be transformed 
by 

zW,t ≥
(
PW,t − Ppre

W,t
)/

Ph
W,t (21)  

Constraints of the inner-layer optimization problem include (19g), 
(19h), and (21). Let z+W,t and z−W,t be orthogonal projections of zW,t and −
zW,t on non-negative quadrants, respectively, that is, 

z+W,t =max
{

zW,t, 0
}

(22a)  

z−W,t =max
{
− zW,t, 0

}
(22b) 

Therefore, we have 

zW,t = z+W,t − z−W,t (23a)  

⃒
⃒zW,t

⃒
⃒= z+W,t + z−W,t (23b) 

The inner-layer optimization problem can be described as, 

sup
∑96

t=1

[
cW Ph

W,t

(
z+W,t − z−W,t

)
Δt

]
(24a)  

s.t. z+W,t + z−W,t ≤ 1 (24b)  

− z+W,t + z−W,t ≤
(
Ppre

W,t − PW,t
)/

Ph
W,t (24c)  

∑96

t=1

(
z+W,t + z−W,t

)
≤ ΓW (24d)  

z+W,t, z−W,t ≥ 0 (24e) 

The optimization problem after the dual of the above equations are 
as follows, 

inf

{
∑96

i=1

[
λ(i) + σ(i)( Ppre

W,i − PW,i
)/

Ph
W,i

]
+ΓW δ

}

(25a)  

s.t. λ(i) − σ(i) + δ ≥ cW Ph
W,iΔt (25b)  

λ(i) + σ(i) + δ ≥ − cW Ph
W,iΔt (25c)  

λ(i), σ(i), δ ≥ 0 (25d)  

where terms λ(i), σ(i), and δ are the intermediate variables when solving 
the dual problem. 

The objective function of the transformed model can be obtained by 
replacing the inner-layer problem described in (20) with (25a). The 
programming established in this paper can be solved through calling the 
commercial software CPLEX based on YALMIP toolbox in MATLAB. 

5. Numerical results 

The IEEE New England 10-unit 39-bus test system is used as a typical 
test system to verify the effectiveness of the proposed day-ahead 
dispatch scheme through numerical analyses. 

5.1. Simulation settings 

The following modifications are made to the case system: replacing 
units U5 and U6 with wind power of the total installed capacity of 950 
MW and introducing a LS-BESS with rated capacity of 200 MW/800 
MWh. The battery parameters are chosen based on the installed LS-BESS 
in the city of Dalian, China, which has rated power of 200 MW. The rated 
capacity (800 MWh) is calculated based on the grid code that peak 
regulation should operate at full power for at least 4 hours of continuous 
charging or discharging time [39]. In the conventional units, U2, U4, U7, 
and U8 are SFR units. The structure diagram of the modified power 
system is shown in Fig. 3. In addition, conventional units’ parameters, 
load demand, and prediction value and maximum and minimum output 
curves of wind power are included in Appendix B. 

We set RoCoFmax = 0.5 Hz/s, f0 = 50 Hz, fmin = 49.5 Hz, and the most 
serious power deficit that may occur during each time step of the 
dispatch day is 10%PB. For conventional units, terms fdb and Δfmax are 
set to 0.033 Hz and 0.2 Hz, respectively. In addition, we set PDPR1

G,i =

50%Pmax
G,i , PDPR2

G,i = 40%Pmax
G,i , cDPR1

G = 60 $/MWh, and cDPR2
G = 150 

$/MWh. For the LS-BESS, we set ηC = ηD = 95%, SoCini
S = 50%, and terms 

SoCmax
S and SoCmin

S are 90% and 10%, respectively. The operational 
parameter cop

S is $30/MWh, and cFFR
S and cPFR

S are $60/MWh. The SFR 
requirement of the power system in each time step is taken as 5% of the 
load demand and 10% of the wind power prediction value [40,41], and 
the unit electricity price of regulation units participating in SFR is 
$9/MWh. Term cW is set to $80/MWh, and ΓW in the RO model is 32. 
The online conventional unit is U2 of the power system in the initial time 
step on the dispatch day. 

5.2. Dispatch decisions and scheme comparisons 

5.2.1. Situation settings and dispatch results 
The established model is solved in 4500 seconds with the AMD 

Ryzen3 3200G with Radeon Vega Graphics 3.60 GHz processor. The 

M. Zhang et al.                                                                                                                                                                                                                                  



Energy 270 (2023) 126945

7

operation cost of the power system on the dispatch day is $621.90K, and 
the day-ahead reserved space scheduling of the LS-BESS and conven-
tional units participating in multi-type active power regulation services 
are shown in Fig. 4. In addition, to illustrate the superiority of the 
proposed framework, we compare the day-ahead dispatch decisions 
obtained by our model and the following three situations.  

• Situation 1: There is no LS-BESS, U5, or U6 in the power system. In 
this situation, the load exceeds the installed capacity of the system, 
and thus, the system cannot meet the load demand. Therefore, there 
is no feasible solution to the optimization model.  

• Situation 2: There is no LS-BESS in the power system, but U5 and U6 
are present. The corresponding optimization results in this situation 
are shown in Fig. 5, and the total operation cost of the power system 
is $683.33K.  

• Situation 3: The LS-BESS only participates in FFR, PFR, and PR. The 
obtained decisions in this situation are shown in Fig. 6, and the total 
operation cost of the system is $690.03K. 

5.2.2. Result analysis and discussions 
1) FFR and PFR: It can be seen from Fig. 4(a) that the LS-BESS re-

serves FFR and PFR spaces to resist the possible step disturbances in 
0–31 steps, which is caused by the insufficient response capability of 
conventional units in these periods. If the LS-BESS is not reserved for 
FFR and PFR spaces, when the most serious disturbance occurs, RoCoF0+

is 0.96 Hz/s and fnadir drops to 49.03 Hz in 0–15 steps, two dynamic 
characteristic indexes of the system frequency are 0.89 Hz/s and 49.11 
Hz in 16–19 steps, and 0.64 Hz/s and 49.34 Hz in 20–31 steps. UFLS will 
occur in these circumstances. When the 32nd step starts, U1 starts to 
operate, which increases the IFR and PFR regulation capacities of con-
ventional units, and thus the LS-BESS does not need to reserve spaces for 
ensuring the frequency security. 

According to the above analysis, if a LS-BESS is not available in the 
power system, the operation security cannot be satisfied when only U2 is 
online. Therefore, in Situation 2, we set the online units as U1 and U2 in 
the initial time step on the dispatch day. In Situation 2, although the 

frequency security of the power system can be ensured after large power 
deficit, it is necessary to increase the regulation capacity for step dis-
turbances by putting larger capacity units into operations. Therefore, a 
LS-BESS can improve the operation economy while satisfying the power 
system security. 

2) SFR: From the day-ahead dispatch strategies shown in Fig. 4, we 
can see that the conventional SFR units undertake fewer regulation tasks 
because of the LS-BESS’s participation. Especially for U8, which is 
mainly dispatched to participate in PR rather than SFR. In the fast 
startup and shutdown units, U8 is dispatched to participate in the system 
operations preferentially over U9 and U10 because of its lower marginal 
power generation cost. The reserved SFR space cost of the LS-BESS ac-
counts for 32.33% of its total operation cost on the dispatch day. In 
contrast, SFR units are regulated frequently to cope with net load fluc-
tuations during the time step in Situation 2. In this situation, the 
scheduled power output of U2 cannot be reduced in 20–22 and 25–31 
steps due to the reserved lower SFR space. To satisfy the supply-demand 
power balance, the scheduled output of U1 cannot be increased, which 
makes U1 enter the DPR state. U8 enters the DPR in the 22nd step as 
well. During 25–31 steps, U8 provides a lower SFR space under the 
critical power generation where it is about to enter the DPR state. For the 
power system considering a LS-BESS directly dispatched by grid oper-
ators, conventional units do not need to enter the DPR state in the case of 
reserving upper SFR spaces, and their power output reduction is not 
limited in the case of reserving lower SFR spaces, which can avoid other 
units from entering the DPR state. Therefore, a LS-BESS can improve the 
economy of the power system while ensuring the reliable operation. 

Through comparing Figs. 4 and 6, since a LS-BESS does not reserve 
SFR space, the SFR units U8 and U7 are turned on successively during 
0–16 steps in Situation 3, while only U2 is online in the proposed 
framework. The same is true after the 16th time step. In Situation 3, SFR 
units need to participate in regulations frequently. Compared with the 
LS-BESS participating in the whole timescale active power regulation 
services on the dispatch day, the reserved SFR cost of conventional SFR 
units under Situation 3 increases by 104.48%, and the total operation 
cost of the power system increases by 10.96%. In Situation 3, the LS- 

Fig. 3. Schematic diagram of the modified IEEE 10-unit 39-bus power system.  
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BESS is still reserved for FFR and PFR spaces in 0–31 steps. But the 
startup of SFR units improves the capacity of conventional units to cope 
with step disturbances, and thus the reserved FFR and PFR spaces of the 
LS-BESS becomes smaller. The reserved cost is reduced by 7.16%. The 
economic benefit of the LS-BESS under Situation 3 decreases by 33.64%. 
Therefore, the participation of a LS-BESS in active power regulation 
services on the whole dispatch day is more conducive to the economy of 
power systems than when it only participates in restricted types of 
services. 

3) PR: A LS-BESS can discharge during the peak load periods, such as 
in 44–46 and 74–82 steps. It can also discharge to support the supply- 
demand power balance when the wind power and the total power 
output of conventional units are low, such as in 0–1, 7–8, and 61–62 
steps. At the beginning of the 63rd step, grid operator dispatches U4 to 
participate in PR, and the LS-BESS exits. This is because the marginal 
power generation cost of U4 is about $16.82/MWh, which is signifi-
cantly lower than the unit operation cost of the LS-BESS. During 89–95 
steps, the load is low, but the wind power is high, so the LS-BESS keeps 
charging to increase the downward PR capacity of power systems, which 
promotes wind power acceptance. Meanwhile, the charging of LS-BESS 
can prevent conventional units from entering the DPR state. The DPR 

cost of conventional units under the proposed dispatch strategy is 0. But 
in Situation 2, the DPR costs of conventional units account for 6.71% of 
their total operation cost on the dispatch day. 

In scenario 2, U1 is in the first gear of DPR except for the time steps of 
32–87. In addition to the reason that SFR units needs to be reserved 
lower SFR spaces, grid operators allow conventional units to enter the 
first gear of DPR for accepting more wind power. The unit operation cost 
of conventional units in the first gear of DPR is less than the unit cost of 
wind power curtailment, so the power output of conventional units can 
be reduced to improve the acceptance value of wind power. However, 
the cost of conventional units under the second gear of DPR is very high, 
and if conventional units are dispatched to reduce their power output to 
the second gear of DPR to accept more wind power, it can lead to higher 
costs. Hence, wind power curtailment will be in place. Compared with 
Situation 2, a LS-BESS can reduce the installed capacity of conventional 
units in power systems and achieve the optimal economy while ensuring 
the security and reliability of grid operations. 

5.3. Sensitivity analysis of the budget parameters 

Fig. 7 shows the impact of varying ΓW in {0, 8, 16, 24, …, 96} on the 

Fig. 4. Day-ahead dispatch decisions of the LS-BESS and conventional units in our proposed framework.  
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total operation cost of the power system on the dispatch day. The budget 
value has a greater impact on the total cost, which is caused by different 
degrees of uncertainties. The value of ΓW can control the conservatism 
degree of the RO model based on the budget uncertainty set, and it re-
flects the requirement of grid operators for robust performance of de-
cision results. When ΓW is set to 0, grid operator does not consider the 
wind power uncertainty, and the actual output of the wind power on the 

dispatch day is considered the same as the day-ahead prediction value. 
In this case, the total dispatch cost is the minimum, but the obtained 
decisions do not have the robustness in the actual grid operations, and 
any change can lead to decision failure. 

As ΓW increases, the uncertainty degree of the actual wind power 
becomes larger, the obtained decisions tend to be more conservative, 
and the robust optimal solutions show worse economy as in Fig. 7. The 

Fig. 5. Day-ahead power scheduling of conventional units in Situation 2.  

Fig. 6. Day-ahead scheduling of each regulation unit in Situation 3.  
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total daily operation cost of the power system increases by 0.18% on 
average as the value of ΓW increases by 1. When ΓW is set to 96, the RO 
approach based on the budget uncertainty set reverts to a standard RO 
problem, which is equivalent to case where the perturbation value of 
actual wind power is unrestricted, and the range of uncertainties is a 
general box set. In this case, the robustness of the obtained decision is 
the highest, with the most conservativeness and worst economy. In 
practical power system dispatches, grid operators can select an appro-
priate budget parameter according to Fig. 7 and their preferences for 
robust performance of optimization results. 

6. Conclusions 

In this paper, we have established a day-ahead dispatch framework 
of a LS-BESS as an independent energy storage that cooperates with 
conventional units to participate in multi-type active power regulation 
services of power systems from the grid operation perspective, to ensure 
the security, reliability, and economy of grid active power operations. 
The numerical analysis and scenario comparisons of the modified IEEE 
10-unit 39-bus power system result in the following conclusions.  

• Compared to when a LS-BESS only participates in FFR, PFR, or RP, 
the economic benefit increases by 33.64% when the LS-BESS takes 
part in the entire time-scale active power regulation services on the 
dispatch day. At the same time, the total operation cost of the power 
system decreases by 10.96% with the LS-BESS. This indicates that a 
LS-BESS is more conducive to the economic operation of power 
systems through participating in all time-scale active power regula-
tion services on the dispatch day.  

• The service space for resisting step disturbances can be reserved 
according to the worst-case events in the prediction failure set, which 
can ensure the grid frequency security when the IFR and PFR ca-
pacities of conventional units are insufficient. The reserved space 
cost of a LS-BESS to cope with step disturbances on the dispatch day 
accounts for 52.38% of its total operation cost.  

• A LS-BESS can coordinate with conventional SFR units to jointly 
reserve upper and lower SFR spaces in each dispatch time step. 
Compared to the traditional IEEE 10-unit 39-bus system, a LS-BESS 
can reduce the total operation cost of the power system by 8.99%. 

• A LS-BESS can make the grid operate decommission some conven-
tional units while having grid reliable operations. An appropriately 
scheduled LS-BESS can prevent some online units from entering the 

DPR state. A LS-BESS can achieve peak shaving through discharging 
and increase the downward PR capacity of power systems through 
charging to promote wind power acceptance.  

• The proposed RO approach based on the budget uncertainty set for 
the uncertainties of the actual wind power output on the dispatch 
day considers the economy of power system operations while 
ensuring the robustness of dispatch decisions. Grid operators can 
weigh the conservativeness and economy of the dispatch strategy 
through adjusting the budget value parameter. The total operation 
cost of the power system increases by 0.18% when the budget value 
increases by 1. 

Notwithstanding the merits of the proposed method, it also poses 
some limitations. In terms of regulation provision, we only consider LS- 
BESS as the regulation resources in this work, and the flexibility of 
power grid operations can be further enhanced by utilizing larger and 
diverse regulation resources, such as pumped-storage hydroelectric and 
demand-side distributed energy storage power stations. This fits well in 
our future research of devising a multi-regulation resource model in the 
power grid to work collaboratively with BESSs and conventional gen-
erators. Regarding the dispatch strategy, we did not consider multi- 
timescale scheduling of regulation resources, and conceptually a 
multi-timescale probabilistic dispatch framework can be established 
with a trade-off between the potential risk and reserved space, by 
measuring the extreme and low-probability disturbances. This could 
help achieve more secure, reliable, and economic power grid operations. 
For the model solution, the existing algorithm can be further improved 
to realize the fast solution of the practical power system operation 
schemes, with different solution accelerators. The above research as-
pects will be investigated in our future research, to diversify and 
strengthen the findings and solutions of this study. 
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Appendix A 

Operational constraints of conventional unit i are expressed as, 

ui,t − ui,t− 1 − ui,α ≤ 0, t ≤ α ≤ Ton
i + t − 1 (A1a)  

ui,t− 1 − ui,t + ui,β ≤ 1, t ≤ β ≤ Toff
i + t − 1 (A1b) 

Fig. 7. Operation costs of the power system under different budget parameters.  
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ui,tPmin
G,i ≤PG,i,t ≤ ui,tPmax

G,i (A1c)  

PG,i,t+1 − PG,i,t ≤R+
G,iui,t + Pmax

G,i

(
1 − ui,t

)
(A1d)  

PG,i,t − PG,i,t+1 ≤R−
G,iui,t+1 + Pmax

G,i

(
1 − ui,t+1

)
(A1e)  

PG,i,t − PSFR,down
G,i,t ≥ ui,tPmin

G,i (A1f)  

PG,i,t +PPFR
G,i,t + PSFR,up

G,i,t ≤ ui,tPmax
g,i (A1g) 

Equations (A.1a) and (A.1 b) represent the startup and shutdown constraints of conventional unit i, and the power output limits are enforced in 
(A.1c). The ramping constraints of unit i are shown in (A.1d) and (A.1e), and constraints (A.1f) and (A.1 g) are enforced for the reserved space of unit i. 

Operational constraints of a LS-BESS on a dispatch day are described by 

0≤Pdis
S,t ≤ Pmax

S vt (A2a)  

0≤Pch
S,t ≤ Pmax

S (1 − vt) (A2b)  

0≤PFFR
S,t + PPFR

S,t + PSFR,up
S,t ≤ Pmax

S − Pdis
S,t + Pch

S,t (A2c)  

0≤PSFR,down
S,t ≤ Pmax

S + Pdis
S,t − Pch

S,t (A2d)  

ΔES,t =Pdis
S,t

/
ηDΔt − Pch

S,tηCΔt (A2e)  

ΔEFFR
S,t =PFFR

S,t

/
ηDΔtFFR (A2f)  

ΔEPFR
S,t =PPFR

S,t

/
ηDΔtPFR (A2g)  

ΔESFR
S,t =PSFR,up

S,t
/

ηDΔt − PSFR,down
S,t ηCΔt (A2h)  

ΔE′

S,t =ΔES,t + ΔEFFR
S,t + ΔEPFR

S,t + ΔESFR
S,t (A2i)  

ES,t+1 =ES,t − ΔE′

S,t (A2j)  

ES,1 =ES,97 = SoCini
S Erated

S (A2k)  

Erated
S SoCmin

S ≤ES,t ≤ Erated
S SoCmax

S (A2l) 

Constraints (A.2a) and (A.2b) represent the power output limits of a LS-BESS, and (A.2c) and (A.2d) are the reserved space constraints. The power- 
energy relationships of a LS-BESS are shown in (A.2e)–(A.2h). Constraint (A.2j) characterizes the step-coupling relationship, and (A.2k) is the daily 
operation cycle constraint of a LS-BESS. To prevent the over-charging and over-discharging of a LS-BESS, the SoC should be enforced within certain 
upper and lower thresholds, which leads to (A.2l). 

Appendix B  

Table B1 
Parameters of conventional units.  

Units Con
G,i, Coff

G,i ($) Ton
i , Toff

i (h) a, b, c ($/MW2h, $/MWh, $) Pmax
G,i , Pmin

G,i (MW) R+
G,i, R−

G,i (MW) Hi (s) KPFR
i,t (p.u.) 

U1 4500 8 0.00048, 16.19, 1000 455, 150 200 9.3 25 
U2 5000 8 0.00031, 17.26, 970 455, 150 200 9.3 25 
U3 550 5 0.00200, 16.60, 700 130, 20 80 8.1 20 
U4 560 5 0.00211, 16.50, 680 130, 20 80 8.1 20 
U7 260 3 0.00079, 27.74, 480 85, 25 80 5.8 17 
U8 30 1 0.00413, 25.92, 660 55, 10 60 5.8 17 
U9 30 1 0.00222, 27.27, 665 55, 10 60 5.8 17 
U10 30 1 0.00173, 27.79, 670 55, 10 60 5.8 17   
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Fig. B1. Relevant data of load and wind power in the test system.  
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