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Market Scheduling and Pricing for Comprehensive 
Frequency Regulation Services

Yihang Jiang and Shuqiang Zhao

Abstract——The increasing integration of renewable energy 
sources poses great challenges to the power system frequency se‐
curity. However, the existing electricity market mechanism 
lacks integration and incentives for emerging frequency regula‐
tion (FR) resources such as wind power generators (WPGs), 
which may reduce their motivation to provide frequency sup‐
port and further deteriorate the frequency dynamics. In this pa‐
per, a market scheduling and pricing method for comprehen‐
sive frequency regulation services (FRSs) is proposed. First, a 
modeling approach for flexible FR capabilities of WPGs is pro‐
posed based on the mechanism of inertia control and power re‐
serve control. Subsequently, considering the differences in in‐
verter control strategies, a novel system frequency response 
model with grid-following and grid-forming inverters is estab‐
lished. Combined with the automatic generation control, the fre‐
quency security constraints of the whole FR process are de‐
rived, and integrated into the market scheduling model to co-
optimize the energy and FRSs. Finally, by distinguishing the 
contributions of various types of resources in different FR stag‐
es, a differentiated pricing scheme is proposed to incentivize 
producers with various regulation qualities to provide FRSs. 
The effectiveness of the proposed method is verified on the mod‐
ified IEEE 6-bus system and the IEEE RTS-79 system.

Index Terms——Market scheduling, wind power generator 
(WPG), frequency support, frequency regulation, frequency re‐
sponse, grid-forming inverter, pricing, frequency security.

I. INTRODUCTION 

AS a promising technology for reducing carbon emis‐
sions, a large number of renewable energy sources 

(RESs), represented by wind power generators (WPGs), 
have been integrated into the power system, posing great 
challenges to system security and stability [1]. One of the 
main problems recognized is the deterioration of the system 
frequency dynamics due to the reduction of inertia and fre‐
quency regulation (FR) reserve [2], since the non-synchro‐
nous grid connection of WPGs [3]. Historically, the electrici‐
ty market design has focused on the FR capabilities of con‐

ventional generators, which inherently provided both inertia 
and FR reserves [4]. However, with the development of ad‐
vanced control strategies, WPGs can now actively participate 
in FR through appropriate control of the inverters [5], [6]. 
This shift in technological capabilities calls for a gradual ad‐
aptation of market mechanisms to account for the FR provi‐
sion of WPGs. As such, the procurement of frequency regu‐
lation services (FRSs) from WPGs to ensure system frequen‐
cy stability in future inverter-based power systems remains 
an unresolved challenge.

Some studies have been conducted to develop market 
clearing procedures for the clearing and pricing of various 
FRSs, usually unit commitment (UC) or economic dispatch 
(ED) models that include frequency security constraints. Ref‐
erence [7] proposed a scheduling method for simultaneous 
clearing of energy, primary, secondary, and tertiary reserves. 
References [8] and [9] presented a market design for sched‐
uling and pricing synchronous inertia as well as primary fre‐
quency regulation (PFR) service. As an extension of the 
above research, [10] explored the frequency evolution in the 
process of PFR and secondary frequency regulation (SFR), 
adopted the methodology proposed in [11] to model the sys‐
tem frequency dynamics in a more detailed way, and pro‐
posed a locational reserve pricing method to differentiate the 
procurement prices of different nodes. In [12], a dynamic-
aware ED was proposed to investigate the impact of system 
frequency dynamics on the real-time locational marginal 
price (LMP). The above studies provide references for the 
design of the FR market, but none of them considers the 
share of frequency support provided by WPGs.

This has been noted in recent research, where [13] provid‐
ed a techno-economic analysis of the profitability of WPGs 
as potential participants in the SFR market. Reference [14] 
introduced the synthetic inertia and droop factors of WPGs 
and designed a market mechanism that accounts for inertia 
and PFR with consideration of the energy market. In [15], a 
chance-constrained stochastic UC model was developed to 
investigate the impact of WPG uncertainty on inertia prices, 
while only the minimum inertia requirement constraint was 
included. Reference [16] proposed a frequency-constrained 
unit commitment (FCUC) model for the simultaneous clear‐
ing of FRSs with diverse response speeds and developed a 
corresponding marginal pricing scheme based on mixed-inte‐
ger second-order cone programming. Recent research also in‐
troduced novel automatic generation control (AGC) strate‐
gies to account for the FR provision of WPGs. An adaptive 
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distributed auction-based algorithm for optimal mileage-
based AGC dispatch with high participation of RESs was 
proposed in [17], and a distributed event-triggered fixed-time 
sliding-mode control-based AGC for power systems with het‐
erogeneous FR units was introduced in [18].

The above studies provide valuable insights. Indeed, ow‐
ing to the flexible controllability of power electronics, WP‐
Gs offer faster frequency response speeds and flexible FRSs 
[19] and can participate in the FR market as enhanced fre‐
quency regulation (EFR) services [20]. However, in most 
previous studies, the frequency support capability of WPGs 
is simply modeled as a fixed inertia constant or PFR factor, 
which may affect the market competitiveness of WPGs. 
Some factors should also be properly considered to enhance 
the accuracy of market scheduling results, e.g., WPGs must 
be deloaded to reserve power for PFR and SFR [21], necessi‐
tating a trade-off between the energy market and the FR mar‐
ket. In addition, the detailed modeling of the whole process 
of frequency evolution and the coupling relationship among 
inertia response (IR), PFR, and SFR has not been fully inves‐
tigated.

Moreover, WPGs can be categorized into two types ac‐
cording to the differences in the control of grid-connected in‐
verters, i. e., grid-following (GFL) inverter and grid-forming 
(GFM) inverter [22]. The GFL inverter tracks the system fre‐
quency through a phase-locked loop to achieve synchroniza‐
tion. Due to the inherent measurement delay, it does not con‐
tribute to the initial rate of change of frequency (RoCoF) al‐
though it can improve the frequency dynamics [23]. The 
GFM inverter is a better choice because it has manners simi‐
lar to synchronous generators as a voltage source [24]. How‐
ever, almost all existing WPGs are equipped with GFL in‐
verters, and producers lack a clear motivation to deploy 
GFM inverters because there is no effective market mecha‐
nism to provide economic incentives, and almost none of the 
previous studies has distinguished the differences between 
the two. The most relevant work is in [25], where it is ar‐
gued that the GFL inverter provides only EFR service. How‐
ever, the inertia provided by the GFL inverters is still valu‐
able, as it can act to improve the frequency nadir, which is 
determined by a combination of the system inertia as well as 
the PFR.

Given this background, a market scheduling and pricing 
method for comprehensive FRSs is proposed. The main chal‐
lenge addressed in this paper is how to model and schedule 
FR resources with varying regulation quality and response 
characteristics, and design a rational pricing mechanism re‐
flecting their respective contributions, thereby incentivizing 
their participation in the market. The main contributions are 
three-fold:

1) Based on the mechanism of inertia control and power 
reserve control (PRC), a modeling approach for flexible FR 
capabilities of WPGs is proposed. Subsequently, the system 
frequency response model (SFRM) that includes the thermal 
generators (TGRs) and the WPGs equipped with GFL invert‐
ers and GFM inverters is established.

2) Combining the SFRM and AGC mechanism, the key 
frequency security constraints from IR to SFR are derived 

and incorporated into the market scheduling model to co-op‐
timize the energy and FRSs. A modified piece-wise lineariza‐
tion (PWL) algorithm is adopted to deal with the non-con‐
vex constraints.

3) The contributions of GFM and GFL inertia and the dif‐
ferences in PFR and EFR response speed are distinguished. 
Combined with the contribution of each type of resource in 
the whole FR process, a differentiated pricing scheme is pro‐
posed to incentivize FR resources with different regulation 
qualities to participate in the market.

The rest of this paper is organized as follows. Section II 
introduces the modeling of system frequency dynamics and 
the derivation of frequency security constraints. The market 
scheduling model for comprehensive FRSs and the modified 
PWL algorithm are discussed in Section III. The differentiat‐
ed pricing scheme is presented in Section IV. Section V dis‐
cusses the results of several case studies, while Section VI 
concludes the paper.

II. MODELING OF SYSTEM FREQUENCY DYNAMICS AND 
DERIVATION OF FREQUENCY SECURITY CONSTRAINTS 

A. Modeling of Flexible FR Capabilities of WPGs

The simplified mechanical and aerodynamic model of WP‐
Gs can be expressed as [26]:

ì

í

î

ïïïï

ï
ïï
ï

J Wωr

dωr

dt
=Pm -Pe

Pm =
1
2
ρπR2v3

wCp (ωrβ
w )

(1)

where J W is the inertia of the WPG driven system; Pm and 
Pe are the mechanical and electrical power of WPG, respec‐
tively; ρ, R, and vw are the air density, WPG blade radius, 
and wind speed, respectively; and Cp (ωrβ

w ) is the power 
coefficient of WPGs, which is dependent on the rotor speed 
ωr and the pitch angle βw. When a power loss disturbance 
occurs, the WPG with the additional inertia control loop rap‐
idly releases the rotor kinetic energy and injects energy into 
the power system, and this dynamic process can be repre‐
sented by [27]:

J Wωr

dωr

dt
=Pm -Pe = 2H WT dDf (t)

dt
(2)

where H WT is the synthetic inertia provided by WPG; and 
Df (t) is the system frequency deviation. By integrating the 
left and right sides of (2), the inertia can be calculated and 
expressed as:

H WT =
J W (ω2

r0 -ω
2
r )

4Df (t)
(3)

where ωr0 is the pre-disturbance rotor speed. In the practical 
FR process, the WPG is constrained by security operation 
limits, resulting in the actual release of inertia unable to 
reach the theoretical maximum. The main constraints include 
rotor speed limit and inverter capacity limit, which can be 
expressed as:

ωrmin £ωr £ωrmax (4)

Pe £P I
max (5)
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where ωrmax and ωrmin are the maximum and minimum rotor 
speed limits, respectively; and P I

max is the maximum inverter 
capacity. When designing the frequency control parameters 
of the WPG, the system frequency security limits are usually 
considered to represent the inertia requirements of the sys‐
tem [28]. Accordingly, the maximum available inertia of the 
WPG can be derived as:

H WT =min
ì
í
î

ïï

ïï

J W (ω2
r0 -ω

2
rmin )

4 ||Dfmax


P I

max -P W
0

2 || RoCoFmax

ü
ý
þ

ïïïï

ïï
(6)

where P W
0  is the pre-disturbance power output of the WPG; 

and RoCoFmax and Dfmax are the maximum allowable RoCoF 
and frequency deviation of the system, respectively. Figure 
SA1 in Supplementary Material A depicts the calculation re‐
sults under full wind speed conditions. It can be observed 
that H WT rises rapidly after the cut-in wind speed, then de‐
creases and remains constant due to the inverter capacity lim‐
it. Subsequently, the equivalent inertia time constant H W

sw of 
a wind farm (WF) can be aggregated based on the wind 
speed distribution as:

H W
sw =

( )∫
0

¥

Nm H WT
m ×wdm (vw )dvw fn

S W
w

(7)

where Nm is the number of WPGs in the WF; H WT
m  is the in‐

ertia of the mth WPG; wdm is the wind speed distribution of 
the mth WPG; fn is the nominal frequency of the system; and 
S W

w  is the installation capacity of WF. In the subsequent PFR 
and SFR process, the WPGs participate in the FR by releas‐
ing the active power generated by the PRC. Define the de‐
loading rate d W

w  as the key decision variable for PRC, the re‐
lationship between the maximum power point track (MPPT) 
power P WMPPT

w  and the deloaded power P Wdel
w  after adopting 

PRC can be expressed as:

P Wdel
w = (1 - d W

w )P WMPPT
w (8)

When the system frequency exceeds the deadband, the ac‐
tive power output for FR is increased by WPGs according to 
a pre-defined droop factor RW

w , which is set in conjunction 
with the deloading rate, as given in (9).

1/RW
w = d W

w P WMPPT
w /Dfmax (9)

In addition, it should be noted that the decrease in the cap‐
tured mechanical power efficiency due to the reduction of ro‐
tor speed after the IR is modeled as a rotor speed reduction 
factor δ in our previous work [29]. This also indicates the 
lost opportunity cost of WPGs in PFR or SFR in order to 
provide inertia. The expression for the modified droop factor 
is given as:

1/RW
w = (1 - δ)d W

w P WMPPT
w /Dfmax (10)

B. Frequency Dynamics and Security Constraints of Whole 
FR Process

1)　IR and PFR Stage
Consider a typical power system with TGRs and WPGs 

equipped with GFL inverters and GFM inverters, of which 
the SFRM is shown in Fig. 1.

In the IR and PFR stage, the main frequency security met‐
rics include the RoCoF, the frequency nadir Dfnadir , and the 
quasi-steady-state (QSS) frequency deviation DfQSS. For a 
given frequency disturbance DP loss, the initial RoCoF is only 
related to the inertia provided by TGRs and GFM inverters, 
and the inertia provided by GFL inverters has no contribu‐
tion due to the inherent measurement delay. Accordingly, the 
initial RoCoF constraint is firstly obtained as:

RoCoF =
DP loss

2 ( )∑
gÎ ϕg

H G
sg + ∑

wÎ ϕGFM

H WGFM
sw

£RoCoFmax

(11)

where H G
sg and H WGFM

sw  are the inertia provided by TGRs and 
GFM inverters, respectively; and ϕg and ϕGFM are the sets of 
TGRs and GFM inverters, respectively. In the subsequent 
derivation, the measurement delay (typically 100 ms) is ne‐
glected because its effect on the frequency nadir as well as 
on the QSS frequency deviation is small, given that the gov‐
ernor time constant of TGRs is usually several orders of 
magnitude larger. The specific effect of neglecting measure‐
ment delay is analyzed in Supplementary Material B. The in‐
verter time constant of WPG T W

w  is neglected for the same 
reason as the measurement delay. Based on this assumption 
and assuming a step-wise disturbance in DP loss, the transfer 
function G(s) of SFRM is obtained as:

G(s)=
Df

DP loss

=
é

ë

ê
êê
ê
ê
ê
2s ( )∑

gÎ ϕg

H G
sg + ∑

wÎ ϕGFM

H WGFM
sw + ∑

wÎ ϕGFL

H WGFL
sw +

(Dload + ∑
wÎ ϕGFL ϕGFM

1
RW

w ) + ù

û

ú
úú
ú
ú
ú∑

gÎ ϕg

Kmg (1 + sFHgTRg )

RG
g (1 + sTRg )

-1

(12)

where Dload is the load damping factor; Kmg, FHg, TRg, and 
RG

g  are the mechanical power gain factor, fraction of power 
generated by the high-pressure turbine, reheater time con‐

Governors of TGRs

System inertia and
damping factor 

WPGs

ΔfΔPloss

Km,g(1+FH,gTR,gs)
GRg(1+TR,gs)

GFL inverters

GFM inverters

1
W          WRw(1+Tws)

1
W          WRw(1+Tws)

Measurement
delay 

+ @
+ 1

W,GFMG2(Hs,g+Hs,w         )s+Dload

W1+Tw s

W,GFL2Hs,w       s

Fig. 1.　SFRM of a typical power system with TGRs and WPGs equipped 
with GFM inverters and GFL inverters.
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stant, and governor regulation constant, respectively; H WGFL
sw  

is the inertia provided by GFL inverters; and ϕGFL is the set 
of GFL inverters. Then the time-domain expression for the 
system frequency evolution is obtained by applying the in‐
verse Laplace transform to (12) as:

Df (t)=
DP loss

Dsys +RG
(1 + αe-ζωnt sin(ωrt + φ)) (13)
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H sys
s =
∑
gÎ ϕg

uG
g H G

sgS G
g + ∑

wÎ ϕGFM

H WGFM
sw S W

w + ∑
wÎ ϕGFL

H WGFL
sw S W

w

S total

FH =
∑
gÎ ϕg

uG
g Kmg FHgS G

g /RG
g

S total

RG =
∑
gÎ ϕg

uG
g KmgS G

g /RG
g

S total

RW =
∑

wÎ ϕGFM ϕGFL

S W
w /RW

w

S total

TR =
∑
gÎ ϕg

uG
g KmgTRgS G

g /RG
g

S total

Dsys =
Dload PL +RWS total

S total

(15)

where Dsys is the system damping term with the provision 
from the system load and WPGs; RG is the aggregated gover‐
nor regulation constant of TGRs; the detailed meanings of ζ, 
ωn, ωr, α, and φ can be found in [30]; FH and TR are the ag‐
gregated fractions of power generated by the high-pressure 
turbine and the aggregated reheater time constant, respective‐
ly; H sys

s  is the aggregated system inertia with the provision 
from TGRs, GFL inverters, and GFM inverters; RW is the ag‐
gregated droop factor of WPGs; uG

g  is the binary decision 
variable indicating the on-off status of TGRs; S G

g  is the in‐
stalled capacity of a single TGR; S total is the total generator 
installed capacity of the system; and PL is the system load 
demand. At the moment of frequency nadir, the RoCoF 
reaches zero, i. e., ¶Df (t)/¶t = 0. Based on this relationship, 
the system frequency nadir deviation constraint is obtained 
as:

Dfnadir =
DP loss

Dsys +RG (1 + 1 - ζ 2 αe-ζωntnadir ) £Dfmax (16)

where Dfnadir is the system frequency nadir deviation; and 

tnadir = arctan(ωrTR /(ζωrTR - 1))/ωr is the time at which the fre‐
quency reaches the nadir. Finally, the QSS frequency devia‐
tion constraint is obtained by applying the final-value theo‐
rem to (13) as:

DfQSS =
DP loss

Dsys +RG
£Df max

QSS (17)

where DfQSS and Df max
QSS  are the QSS frequency deviation and 

its maximum allowable value, respectively.
Remark  It can be noticed that the droop factors of WP‐

Gs in (15) are endogenously aggregated to the system damp‐
ing term, which is different from [31] and other studies that 
uniformly aggregate them with droop factors of TGRs. The 
approach proposed in [31] may fail to distinguish the fast 
regulation characteristics of WPGs as EFR due to the influ‐
ence of the governor time constant of TGRs.
2)　SFR Stage

After the PFR stage, the AGC acts to restore the frequen‐
cy to its nominal value. The AGC typically adjusts the out‐
put reference of the selected generators to offset the power 
imbalance and restores the output of the remaining non-
AGC generators to their original values. According to the 
North American Electric Reliability Council [32], the area 
control error (ACE) must reach zero within 10 min or it will 
be ruled as a violation, so the SFR service is usually a 10-
min product. The ACE can be calculated as:

ACE =DfQSS β1 +DP tie =-DP loss (18)

DP tie =-DP loss β2 /(β1 + β2 ) (19)

where β1 and β2 are the frequency response characteristics of 
the internal and external areas, respectively; and DP tie is the 
steady-state tie-line transmission power. At the beginning of 
the SFR, generators in the system have already increased a 
certain amount of power output for PFR, which is forced to 
be maintained during the SFR process [10], as shown in 
Fig. 2.

For each TGR, this power increment PFRGQSS
g  can be cal‐

culated as:

PFRGQSS
g = uG

g KmgDfQSS /RG
g (20)

For WPG, the power increment PFRWQSS
w  is obtained as:

PFRWQSS
w =DfQSS /RW

w (21)

Accordingly, the SFR capacity SFRsys to be deployed can 
be calculated as:

QSS frequency

Frequency nadir

PFR SFR

AGC signal

Time (s)

Inertia response generators
EFR generators

PFR generators

IR

Power
increment

System
frequency

0

Fig. 2.　Frequency dynamics of whole FR process after a power loss distur‐
bance.
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SFRsys =DP loss - ∑
gÎ ϕg

PFRGQSS
g - ∑

wÎ ϕw

PFRWQSS
w =

DP loss -DfQSS (RG +RW ) (22)

The constraints for the SFR process are derived as:∑
gÎ ϕg

SFRG
g + ∑

wÎ ϕw

SFRW
w ³DP loss -Df max

QSS (RG +RW ) (23)

SFRG
g £ 10 × rrg (24)

P G
g +PFRGQSS

g + SFRG
g £ uG

g P max
g (25)

P W
w +PFRWQSS

w + SFRW
w £P WMPPT

w (26)

where SFRG
g  and SFRW

w  are the SFR reserves provided by 
TGRs and WPGs, respectively; P G

g  and P W
w  are the actual 

power outputs of TGRs and WPGs, respectively; P max
g  is the 

maximum power output of TGRs; and rrg is the maximum 
SFR ramp rate of TGRs. 

Formula (23) ensures that the SFR deployment capacity is 
sufficient. Formula (24) ensures that the SFR capacity pro‐
vided by TGRs can be deployed within 10 min. Formulas 
(25) and (26) ensure that the TGRs and WPGs have suffi‐
cient power increment headroom. Also note that in some ar‐
eas, the actual AGC regulation time may be less than 10 
min, sometimes within 5 min [33]. While this does not af‐
fect the validity of our model, as it can be adapted to differ‐
ent requirements by modifying the specific parameters 
in (24).

III. MARKET SCHEDULING MODEL FOR COMPREHENSIVE 
FRSS AND MODIFIED PWL ALGORITHM 

A. FCUC Model

The procedure used for clearing in this paper is a UC 
model that includes frequency security constraints to co-opti‐
mize energy and FRSs, as shown in (27)-(46). The objective 
function (27) contains only the start-up, shut-down, and oper‐
ation costs of TGRs, excluding the bidding costs incurred by 
FRSs, as is also done in [10]. This setup is chosen because 
the primary focus of this paper is on the scheduling and pric‐
ing of energy and FRSs, and on ensuring that the results can 
accurately distinguish the contributions of generators. The 
bidding behaviors of generators are beyond the scope of this 
paper. Therefore, the prices for each type of ancillary service 
calculated in Section IV reflect only the lost opportunity 
costs of generators.

min∑
tÎ T
∑
gÎ ϕg

(Cg (P G
gt )+ SUgt + SDgt ) (27)

s.t.

uG
gt P

min
g £P G

gt £ uG
gt P

max
g     "t"g (28)

-RRg £P G
gt -P G

gt - 1 £RRg    "t"g (29)

∑
t = 1

t + TSg - 1

(1 - uG
gt )³TSg ×(u

G
gt - 1 - uG

gt )    "t"g (30)

∑
t = 1

t + TOg - 1

uG
gt ³ TOg ×(u

G
gt - uG

gt - 1 )    "t"g (31)

SUgt ³ sug ×(u
G
gt - uG

gt - 1 )    "t"g (32)

SDgt ³ sdg ×(u
G
gt - 1 - uG

gt )    "t"g (33)

ì
í
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ïïSUgt ³ 0

SDgt ³ 0
    "t"g (34)

∑
gÎ ϕg

P G
gt + ∑

wÎ ϕw

P W
wt = ∑

nÎ ϕn

P L
nt    "t"l (35)

∑
nÎ ϕn

PTDFnl ×(P
G
gnt +P W

wnt -P L
nt )£F max

l     "t"l (36)

PFRGnadir
gt ³ uG

gt Kmg P max
g σgDfmax /RG

g     "t"g (37)

SFRG
gt £ 10 × rrgt    "t"g (38)

P G
gt +PFRGnadir

gt £ uG
gt P

max
g     "t"g (39)

P G
gt +PFRGQSS

gt + SFRG
gt £ uG

gt P
max
g     "t"g (40)

P W
wt = (1 - d W

wt )P
WMPPT
wt     "t"w (41)

0 £P W
wt +PFRWQSS

wt + SFRW
wt £P WMPPT

wt     "t"w (42)

DP losst

2 ( )∑
gÎ ϕg

H G
sg + ∑

wÎ ϕGFM

H WGFM
sw

£RoCoFmax    "t
(43)

fn -
DP losst

Dsys
t +RG

t
(1 + 1 - ζ 2 αe-ζωntnadir ) £Dfmax    "t (44)

fn -
DP losst

Dsys
t +RG

t

£Df max
QSS     "t (45)

∑
gÎ ϕg

SFRG
gt + ∑

wÎ ϕw

SFRW
wt ³DP losst -Df max

QSS (RG
t +RW

t )    "t  (46)

where T is the set of scheduling time periods; Cg (P G
gt) is the 

cost function of TGRs; SUgt and SDgt are the start-up and 
shut-down costs of TGRs at time t, respectively; P G

gt and P W
wt 

are the actual power outputs of TGRs and WPGs at time t, 
respectively; P min

g  is the minimum power output of TGRs; 
RRg is the maximum ramp rate of TGRs; TOg and TSg are 
the minimum online and offline time of TGRs, respectively; 
sug and sdg are the costs of single-time start-up and shut-
down of TGR, respectively; ϕn is the set of bus nodes; 
PTDFnl is the power transfer distribution factor; F max

l  is the 
power flow limit of the transmission line; PFRGnadir

gt  is the 
power increment headroom of TGRs for PFR at time t; σg is 
the PFR reserve factor, which is usually set to be 0.5; and 
SFRG

gt, rrgt, PFRGQSS
gt , d W

wt, P WMPPT
wt , SFRW

wt, PFRWQSS
wt , DP losst, 

Dsys
t , RG

t , P L
nt, P G

gnt, and P W
wnt are the values of the corre‐

sponding variables at time t.
Constraint (28) limits the minimum and maximum power 

outputs of TGRs and (29) limits the ramp rate in adjacent pe‐
riods. Constraints (30) and (31) limit the minimum start-up 
and shut-down time for TGRs, while (32)-(34) calculate the 
corresponding costs. Constraint (35) ensures the system pow‐
er balance and (36) limits the power flow of each transmis‐
sion line. Constraints (37) - (40) ensure that the TGRs have 
sufficient power headroom to provide PFR and SFR. Con‐
straint (41) calculates the actual output of WPGs after de‐
loading, while (42) limits the output power of WPGs after 
participating in the PFR and SFR. Formulas (43) - (46) are 
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the frequency security constraints, which are RoCoF con‐
straint, frequency nadir constraint, QSS frequency deviation 
constraint, and SFR constraint, respectively. Note that al‐
though the uncertainties from RESs and load are considered 
in scheduling models or market pricing using different meth‐
ods such as stochastic [34], robust [35], and chance-con‐
strained [36] methods in other studies, these methods are not 
applied or discussed in this paper as uncertainty is not the fo‐
cus of this work.

B. Linearization of Frequency Nadir Constraints

It is noted that the frequency nadir constraint is highly 
nonlinear, which is usually detrimental for solving as well as 
market pricing. In previous research, this is usually handled 
by a mixed-integer quadratic programming based PWL algo‐
rithm [37]. However, when the number of sampling points 
or fitting hyperplanes is slightly increased, the computational 
efficiency of this algorithm will be significantly degraded, 
which makes it difficult to apply to the practical scheduling 
process. For this reason, a mixed-integer linear programming 
(MILP) based PWL algorithm proposed in [29] is adopted 
for acceleration, which is given as:

ì

í

î

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

min∑
eÎNe

(tNj
- g(H sys

se R
sys
e FHeD

sys
e ))

s.t.  tNj
- g(H sys

se R
sys
e FHeD

sys
e )³ 0    e = 12Ne

       ḡj (H
sys
se R

sys
e FHeD

sys
e )£ tj    j = 12Nje = 12Ne

       tj £ ḡj (H
sys
se R

sys
e FHeD

sys
e )+ vjM    j = 12Nj

              e = 12Ne

       tj - 1 £ tj £ tj - 1 + (1 - vj )M    j = 12Nje = 12Ne

(47)

where Ne and Nj are the numbers of sampling points and fit‐
ting hyperplanes, respectively; g(H sys

se R
sys
e FHeD

sys
e ) is the 

original frequency nadir function; H sys
se , Rsys

e , FHe, and Dsys
e  

are the values of the corresponding variables of sampling 
point e; tj and vj are the auxiliary decision variables pro‐
duced by applying the Big-M method; M is a large number; 
and ḡj (H

sys
se R

sys
e FHeD

sys
e ) is the additional decision variable 

representing the fitted linearized function with the following 

expression:

ḡj (H
sys
se R

sys
e FHeD

sys
e )= aj H sys

se + bj Rsys
e + cj FHe + d j Dsys

e + ej

 (48)

where aj, bj, cj, d j, and ej are the fitting coefficients. Then, 
the number of sampling points is chosen as 30 and the num‐
ber of fitting hyperplanes is chosen as 4, and the values of 
FH and Dsys are fixed to be 3 to visualize the results, as 
shown in Fig. SC1 in Supplementary Material C. It can be 
observed that through the linear approximation of four hyper‐
planes, the linearized fitting plane is basically coincident 
with the original function. In addition, the values of sam‐
pling points before and after linearization are compared in 
Fig. SC2 in Supplementary Material C, and the fitting errors 
are evaluated using root mean square error (RMSE). It can 
be found that the real values and linearized values are very 
close, with an RMSE of 0.1%, which is acceptable for the 
scheduling model. After linearization, the frequency nadir 
constraints are reformulated as:

aj H sys
st + bj Rsys

t + cj FHt + d j Dsys
t + ej £Dfmax    "t"j (49)

where H sys
st , Rsys

t , and FHt are the values of the corresponding 
variables at time t.

Up to this, the proposed FCUC model is fully transformed 
into an MILP problem, which can be solved efficiently with 
commercial solvers, e.g., Cplex and Gurobi.

IV. DIFFERENTIATED PRICING SCHEME 

After determining the scheduling plan of generators, the 
prices of energy and FRSs are calculated. However, the exis‐
tence of binary decision variables uG

gt in the proposed FCUC 
model leads to the non-satisfaction of the strong duality theo‐
rem, and it is impossible to directly obtain the corresponding 
dual variables for pricing. Therefore, we adopt the dispatch‐
able method to deal with the non-convexity [38]. The binary 
decision variables are relaxed into continuous forms, which 
is given as:

0 £ uG
gt £ 1    "t"g (50)

Subsequently, the linear programming based FCUC is 
solved to derive prices, and the Lagrangian function L for 
this problem contains the following terms:

L =∑
tÎ T
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ïï
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gt ) + λ0( )∑
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nÎ ϕn

P L
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st )+ bj Rsys
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λQSS [DP losst - (Dt +RW
t +RG
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DP losst -Df max
QSS (RG

t +RW
t )- ∑

gÎ ϕg

SFRG
gt - ∑

wÎ ϕw

SFRW
wt

     (51)

where λ0, λLl, λRoCoF, λQSS, λSFR, and λnadirj, are the dual vari‐
ables for constraints (35), (36), (43), (45), (46), and (49), re‐
spectively; Dt is the aggregated load damping factor at time 
t; and H WGFM

st , H G
st, H

WGFL
st , and RW

t  are the values of the cor‐
responding variables at time t. The price for each type of ser‐
vice is equal to the partial derivative of the Lagrangian func‐
tion with respect to the increased demand for that service. 

Thus, the LMP at node n and time t LMPnt can be derived 
as:

LMPnt = λ0 +∑
l

λLl ×PTDFnl (52)

The LMP contains the energy component λ0 and the con‐
gestion component ∑

l

λLl ×PTDFnl. The synchronous inertia 
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provided by TGRs shares the same price as the inertia pro‐
vided by GFM inverters since they contribute equally to the 
frequency dynamics, containing the RoCoF component 
2λRoCoF and the nadir component ∑

j

λnadirja
j.

Pr H G

t =Pr H WGFM
s

t = 2λRoCoF +∑
j

λnadirja
j

(53)

where Pr H G

t  and Pr H WGFM
s

t  are the inertia prices of TGRs and 
GFM inverters, respectively. The inertia provided by the 
GFL inverters only contributes to the frequency nadir, so its 
price Pr H WGFL

s

t  includes only the nadir component.

Pr H WGFL
s

t =∑
j

λnadirja
j

(54)

where Pr H WGFL
s

t  is the inertia price of GFL inverters.
The price of the PFR service provided by TGRs Pr RG

t  con‐
tains the nadir component ∑

j

λnadirjb
j, the QSS component 

Df max
QSS λQSS, and the SFR component Df max

QSS λSFR since the QSS 
frequency deviation directly affects the requirement of the 
SFR service:

Pr RG

t =∑
j

λnadirjb
j +Df max

QSS λQSS +Df max
QSS λSFR (55)

Similarly, the price of the EFR service provided by WPGs 
Pr RW

t  also contains the above three components. Different 
from the PFR service, the regulation speed of EFR service 
provided by WPGs is faster, which has been endogenously 
distinguished by the PWL coefficients bj and d j:

Pr RW

t =∑
j

λnadirjd
j +Df max

QSS λQSS +Df max
QSS λSFR (56)

The price for SFR service Pr SFR
t  can be calculated as:

Pr SFR
t = λSFR (57)

Subsequently, the revenue of TGRs Revg is derived as 
(58), including revenues from energy, inertia, PFR, and SFR:

Revg = (LMPnt ×P
G
gt +Pr H G

t ×H G
s t +Pr RG

t ×RG
gt +Pr SFR

t × SFRG
gt )

    (58)

The revenue of GFM inverters RevGFM
w  is derived as:

RevGFM
w =
(LMPnt ×P

W
wt +Pr H WGFM

s

t ×H W
s t +Pr RW

t ×RW
wt +Pr SFR

t × SFRW
wt )
(59)

The revenue of GFL inverters RevGFL
w  is derived as:

RevGFL
w =
(LMPnt ×P

W
wt +Pr H WGFL

s

t ×H W
s t +Pr RW

t ×RW
wt +Pr SFR

t × SFRW
wt )

    (60)

Finally, the profit can be calculated for each type of gener‐
ator. The profits of TGRs are equal to their revenues minus 
the costs of generation, and the profits of GFM inverters and 
GFL inverters are equal to the revenues because of their ze‐
ro marginal cost of generation, which are given as:

Profitg =Revg - (Cg (P G
gt )+ SUgt + SDgt ) (61)

Profit GFM
w =RevGFM

w (62)

Profit GFL
w =RevGFL

w (63)

where Profitg, Profit GFM
w , and Profit GFL

w  are the profits of 
TGRs, GFM inverters, and GFL inverters, respectively.

V. CASE STUDY 

In this section, a modified IEEE 6-bus system and a modi‐
fied IEEE RTS-79 system are applied to verify the effective‐
ness of the proposed method. The basic parameters of the 
two test systems are set as: the frequency security limits 
RoCoFmax, Dfmax, Df max

QSS  are set to be 0.5 Hz/s, 0.8 Hz, and 
0.5 Hz, respectively [27]. The maximum allowable deload‐
ing rate of WPG is set to be 30%, and the rotor speed reduc‐
tion factor is set to be 0.2. The permanent magnet synchro‐
nous generator (PMSG) based WPG is used for the frequen‐
cy support capability assessment, and the detailed parameters 
can be found in Table SCI in Supplementary Material C 
[29]. All of the models are implemented in MATLAB 2018 
and solved by Gurobi 11.0.1 on a PC equipped with an Intel 
Core i7 processor and 16 GB of RAM. In addition, the fol‐
lowing four scheduling cases are set up for comparison.

1) Case A: security-constrained UC model without fre‐
quency constraints.

2) Case B: FCUC model without the frequency support 
from WPGs.

3) Case C: FCUC model with the frequency support from 
WPGs, while the frequency response characteristics are mod‐
eled as fixed inertia and droop factors.

4) Case D: the proposed FCUC model with flexible fre‐
quency support from WPGs.

A. Modified IEEE 6-bus System

The topology of the modified IEEE 6-bus system is depict‐
ed in Fig. SC3 in Supplementary Material C, which contains 
four TGRs and two WFs. The total installed capacity of 
TGRs is 750 MW. The WPGs in WF1 are equipped with 
GFM inverters while those in WF2 are equipped with GFL 
inverters and the installed capacities of WF1 and WF2 are 
set to be 300 MW and 250 MW, respectively, with an instal‐
lation penetration rate of 42.3%. Figure SC4 in Supplementa‐
ry Material C shows the load curve and WF output curves. 
The daily peak load reaches 576 MW, and the maximum net 
load is 268 MW. During each period, the hypothetical power 
disturbance is set to be 10% of the total load demand. Spe‐
cific parameters of TGRs and transmission lines can be 
found in [39].
1)　Scheduling and Pricing Results

The total cost, revenue, and profit of each case is shown 
in Table I. Case A has the lowest scheduling cost since the 
frequency security constraints are not included. The TGRs 
are online only for the purpose of providing energy. It can al‐
so be observed from the UC results given in Fig. 3 that two 
TGRs are online during the period of 5th-22th hours, and only 
one TGR is online during the rest of the periods. However, 
the clearing results may not be able to resist the potential fre‐
quency disturbance. Case B adds the frequency security con‐
straints, while the FRSs are only provided by the TGRs. It 
can be observed that the total cost of case B is increased by 
$80038 while the profit of the WPGs decreases by $90593. 
The negative profit of TGRs is observed because some of 
the TGRs are additionally started up and are operating at the 
minimum technical output to maintain the frequency securi‐
ty, which reduces the rate of wind power consumption and 
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simultaneously leads to the energy price being much lower 
than the fuel cost of TGRs. Even though TGRs can benefit 

from the FR market, this revenue does not offset their gener‐
ation cost.

Case C considers the FRSs from WPGs with fixed FR fac‐
tors, which implies that WPGs are required to maintain a 
fixed amount of deloading rate during the full scheduling pe‐
riod. The profits of TGRs and WPGs in case C are increased 
compared with those in case B, and the number of online 
TGRs is reduced, with unit G4 shut down throughout the 
whole period. However, it is worth noting that the total cost 
of case C is rather higher than that of case B by $247. This 
is because the participation of WPGs in the form of fixed 
FR factors forces them to curtail output unreasonably during 
certain periods, such as some periods when the demand for 
FR is not strong but the energy supply requirements are high 
(period of the 9th hour). This directly leads to an additional 
increase in the output of TGRs, and in turn increases the 

scheduling cost. Compared with that of case C, the total cost 
of case D is reduced by $77022, and the profits of TGRs 
and WPGs are increased by $5719 and $15737, respectively. 
The largest unit G3 is shut down during all periods. This is 
because the designed market mechanism allows WPGs to 
provide dynamically matched inertia and FR capacity in an 
optimal way, which can improve the profitability of all par‐
ticipants while reducing the scheduling cost of the system. 
This also provides an incentive for all types of generators to 
participate actively in the FR market.

Figure 4 compares the daily generation mix of each case, 
and it can be observed that case A has the highest utilization 
of wind power as it does not require additional start-up of 
TGRs for frequency security.

TABLE I
COMPARISON OF TOTAL COST, REVENUE, AND PROFIT OF FOUR CASES IN MODIFIED IEEE 6-BUS SYSTEM

Case

Case A

Case B

Case C

Case D

Total 
cost ($)

56573

136611

136858

59836

Revenue and profit of TGR ($)

Energy 
revenue

59693

33122

69434

59291

Inertia 
revenue

37324

53963

7619

PFR 
revenue

57994

23018

8259

SFR 
revenue

0

244

187

Profit

3120

-8171

9801

15520

Revenue and profit of WPG ($)

Energy 
revenue

140418

49825

100346

128321

Inertia revenue 
of GFM

9855

5953

Inertia revenue 
of GFL

2316

987

EFR 
revenue

14780

7605

SFR 
revenue

223

391

Profit

140418

49825

127520

143257
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The utilization of wind power is significantly decreased in 
case B and case C, especially during the period of 1st-14th 
hours. Even though the WPG has a high available capacity 
during these periods, the TGRs are started up to meet the se‐
curity requirements. The utilization of wind power in case D 
is similar to that in case A. It can also be observed from the 
deloading rate comparisons given in Fig. 5 that the deload‐
ing rates of the WFs in case C are all kept at 10% during 
the scheduling period since the dynamical deloading is not 
allowed. In case D, the deloading rate of WF1 is varied and 
that of WF2 is kept at the deloading rate limit. This is be‐
cause the proposed method allows flexible deloading of WP‐
Gs for FR, which allows WPGs to make optimal decisions 
under different load demands and frequency security require‐
ments, and reduces the start-up time of TGRs, thus improv‐
ing the wind power accommodation.

Figures 6 and 7 compare the prices of various services in 
each case, all of which are obtained using the proposed dif‐
ferentiated pricing scheme. In case A, only the energy price 
is generated because it does not contain frequency security 
constraints. In case B, only the TGR inertia price, PFR 
price, and SFR price are obtained since only TGRs provide 
FRSs. In case C and case D, the GFM inverters are assigned 
the same inertia price with the TGRs because of their simi‐
lar contribution to frequency dynamics, whereas the GFL in‐
verter generates a separate inertia price. Furthermore, the 
prices of PFR and EFR differ according to the response 
speed differences. The EFR can be used to provide faster 
FR, and thus its price is higher than that of the PFR in both 
cases. For the SFR price, case B has a price of zero during 
all scheduling periods because all TGRs are online and the 
reserves for SFR are sufficient. The above analysis indicates 
that the proposed differentiated pricing scheme can reason‐
ably price different FRSs according to the characteristics of 
various types of resources.
2)　Comparison of Frequency Dynamics

To further illustrate the effectiveness of the proposed meth‐
od, an equivalent simulation model is built based on MAT‐
LAB/Simulink to verify the frequency security in each case.

The comparison of RoCoF and frequency nadir of each 
case is shown in Fig. 8. In case A, it can be observed that 
the RoCoF exceeds the limit during all periods, and the fre‐
quency nadir exceeds the limit during the periods of 1st-4th, 
11th-16th, and 23rd-24th hours, while in the other cases, the 
metrics are within the limits, which reflects the effectiveness 
of the frequency security constraints. Figure 9 shows a more 
detailed comparison of frequency dynamics of each case at 
the 24th hour. It can be found that at the beginning of the fre‐
quency disturbance, the frequency in case A falls rapidly, 
with the frequency nadir reaching 48.72 Hz and the QSS fre‐
quency deviation reaching 49.44 Hz, both of which do not 
meet the security requirements. In addition, it is worth not‐
ing that the frequency nadir of case D is slightly lower com‐
pared with that of case B and case C, which is because more 
TGRs are started up in case B and case C, and the inertia 
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and PFR factors of TGRs are fixed values. Although the sys‐
tem frequency security is guaranteed, the additional start-up 
of TGRs may cause over-scheduling of FR resources and the 
loss of marginal price signals. The above results show that 
under the market scheduling model designed in this paper, 
both TGRs and WPGs can obtain excellent profits while 
guaranteeing frequency security.

Additionally, we further evaluate the frequency security of 
each case using the frequency security margin proposed in 
[31]. The frequency security margin is defined as the maxi‐
mum imbalance power that the scheduling result can toler‐
ate. The results are shown in Fig. 10. It can be observed that 

the frequency security margin of case A is much lower than 
the system requirement, indicating that the system is highly 
susceptible to frequency instability under such scale of fre‐
quency disturbance. In contrast, the frequency security mar‐
gins of the other cases, which consider frequency security 
constraints, are all above the system requirements, especially 
during the period of 1st-8th hours, which means that these cas‐
es have sufficient margins to withstand additional frequency 
disturbances. The above results also reflect the effectiveness 
of the proposed market scheduling model in enhancing the 
system frequency response capability from another perspec‐
tive.

B. Modified IEEE RTS-79 System

The effectiveness and scalability of the proposed method 
are further tested in a modified IEEE RTS-79 system. The in‐
stalled capacity of TGRs is 2391 MW. The total installed ca‐
pacity of WPGs is 2500 MW, with the installation number 
of GFM inverters and GFL inverters each accounting for 
50%, and the installation penetration rate of WPGs reaches 
51.1%. The daily peak load is 2845.5 MW. 200 MW of hy‐
pothetical power disturbance is set for each period. The to‐
pology of the test system and the parameters of TGRs and 
transmission lines can be found in [40].
1)　Scheduling Results

The scheduling results are summarized in Table II and 
Fig. 11.

It can be observed that case D has the lowest total cost 
and the highest profit for WPGs among all cases that consid‐
er the frequency security constraints. In Fig. 11, it can be ob‐
served that case A has the lowest number of online TGRs, 
while case B has the highest, which is maintained at 12 on‐
line TGRs throughout the day. The number of online TGRs 
of case D is close to that of case A, with only 8 online 
TGRs at most, which also demonstrates that the proposed 

method can effectively optimize the number of online TGRs 
and promote the utilization of wind power. Moreover, we no‐
tice that the PFR, EFR, and SFR revenues of each case are 
much smaller than the inertia revenues. This is because the 
RoCoF constraint is the dominant constraint, and the system 
inertia requirement is much higher than the PFR, EFR, and 
SFR requirements. This suggests that inertia services are 
scarcer and more generators are online for the purpose of 
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TABLE II
COMPARISON OF TOTAL COST, REVENUE, AND PROFIT OF FOUR CASES IN MODIFIED IEEE RTS-79 SYSTEM

Case

Case A

Case B

Case C

Case D

Total cost 
($105)

1.91

6.61

5.19

2.76

Revenue and profit of TGR ($105)

Energy 
revenue

3.29

1.28

4.65

5.32

Inertia 
revenue

10.34

5.92

0.41

PFR 
revenue

0.0016

0.0030

0.0081

SFR 
revenue

0.0161

0.0105

0.0156

Profit

1.38

5.04

5.39

2.99

Revenue and profit of WPG ($105)

Energy 
revenue

5.86

2.12

6.64

8.83

Inertia revenue 
of GFM

1.347

0.540

Inertia revenue 
of GFL

0

0

EFR 
revenue

0.0001

0.0031

SFR 
revenue

0.025

0.122

Profit

5.86

2.12

8.01

9.49
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providing inertia, which also illustrates the effectiveness of 
the proposed differentiated pricing scheme.

2)　Impact of Installation of GFM and GFL Inverters
The impact of the installation of GFM and GFL inverters 

is studied. The total installed capacity of WPGs remains 
2500 MW, and only the installation rate of GFM inverters is 
changed to simulate the transformation process from GFL in‐
verters to GFM inverters. From Fig. 12, it can be found that 
as the installation rate of GFM inverters increases, the total 
cost decreases by 39.1%, and the profit and the load serving 
rate of WF are improved by 50.9% and 3.9%, respectively.

This is because as more GFM inverters are equipped, the 
inertia provided by WPGs becomes more valuable, which re‐
duces the start-up times of TGRs, and thereby improves the 
utilization of wind power, suggesting a greater competitive 
advantage in the electricity market compared with GFL in‐
verters. The above results also show that the proposed meth‐
od can guarantee that the GFM inverters receive sufficient 
economic incentives to facilitate the transition from GFL in‐
verters to GFM inverters, while also ensuring the frequency 
security under the existing installed capacity of GFL invert‐
ers.
3)　Sensitivity to Installation of Wind Power

Figure 13 compares the total cost and load serving rate be‐
tween case C and case D with different wind power installa‐
tions. It can be observed that with the increase of wind pow‐
er installation, the total cost of both cases decreases and the 

load serving rate increases, because more wind power with 
zero marginal generation cost is prioritized for scheduling. 
However, it is important to note that a higher wind power in‐
stallation also introduces greater uncertainty into the system. 
This increase in uncertainty can impact system stability and 
may require additional balancing resources to maintain se‐
cure operations, which may partially reduce the cost savings 
observed here. In addition, it can be found that the total cost 
of case D is lower than that of case C, and the load serving 
rate is higher when the same wind power installation is con‐
sidered, which is because the proposed method allows the 
dynamic frequency support of WPGs to select the optimal 
deloading rate.

4)　Sensitivity to System Frequency Security Limits
The impact of the system frequency security limits on the 

system scheduling and pricing results is studied. The RoCoF 
and frequency nadir metrics are selected as they are usually 
the dominant constraints. The results are depicted in Fig. 14 
and Fig. 15. It can be observed that when the RoCoF con‐
straint is tight, the system inertia price is very high, and the 
PFR price is zero during most of the periods. This is be‐
cause the RoCoF constraint is much more binding than the 
rest of the frequency security constraints, and the system in‐
ertia is scarcer. With the gradual relaxation of RoCoF, the 
system scheduling cost is significantly reduced, and the load 
serving rate of WF increases from 71.7% to 75.7%. The iner‐
tia price is gradually reduced to zero, especially when Ro‐
CoF is relaxed to 0.5 Hz/s, and the inertia price is equal to 
zero during almost all the periods, which indicates that the 
RoCoF constraints have lost the binding force.

In terms of the frequency nadir limit, similar conclusions 
can be obtained as the RoCoF limit. In addition, it can be in‐
tuitively observed from Fig. 15 that the inertia price of GFL 
inverters is always lower than that of TGRs and GFM invert‐
ers under the same frequency nadir limit because the inertia 
of GFL inverters does not contribute to the RoCoF. The PFR 
price is also always lower than the EFR price because EFR 
has a faster regulation speed and contributes more to the fre‐
quency dynamics. This shows that the proposed differentiat‐
ed pricing scheme can reflect the actual value of each type 
of resource, and motivate generators with higher response 
quality to participate in FR, thus better improving the sys‐
tem frequency security.
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VI. CONCLUSION

In this paper, a market scheduling and pricing method for 
comprehensive FRSs is proposed to ensure frequency securi‐
ty in the renewable-dominant power system. Through the nu‐
merical simulations conducted on a modified IEEE 6-bus 
system and a modified IEEE RTS-79 system, the effectiveness 
of the proposed method is verified. The results suggest that:

1) The proposed modeling approach effectively reflects 
the flexible FR characteristics of WPGs under full wind 
speed conditions, allowing them to provide flexible and vari‐
able regulation services, so as to make a better trade-off be‐
tween the energy market and the FR market. Compared with 
the existing research, the profit and utilization rate of wind 
power with the proposed method are increased by 18.5% 
and 8.5%, respectively.

2) The proposed frequency security constraint set of the 
whole FR process effectively distinguishes the contributions 
of different types of regulation resources and ensures the fre‐
quency security of the power system. The proposed differen‐
tiated pricing scheme can effectively combine the regulation 
quality for pricing and incentivize generators, especially WP‐
Gs, to participate in the FR market.

3) The results of the sensitivity analysis suggest that the 
FR performance of GFM inverters is better. Compared with 
that of GFL inverters, the profit space of GFM inverters in 
the FR market is larger. Moreover, the system frequency se‐
curity limits can affect the clearing results as well as the 
prices, and the system operator should take into account the 
actual operating conditions and set the limits reasonably.

Future work will focus on the modeling of the uncertainty 
pertaining to RESs and load in market scheduling and pric‐
ing. Related uncertainty modeling methods such as stochas‐
tic programming and robust optimization can lead to non-
convex models, resulting in difficulties in solving and pric‐
ing. Addressing these uncertainties and the resulting non-con‐
vexities can effectively enhance the reliability of scheduling 
and pricing results in practical applications, facilitating better 
integration of RESs.
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