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A B S T R A C T   

With the increasing penetration of converter-interfaced generators, the frequency containment reserve (FCR) 
from conventional generators keeps going down, leading to a potential risk of frequency instability under con
tingencies. Consequently, Converter-interfaced generators are required to provide FCR and participate in the 
corrective rescheduling. Nevertheless, how to assess the FCR and quantify the adequacy of FCR under contin
gencies is a big challenge in modern new power system. To address this challenge, a cross-entropy-based fre
quency-constrained contingency-state-analysis (FC-CSA) model is proposed in this paper. Notably, both 
frequency control (FC) of units (i.e., conventional synchronous generators and converter-interfaced generators), 
and under frequency load shedding (UFLS) are incorporated in the primary frequency response. Then a unified 
system frequency response (SFR) function representing frequency dynamic is derived. This SFR function is 
extracted and reformulated as a group of mixed-integer linear constraints and participates in the traditional CSA 
model. Moreover, a set of frequency dynamic indexes, i.e., Expectation of UFLS risk, Expectation of FCR from 
conventional and converter-interfaced generators, is extended to depict the FCR that the power system requires. 
These indexes are calculated by the FC-CSA in a cross-entropy-based monte carlo simulation (CE-MCs). Case 
studies on a modified IEEE 6-bus test system and IEEE 118-bus test system are carried out to demonstrate the 
effectiveness of the proposed FC-CSA model.   

1. Introduction 

With the increasing penetration of converter-interfaced generators in 
power systems, the FCR from conventional generators dominated power 
systems is declining. As a result, the power system may have inadequate 
FCR for frequency supporting against potential contingencies. To handle 
it, Grid-connected converter-interfaced generators are required to 
maintain a certain number of FCR amount participating in frequency 
regulation. As for this, it is critical for dispatchers to evaluate the FCR 
amount produced by different generators under contingencies. 

Existing studies on the estimation of FCR are typically focused on the 
power system operation level. These relevant studies set up a set of 
frequency constraints and integrate them into existing scheduling 
problems, e.g., optimal-power-flow (OPF), security-constrained OPF 
(SC-OPF), transient-constrained OPF (TC-OPF), economic dispatching 
(ED), unit commitment (UC), etc. [1–4]. Particularly, Ref. [1] proposed 

a frequency-constrained OPF (FC-OPF) considering the mechanical dy
namic of governors. Ref. [2] built up a set of frequency nadir constraints 
based on the center-of-inertia (COI)-based swing equation [3]. Ref. [4] 
put forward a TC-OPF model with frequency dynamic and voltage dy
namic into consideration. These studies aimed to find an optimal 
scheduling plan for minimizing the operating cost while keeping con
ventional units’ FCR amount. However, the impact of frequency regu
lation from converter-interfaced generators is rarely discussed. 

Driven by this, some literature discussed the feasibility of frequency 
regulation produced by converter-interfaced generators during different 
frequency responses (e.g., inertia response, primary frequency response, 
secondary frequency response, etc.). Remarkably, the impact of virtual- 
inertia (VI)-based converter-interfaced generators on UC problems was 
discussed in [5] and subsequently extended to an enhanced frequency- 
constrained UC model. The multiple frequency control schemes 
considering VI control and droop control were investigated in [6] and 
transferred to a set of convex constraints participating in UC/OPF 
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studies. A unified set of frequency dynamic constraints in [7] was 
applied to UC studies. These constraints consisted of the rate-of-change- 
of-frequency (RoCoF) restriction, frequency nadir restriction, and FCR 
restriction. In relevant studies, the calculated corrective results and FCR 
configurations in [5–7] representing rescheduling processes are gener
ally based on preselected imbalanced power cases, such as a sudden load 
increase or a failure of the maximum-output-generator. Nevertheless, 
the availability of the calculated FCR configuration concerning non- 
preselected power disturbances needs to be further explored. A multi- 
state model in [8] for assessing the reserve capability of converter- 
interfaced generators was developed to address it. Moreover, a proba
bilistic framework for FCR configuration in N-1 security assessment was 
developed, and a chance-constrained CSA model representing reserve 
scheduling was put forward [9]. However, the impact of grid-connected 
converter-interfaced generators using multiple control schemes was 
rarely discussed. And the applicability of such models in a wide range of 
potential contingencies might be further quantified. 

Motivated by the above challenges, the aim of this paper is to set up a 
robust method to estimate the adequacy of FCR configurations in a wide 
range of contingencies in modern new power systems. Some similar 

works emphasizing Spinning Reserve (SR) assessment are referred to 
and investigated to achieve this target. Primarily, possible contingencies 
are generated by the CE-MCs [10] and substituted into the traditional 
CSA model to estimate the risk of SR configurations. The uncertain 
output characteristic of converter-interfaced generators was modelled 
and incorporated into the CSA model, [11]. An accelerated adaptive 
importance sampling algorithm was used in [12] to sample contin
gencies against CE-MCs. Then, an improved SR assessment using adap
tive importance sampling and the CSA model was carried out. The 
impact of time-varying contingencies was modelled via sequential CS- 
MCs, and a refined SR framework considering sequential contin
gencies was proposed. On this basis, the forecasting error of converter- 
interfaced generators’ output was incorporated into the baseline CSA 
model [13,14]. Meanwhile, the influence of energy storage system and 
electric vehicle participating in corrective rescheduling was analyzed 
[15], and an enhanced CSA model was presented. These studies rarely 
mention the dynamic frequency requirement of power systems con
cerning contingencies. To cover that, the frequency control of conven
tional synchronous generators was introduced into the traditional CSA 
model [16]. A probabilistic forecasting and decision method in [17] to 

Nomenclature 

Indexes and Sets 
b Index of bus 
c Index of converter-interfaced generators 
d Index of load 
g Index of conventional generator 
i Index of UFLS stage 
k Index of linearized hyperplane 
s Index of sampled contingency 
B Index of bus b 
C Set of converter-interfaced generators c 
D Set of system load d 
C b Subset of converter-interfaced generator located at bus b 
D b Subset of conventional generators located at bus b 
G Set of conventional generators g 
G b Subset of conventional generators located at bus b 
K Set of UFLS stages 
S Set of sampled contingency state s 

Parameters 
HG Aggregated inertia of all conventional generators 
DG Aggregated damping of all conventional generators 
RG Aggregated droop gain of conventional generators 
FG Aggregated fraction of turbine output determined by all 

conventional generators 
TG Average time constant of all conventional generators 
RC Aggregated droop gain of droop-controlled converter- 

interfaced generators 
TC Time constant of all converter-interfaced generators 
Hg Inertia constant of conventional generator g 
Dg Damping of conventional generator g 
Rg Droop gain of conventional generator g 
Fg Fraction of turbine output determined by conventional 

generator g 
Tg Time constant of conventional generator g 
Rc Droop gain generated by droop-controlled converter- 

interfaced generator c 
Kg Mechanical power gain of conventional generator g 
Kc Mechanical power gain of converter-interfaced generator c 
Tc Time constant of converter-interfaced generator c 
Δf Deviation of system frequency 

ωi Indicator of each UFLS stage, if i th stage UFLS process is 
activated, ωi = 1; otherwise, ωi = 0. 

NK Number of linearized hyperplanes 
os
l,b Generation Shift Distribution Factor (GSDF) of line l and 

injected power located at bus b 
RoCoFmax Max Rate-of-Change-of-Frequency (RoCoF) 
pmax

g Maximum power of conventional generator g 
pmax

c Maximum power of converter-interfaced generator c 
Δpstep Mismatch power in frequency deviation case 
κvoll Coefficient of Value-of-Lost-Load (VoLL) 
τi∈{g,c,l} State of equipment i ∈ {g, c, l}. If i is online, τi = 1, 

otherwise,τi = 0.
bigM Big number for convex relaxation 

Variables 
Δpufls Forced-load-curtailment due to UFLS 
ΔpG

add Additional power produced by all conventional generators 
ΔpC

add Additional power produced by all converter-interfaced 
generators 

Δpufls,i Forced-load-curtailment at i th UFLS stage 
ΔpG

add,i Additional power produced by all conventional generators 
at i th UFLS stage 

ΔpC
add,i Additional power produced by all converter-interfaced 

generators at i th UFLS stage 
rG
add Frequency reserve that all conventional generators can 

provide 
rC
add Frequency reserve that all converter-interfaced generators 

can provide 
ΔpG

add,i,g Additional power produced by conventional generator g at 
the i th UFLS stage 

ΔpC
add,i,c Additional power produced by converter-interfaced 

generator c at the i th UFLS stage 
pg,s Rescheduled power produced by conventional generator g 

at contingency s 
pc,s Rescheduled power produced by converter-interfaced 

generators c at contingency s 
Δpd,s Rescheduled power of load s, due to UFLS, at contingency s 
Δpufls,i,d,s Forced-load-curtailment of load s, due to the i th UFLS 

stage, at contingency s  
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assess the FCR allocation of conventional generators was discussed. The 
proposed CSA models in [10–17] mainly focused on the assessment of SR 
from a perspective of steady-state active-power balance, where the fre
quency regulations of different generators, especially for converter- 
interfaced generators, are rarely investigated. 

To comprehensively quantify the FCR adequacy in a wide range of 
contingencies, a new frequency-constrained CSA (FC-CSA) model is 
developed in this paper. This model can effectively estimate the ex
pected amount of FCR configuration and potential forced-load- 
curtailment due to UFLS. It is helpful for dispatchers to build up secu
rity FCR management to guarantee frequency dynamic stability under 
contingencies. Unlike the existing CSA model, two strengthened points 
in the proposed model are as follows: 1) the frequency control of 
converter-interfaced generators participating in primary frequency 
response is considered, and the potential risk of forced-load-curtailment 
caused by UFLS is incorporated. 2) the influence of the wide-range 
contingences on the corrective rescheduling considering frequency dy
namic is discussed. 

To summarize, the main contributions in this paper are listed as 
follows,  

1. An enhanced FC-CSA model is proposed. Both frequency supports 
provided by conventional and converter-interfaced generators, and 
UFLS are considered and reformulated as mixed-integer linear con
straints, which are further incorporated into the corrective 
rescheduling under contingencies.  

2. To calculate the expectation of FR in a wide range of contingencies, a 
set of new frequency dynamic indexes, e.g., Expectations of UFLS risk 
and expectations of FR from different generators, are created. The 
FC-CSA model within the CE-MCs is applied here to calculate these 
new frequency indexes. 

The rest of the paper is organized as below: Section II analyses the 
frequency dynamic of SFR; and constructs a group of new frequency 
dynamic constraints. These reformulated constraints are integrated into 
the traditional CSA model. Section III creates a new set of frequency 
indexes and adopts a CE-MCs solution to solve these dynamic indexes. 
Section VI compares the validity of FC-CSA through case studies, and a 
conclusion is drawn in Section V. 

2. Frequency dynamic under contingencies 

2.1. Unified SFR considering UFLS and FC 

Considering a step-type mismatch power, denoted by Δpstep, due to 
the outages of several generators under contingencies, the system fre
quency changes according to the Swing Equation (SE) [6,18–20]. 

2HGΔf
′

(t) + DGΔf (t) = Δp(t) (1) 

In the corrective rescheduling process, the power regulations from 
generators and possible forced-load-curtailment, due to UFLS, are 
rescheduled to migrate the mismatch power. Thus, Δp(t) in the right side 
of (1) can be expressed as, 

Δp(t) = Δpstep −
[
ΔpG

add(t) + ΔpC
add(t)

]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Part1

− Δpufls(t)
⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟

Part2

(2) 

In (2), Part 1 represents the frequency regulation provided by con
ventional generators and converter-interfaced generators; Part 2 repre
sents the UFLS risk if the Δf(t) drops to a specific unsafe range. Assuming 
a droop-controlled FC for these grid-connected generators: ΔpG

add(t) =

L− 1[ΦG(s)Δf(s) ];ΦG(s) =
(

KG(1+FGTGs)
RG(1+TGs)

)
and ΔpC

add(t) = L− 1[ΦC(s)Δf(s) ];

ΦC(s) =
(

KC
RC(1+TCs)

)
[20], then the transfer function of (1) through Lap

lace transformation can be rewritten as, 

⎧
⎪⎨

⎪⎩

(2HGs + DG)Δf (s) = Δp(s)

Δp(s) =
1
s
Δpstep − (ΦG(s) + ΦC(s) )Δf (s) − Δpufls(s)

(3) 

where Δf(s), Δp(s), Δpufls(s), ΦG(s), ΦC(s), respectively, declare the 
transfer functions of Δf(t),Δp(t),Δpufls(t),ΦG(t), ΦC(t). Regarding the 
Part 2 term in (2), Δpufls(t) is a segmented function depending on the 
system frequency deviation [21–23], Δpufls(t) = Δpufls,i; if Δf(t) ∈ (Δfufls,i,

Δfufls,i+1] where i represents the i th UFLS region. Particularly, to reflect 
the impact of UFLS on the SFR process, (3) can be divided into several 
stages with each stage representing the diverse frequency dynamic 
[21–25]. Fig. 1(a) - (b) describe the change of Δf(t),Δp(t) considering 
UFLS and FC. Specifically, taking the 2nd SFR region as an example, 
Δf(t) ∈ (0.01,0.015], then Δpufls,1 (Part 2) is tripped, and a specific value 
of Δpadd,1 (Part 1) has been rescheduled to migrate the remaining 
mismatch power. Accordingly, the Δfi(t) representing the SFR in the ith 
region (Δfufls,i,Δfufls,i+1] can be derived as below, 
⎧
⎪⎨

⎪⎩

(2HGs + DG)Δfi(s) = Δpi(s)

Δpi(s) =
1
s
Δpstep,i − (ΦG(s) + ΦC(s) )Δfi(s)

(4) 

where Δpstep,i represents evolved mismatch power linked with the ith 
region. Δpstep,i = Δpstep − Δpadd,i − Δpufls,i;Δpadd,i=. 

ΔpG
add,i + ΔpC

add,i, where ΔpG
add,i =

KG
RG

(Δfufls,i − Δfufls,i+1); ΔpC
add,i =

KC
RC

(Δfufls,i − Δfufls,i+1). On this basis, the analytical function of Δfi(t) can 
be calculated through the inverse Laplace transform, 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δfi(t) = Δpstep,il SFR(t)

l SFR(t) =
[(

RG

RGDequ + 1

)

(1 + αe− ζwntsin(wrt + ϑ) )
]

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 2ζwnTG + (TGwr)
2

1 − ζ2

√

wn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DGRG + 1
2HGRGTG

√

Dequ = DG +
1

RC

wr = wn

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ζ2
√

ζ = wn

(
DequRGTG + 2HGRG + FGTG

2
(
DequRG + 1

)

)

ϑ = arctan
(

wrTG

1 − ζwnTG

)

− arctan
(

wr

− ζwn

)

# (5) 

In (5), the impact of frequency regulation from converter-interfaced 
generators can be reflected by the change of Dequ [6]. Assuming the same 
time constant TG for all conventional generators, usually-two orders of 
magnitude longer than that of converter-interfaced generators: TG≫ 
TC ≈ 0, [20], and then the expressions of {HG,DG, RG, FG,RC} can be 
calculated by utilizing (6) as below, 
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

HG =
∑

g∈G

ℷgHg;

DG =
∑

g∈G

ℷgDg;

1
RG

=
∑

g∈G

ℷg
Kg

Rg
;

FG =
∑

c∈C

ℷc
KcFc

Rc

1
RC

=
∑

c∈C

ℷc
Kc

Rc
;

ℷi∈{g,c} =
pmax

i

psys
; psys =

∑

g∈G

pmax
g +

∑

c∈C

pmax
c

# (6) 

It is important to note that both additional outputs from grid- 
connected generators keep zeros (at IR process) until Δf(t) is higher 
than the dead band (e.g., 0.05 Hz). Subsequently, these generators and 
possible UFLS are successively activated for reducing mismatch power. 
Fig. 1(c) - (d) illustrate additional outputs of generators and forced-load- 
curtailment, due to UFLS, along with Δf(t). It is clear to find that, due to 
the segmented feature of UFLS (Fig. 1(d)), Δf(t) is divided into several 
stages in Fig. 1(a). In the 1st stage, only conventional generators and 
converter-interfaced generators participate in frequency regulation. If 
Δf(t) ≥ 0.01 p.u., the 2nd stage is activated, and a specific amount of 
forced-load-curtailment is tripped. Likewise, if Δf(t) dips and is lower 
than 0.015 p.u., the 3rd stage is activated, and another certain amount of 
forced-load-curtailment is tripped. According to the above discussion, a 
unified SFR including UFLS and FC from converter-based generators is 
modelled in (7).  

Fig. 1. The dynamic process of SFR in (a); the evolved mismatch power along with the frequency deviation in (b); the change of additional output produced by 
generators in (c); the forced-load-curtailment, due to UFLS, in (d). 

Δfi(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δpstep,1l SFR(t),Δpstep,1 = Δpstep, ifΔf1(t) ∈
(
Δfdb,Δfufls,1

]

Δpstep,2l SFR(t),Δpstep,2 = Δpstep,1 − Δpadd,1 − Δpufls,1, ifΔf2(t) ∈
(
Δfufls,1,Δfufls,2

]

Δpstep,3l SFR(t),Δpstep,3 = Δpstep,2 − Δpadd,2 − Δpufls,2,

⋯

Δpstep,i+1l SFR(t) : Δpstep,i+1 = Δpstep,i − Δpadd,i − Δpufls,i,

ifΔf3(t) ∈
(
Δfufls,2,Δfufls,3

]

⋯

ifΔfi(t) ∈
(
Δfufls,i,Δfufls,i+1

]

(7)   
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In (7), both grid-connected generators, including conventional and 
converter-interfaced generators, reduce mismatch power through 
corrective rescheduling against contingencies. UFLS reduces this deficit 
via a discretized step forced-load-curtailment. As such, the corrective 
scheduling of UFLS means that the reduced combination of other fre
quency supporting cannot keep the system frequency from dropping 
above the preselected frequency threshold. From this point, the 
magnitude of forced-load-curtailment, due to UFLS, equals the sum of 
the system load through the relays chosen to disconnect upon trigger 
level branch. The solution for choosing suitable disconnected forced- 
load-curtailment will be further discussed in subsection II. b. 

Regarding the time delay of UFLS on the SFR calculating, Ref. [25] 
compared the impact of the time delay on the control effect of UFLS 
under different contingencies and found that the time-delay setting 
might not influence the control effect of UFLS and frequency dynamics if 
the time-relay is not close to the critical action state of forced-load- 
curtailment. In other words, if the time delay does not change the 
total amount of forced-load-curtailment, the time-delay effect is re
flected in the delayed action time of forced-load-curtailment, which 
does not have a significant impact on the residual frequency curves. 
Similar discussion on the impact of time delay in the UFLS setting can be 
found in [25,26]. In combination with the above discussion, it is 
reasonable to believe that the SFR of power system considering UFLS is 
almost unbiased if the time delay is short enough(usually less than 0.2 s). 
A more similar discussion on time-delay factors on the SFR modeling is 
included in the references [24,27]. 

2.2. Frequency nadir constraint reformulation 

To guarantee Δfi(t) within its safe region, the frequency constraint 
(8) should be held, 

Δfi(t) ≤ Δfufls,i ⇔ Δpstep,i ≤ l − 1
SFR(t)Δfufls,i,∀i (8) 

where (8) denotes the maximum mismatch power in each stage. 
Especially, if i = 1, constraint (8) can be converted as 
Δpstep,1 ≤ Δfufls,1l − 1

SFR(t). It is an equivalent form of “so-called” frequency 
safety margin (FSM) [5]. Let ϕSFR = max{l − 1

SFR(t)}, (8) can be reformu
lated as, 

Δpstep,i ≤ ϕSFRΔfufls,i,∀i,

ϕSFR = l − 1
SFR(t) : t =

1
wr

tan− 1
(

wrTG

1 − ζwnTG

) (9) 

It’s worth noting that the UFLS is sequentially activated [23]. Hence, 
to reflect the sequential activated logics of UFLS, a set of binary variables 
μi : i ∈ {1,2,3} are used to describe the associated power regulations, 

Δpstep,i ≤ ρiϕSFRΔfufls,i + (1 − ρi)bigM ,∀i (10)  

ρi = μi − μi+1,
∑

i∈K

ρi = 1, μi ≥ μi+1, ∀i (11) 

where constraint (10) specifies generators’ power regulations in each 
stage. Constraint (11) defines the sequential activated state for each 
UFLS region. Since the constraint (10) is nonlinear because ϕSFR in (10) 

is nonlinear, therefore a group of linear hyperplanes H k

(
Hk

G,
1

Rk
G
,Dk

equ,

Fk
G

)
= αk

1Hk
G +αk

2(
1

Rk
G
)+αk

3Dk
equ +αk

4Fk
G +αk

5 is adopted to fit ϕSFR(HG,
1

Rk
G
, Dequ,

Tk
G). Here, {Hk

G,
1

Rk
G
,Dk

equ, Fk
G} is a group of sampled evaluation points 

derived from (6); {αk
1,αk

2, αk
3, αk

4,αk
5} are the coefficients determined by 

each hyperplane H k. The value of coefficients can be estimated by 
minimizing the loss function: .Qloss(αk

1,αk
2,αk

3,αk
4,αk

5) =
∑NK

k=1(ϕSFR(Hk
G,

1
Rk

G
,

Dk
equ,Fk

G)

− H k

(
Hk

G,
1

Rk
G
,Dk

equ, Fk
G

)2
, [6]. That is, 

min : Qloss
(
αk

1, αk
2,αk

3, αk
4,αk

5

)
(12)  

s.t.,ϕSFR

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

− H k

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

≥ 0, ∀k (13) 

This is a kind of quadratic programming problem, which can be 
solved by open-source solver, e.g., Interior-Point-OPTimizer (IPOPT), or 
commercial solvers, e.g., CPLEX and Gurobi. More details about the 
convex properties and solution method of ϕSFR can be referred to 
[2,6,20]. By substituting H k into (10), a set of bilinear constraints can 
be derived as follows, 

Δpstep,i ≤ ρiH k,i

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

Δfufls,i + (1 − ρi)bigM , ∀i, ∀k (14) 

By introducing a slacked variable zk,i representing the product of 

ρiH k,i

(
Hk

G,
1

Rk
G
,Dk

equ, Fk
G

)
, (14) can be converted into a set of desired linear 

constraints, 

Δpstep,i ≤ zk,iΔfufls,i + (1 − ρi)bigM , i ∈ {1, 2, 3}, ∀k (15)  

H k,i

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

− bigM(1 − ρi) ≤ zk,i

≤ H k,i

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

, zk,i ∈ ℝ+, ∀i, ∀k (16) 

Accordingly, the complete form of frequency dynamic constraints 
can be obtained, 

Δpstep,i ≤ zk,iΔfufls,i + (1 − ρi)bigM ,∀i, ∀k (17)  

H k,i

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

− bigM(1 − ρi)≤zk,i ≤H k,i

(

Hk
G,

1
Rk

G
,Dk

equ,F
k
G

)

,∀i,∀k

(18)  

ρi = μi − μi+1,
∑

i∈K

ρi = 1, μi ≥ μi+1, ∀i,∀k (19)  

Δpstep,i+1 = Δpstep,i − Δpadd,i − Δpufls,i,∀i (20)  

Δpadd,i = ΔpG
add,i + ΔpC

add,i, ∀i (21)  

ΔpG
add,i ≥ ρi

∑

g∈G

ΔpG
add,i,g;ΔpG

add,i,g ≥ ϖg
1
Rg

Δfufls,i, ∀i (22)  

ΔpC
add,i ≥ ρi

∑

c∈C

ΔpC
add,i,g;ΔpC

add,i,g ≥ ϖc
1
Rc

Δfufls,i,∀i (23)  

∑

i∈K

ΔpG
add,i ≤ rG

add;
∑

i∈K

ΔpC
add,i ≤ rC

add ,∀i (24)  

∑

i∈K

ΔpG
add,i,g ≤ pmax

g − pg,∀g (25)  

∑

i∈K

ΔpC
add,i,c ≤ pmax

c − pc,∀c (26)  

ΔpG
add,i ∈ R+,ΔpC

add,i ∈ R+, rG
add ∈ R+, rC

add ∈ R+, (27)  

Δpufls,i ∈ R+, radd,g ∈ R+, radd,c ∈ R+, zk,i ∈ R+, (28)  

ρi ∈ {0, 1}, μi ∈ {0, 1} (29) 

where constraints (17) and (18) define the sufficient limits of the 
FSM at each UFLS region. Constraint (19) defines the sequentially 
activated state of UFLS regions. Constraint (20) defines the mismatched 
power at each UFLS region. Constraint (21) declares the sum of addi
tional outputs from grid-connected generators. Constraint (22) defines 
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the sum of additional outputs from conventional generators partici
pating in primary frequency response. Likewise, constraint (23) defines 
the sum of additional outputs from converter-based generators. 
Constraint (24) enforces the bindings of the additional output from 
different generators. The bindings define the least amount of the fre
quency containment reserve for guaranteeing system frequency security 
against contingencies. Constraints (25) and (26) declare the limits of 
additional adjustable output for each conventional and converter-based 
generator. Constraints (27) and (28) define the variable types and 
feasible space of decision variables. The proposed CSA model consid
ering frequency dynamics can solve both rescheduled outputs from 
conventional and converter-based generators and discretized forced- 
load-curtailment due to UFLS. On this basis, by statistically analyzing 
additional outputs from different types of generators, the binding of FCR 
configuration for power systems can be smoothly estimated. 

To prevent Δf(t) from very fast change during the IR process, the 
RoCoF limit, denoted by Δf ′

(t);Δf ′

(t) ≤ RoCoFmax should be considered. 
Since the maximum of Δf ′

(t) can be estimated as:max{ 1
2H×

(Δp(t) − DΔf(t)} ≤ max
( 1

2H Δp(t)
)
≤ 1

2HΔpstep,1. Then, the following 
constraint can be held, [6]. 

max{Δf ’(t)} ≤ RoCoFmax ⇔ HG ≤
Δpstep,1

2RoCoFmax
(31)  

3. Frequency-Constrained CSA (FC-CSA) model 

To guarantee the stability of frequency dynamic under contingency s, 
the frequency constraints, e.g., (17)-(30), are incorporated in the base
line CSA model. Therefore, an enhanced FC-CSA model can be devel
oped as follows, 

Q : minκvoll

∑

d∈D

Δpd,s (31)  

s.t.,
∑

g∈G

pg,s +
∑

c∈C

pc,s +
∑

d∈D

Δpd,s =
∑

d∈D

pd,∀g,∀c, ∀d,∀s (32)  

− pmax
l ≤

∑

b∈B

os
l,b

(
∑

g∈G (b)

pg,s +
∑

c∈C (b)

pc,s +
∑

d∈D (b)

Δpd,s −
∑

d∈D (b)

pd

)

≤ pmax
l ,∀l, ∀s (33)  

pmin
g ≤ pg,s ≤ τg,spmax

g ,∀g,∀s (34)  

pmin
g ≤ pg,s ≤ τg,s

(
pg,0 + radd,g,s

)
,∀g, ∀s (35)  

0 ≤ pc,s ≤ τc,spmax
c ,∀c, ∀s (36)  

0 ≤ pc,s ≤ τc,s
(
pc,0 + radd,c,s

)
,∀c, ∀s (37)  

Δpd,s =
∑

i∈K

Δpufls,i,d,s, 0 ≤ Δpd,s ≤ pd, ∀i, ∀d, ∀s (38)  

cons.(17) − (29), cons.(30),∀i, ∀k (39) 

In the above formulation, the objective function (31) aims to mini
mize the forced-load-curtailment risk caused by UFLS in the corrective 
rescheduling. Constraint (32) enforces the online power balance be
tween generators and demands. Constraint (33) restricts that each 
transmission line operates within its limit. Constraint (34) declares the 
maximum and minimum limits of rescheduled output produced by 
conventional generators. Constraint (35) describes the frequency 
reserve restriction for each generator. Constraint (36) declares the 
maximum and minimum output of converter-interfaced generators. 
Likewise, Constraint (37) defines the adequate frequency reserves of 
converter-interfaced generators. Constraint (38) defines the risk of 
UFLS. Furthermore, FC from conventional and converter-interfaced 

generators in (39) are added. 
Note that the proposed FC-CSA focuses on the impact of FCR on 

corrective rescheduling. Therefore, the chronological rescheduled 
output of generators is almost dependent on the FC schemes and avail
able frequency regulations in the time interval of seconds. As for this, the 
limits of ramping constraints, described in minutes or hours, are not 
considered in this work. 

Let τs = ∪{τg,s, τc,s, τl,s}, xs= ∪{pg,s, pc,s, Δpd,s, radd,g,s, radd,c,s}, the FC- 
CSA with the object function Q(xs; τs) in (31) can be simplified as, 

minQ(xs; τs) : s.t., cons.(32) − (39) (40) 

The proposed FC-CSA model is a Mixed-Integer Linear Programming 
(MILP) problem, computed by existing commercial solvers. The opera
tion constraints (32)-(39) are built on a linearized power flow equation 
for simplification. However, this research can also be extended to an AC- 
based CSA or related scheduling topics, e.g., OPF, UC, ED, etc. 

Compared with the baseline CSA model, the proposed FC-CSA model 
has three prominent characteristics: 1) The forced-load-curtailment 
caused by UFLS is incorporated for guaranteeing the frequency dy
namic security of corrective rescheduling. 2) The frequency regulation 
of converter-interfaced generators is considered. 3) The frequency dy
namic considering UFLS and FC from the converter-interfaced generator 
is derived and converted into a new group of mixed-integer linear 
constraints. These derived frequency constraints can be incorporated 
into the corrective rescheduling. 

4. Quantifying frequency reserve via FC-CSA 

As discussed before, both UFLS risk and FCR allocation can be 
accessed through (40) concerning specific contingency state. Further
more, to explore the expectation of FCR in a wide-range of contin
gencies, a CE-MCs solution is used to assess FCR allocation that the 
system may require. Let E(xs) denote the expectation of FCR allocation, 
where xs is calculated by using (40). E(xs) can be evaluated as, 

E(xs) =
∑

s∈S

Psys,s(τs;u)Q(xs; τs) (41) 

In (41), u := {ui; i ∈ {G ,C ,L }} represents the Force-Outage-Rate 
(FOR) of generators and transmission lines; Psys,s(τs;u) denotes the 
probability of sampled contingency s, which can be calculated: Psys,s(τs;

u) =
∏

i∈{G ,C ,L }(1 − ui)
τi,s (ui)

1− τi,s . According to the definition of (41), we 
define eufls, efr,G, efr,C, elolp as the expectation of UFLS risk, FCR of con
ventional generators, FCR of converter-based generators, and Lost-of- 
Load-Probability because of UFLS. These indexes can be expressed as, 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eufls =
∑

s∈S

Psys,s(τs;u)Q
(
eufls,s; τs

)

efr,G =
∑

s∈S

Psys,s(τs;u)Q
(
efr,G,s; τs

)

efr,C =
∑

s∈S

Psys,s(τs;u)Q
(
efr,C,s; τs

)

elolp =
∑

s∈S

Psys,s(τs;u)H
(
eufls,s; τs

)

(42) 

In (42), eufls,s =
∑

d∈D Δpd,s; efr,G,s =
∑

g∈G radd,g,s; efr,G,s =
∑

c∈C radd,c,s;

H
(
eufls,s

)
= 1, if eufls,s > 0; otherwise, eufls,s = 0. The result of {Δpd,s ,

radd,g,s, radd,c,s} can be soluted by utilizing (40). Especially, the physical 
significance of these extended indexes aims to describe the adequacy of 
corrective rescheduling concerning system frequency securities in a 
wide range of contingencies. With the help of these calculated indexes, 
the ability of the operating state to copy with occasional contingencies 
can be comprehensively quantified. Furthermore, these indexes about 
FCRs can be taken as a reference for dispatchers to deploy FCR config
uration more reasonably. Since these indicators are built on a statistical 
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expectation of corrective rescheduling concerning wide-range contin
gencies, these indexes overcome the conservatism caused by analyzing 
the most serious contingences alone to some extent. Meanwhile, it 
would be more conducive to realize the coordination of operation 
economy and security, especially for frequency security issues. 

Although the system frequency security concerning the most severe 
contingency may be feasible, nevertheless, it is conservative to emphasize 
frequency security only against severe contingencies. Notably, the fre
quency insecurity issues concerning serious contingencies are usually 
rare. And we still set aside frequency containment reserve (FCR) to cope 
with these contingencies. Thus, the system will keep a large amount of 
FCR if the frequency security regarding the most severe contingency is 
taken as the unique criterion to guarantee the system frequency security. 
It is not very economical because the system may never operate the most 
severe contingencies. Notice that the impact of frequency dynamic 
requirement on the supply–demand balance and scheduling feasibility 
become more and more difficult with the increase in penetration of un
certain resources. To reflect that, the power system needs to combine each 
generator’s frequency control characteristic and set up a suitable FCR 
amount under stochastic contingencies. Hence, the expectation of FCR in 
a wide range of contingencies actually reflects the actual frequency dy
namic requirement against contingencies. Accordingly, it is a relatively 
robust solution to achieve suitable FCR management by quantifying the 
security risk and probability in a wide range of contingencies. 

Since system failure is rare, the calculational process via (42) would 
be computationally demanding. To accelerate the calculation process, 
the CE-MCs [24] is implemented. The contingency s is sampled from a 
designed proposed distribution Psys,s(τs; v) instead of Psys,s(τs; u), and a 
related likelihood w(τs;u, v) is calculated to keep the unbiases of esti
mator. As for this, eufls can be rewritten as,  

The calculation of efr,G, efr,C, elolp is similar as eufls in (43). Table 1 lists 
the pseudo code for calculating frequency indexes. 

5. Case studies and analysis 

This section uses two cases, including a modified version of the IEEE 
6-bus system and the IEEE 118-bus system, to check the validity of the 
proposed FC-CSA. Both cases are coded in Julia 1.6.8/JuMP environ
ment [29] using Gurobi 9.0.3 on a personal Desktop with Intel(R) Core 
(TM) i7-8700 CPU and RAM 12.0 GB.  

1) IEEE 6-bus test system.  
2) Boundary data description. 

The system comprises 6 buses, 7 lines, and 3 conventional generators 

Table 1 
The calculation process of frequency reserve allocation.  

Pseudo Code: the CE-MCs solution for the proposed model 

1) Input: the forced-outage-rate (FOR) data of generators and transmission lines. 
operation data of generators, transmission lines and system load. Smooth 
coefficient α 

Step 1: Pre-sampling process 
2) Generating a set of contingencies τ1, τ2, τs,⋯, τN from the Psys,s(τs; u); counter 

k = 1. 
3) Calculating Q(xs; τs) through (40) for each contingency s, and forming a queue 

S = {Q(x1; τ1),Q(x2; τ2),⋯,

Q(xs; τs),⋯,Q(xN− 1; τN− 1),Q(xN; τN)}.

4) Using the same sample to update the twisted reference parameter v =

{(vi)
k
; i ∈ {G ,C ,L }}:  

(vi)
k
= (1 − α)(vi)

k− 1
+

α
(

1 −

∑
s∈S Psys,s(τs; n, u)H(Q(xs; τs) )τi,s
∑

s∈S Psys,s(τs; n,u)H(Q(xs; τs) )

)

: i ∈ {G ,C ,L }where H(Q(xs; τs)) is 

a feature function: if Q(xs; τs) = 0, H(Q(xs; τs) ) = 0; otherwise,H(Q(xs; τs) ) =

1.
5) Sorting S with an increasing order. Let Lk := Q[(1− ρ)N] denotes a ρ-quantile of S. If 

Lk ≥ 0, the pre-sampling process is finished, and jump to Step-2. Otherwise, let 
k = k + 1, and jump to 2) in Step-1. 

Step 2: CE-MCS sampling process 
6) Replacing v with u, and reset counter k = 1. 
7) Generating the contingency s through Psys,s(τs; n, v) with each component’s state 

denoted by τi,s : i ∈ {G ,C ,L }.

8) Evaluating Q(xs; τs) via (40) and calculating the unbiased value of {eufls, efpr,G ,

efpr,C} according to (42). 
9) Checking the variance coefficients of UFLS index, denoted by βufls : βufls =

σ(eufls)/E
(
eufls

)
. If it is not greater than βmax, terminate the CE-MCS process and 

save the value of {eufls, epfr.G,epfr,C,elolp}, otherwise, k = k+1, and then jump to 
7).  

Fig. 2. The single-line diagrams of modified IEEE 6-bus test power system.  

Table 2 
Both reliability performance parameters of different generators and trans
mission lines in IEEE 6 bus test system.  

Gen.NO. Type of generators λ μ u 

G1 Thermal  2.0  248.0  0.005 
G2 Thermal  5.0  195.0  0.025 
G3 Thermal  10.0  194.0  0.049 
G4 Wind turbine  20.0  120.0  0.143 
G5 Wind turbine  20.0  120.0  0.143  

Table 3 
The frequency parameters of different generators in IEEE 6 bus test system.  

Gen.NO. H K F R D T 

G1 7  0.90  0.15  0.04  0.06  8.00 
G2 5.5  0.95  0.35  0.03  0.1  8.00 
G3 3.5  0.98  0.25  0.05  0.18  8.00 
G4 —  1.00  —  0.04  —  0.06 
G5 —  1.00  —  0.04  —  0.06  

eufls =
∑

s∈S

w(τs; u, v)
(
Psys,s(τs; v)Q

(
eufls,s; τs

) )
: w(τs;u, v) =

Psys,s(τs; u)
Psys,s(τs; v)

=

∏

i∈{G ,C ,L }
(1 − ui)

τi,s (ui)
1− τi,s

∏

i∈{G ,C ,L }
(1 − vi)

τi,s (vi)
1− τi,s

(43)   
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[30]. The total installed capacity of conventional generators is 240MW. 
The system also contains 2 wind farms located on bus 1, with each farm’s 
capacity set to be 50MW. In such settings, the percent of converter- 
interfaced generators for all generators’ total installed capacity is 
29.40%. Besides, the baseline value of the power is 100.00 MW and the 
baseline value of system frequency is 50.00 Hz. Fig. 2 illustrates the 
single-line diagram of applied IEEE 6-bus system. Table 2 declares the 
reliability performance parameters of different generators that consist of 
FOR λ, repair ratio μ, and unavailability u. Based on this assumption, the 
unavailability u of each generator can be evaluated as u = λ/(λ + μ), as 
shown in the 3rd column of Table 3. 

Regarding FCR generated by different generators, all grid-connected 
generators are assumed to take droop control. Table 3 lists related pa
rameters of different controllers [2,5,6], The dead-band of controllers is 
0.05 Hz (0.001p.u.); the threshold of ROCOF is 5 Hz/s (0.1 p.u.); the 
maximum frequency deviation without UFLS activities is 0.50 Hz 
(0.010p.u.) [26]. It also means that if the deviation of system frequency 
ranges between [0.001 p.u., 0.010 p.u.], only generators are acquired to 
participate in frequency regulation. Correspondingly, if the frequency 
deviation surpluses 0.010 p.u., UFLS will be activated to reduce the 
mismatch power. Participially, if Δf(t) changes between [0.010 p.u., 
0.015 p.u.], the 1st stage UFLS (0.1 p. u., equals 5.00 % of system de
mand) is tripped. Likewise, if Δf(t) changes between [0.015 p. u., 0.02 p. 
u.], the 2nd stage is activated, and 10 % of system load is tripped. The 
activated states of UFLS along with Δf(t) can be referred to Fig. 1(d), in 
section II.A. 

In terms of the computational process of the proposed model, the 
maximum number of iterations is 1e6. The variance coefficient of eufls, is 
taken as the reference to determine whether the algorithm is terminated. 
If βufls ≤ 5% or the iteration number is greater than 1e5, the solution of 
CE-MCs will be terminated.  

3) Traditional CSA(T-CSA) vs FC-CSA. 

To compare the performance of T-CSA (benchmark) [28] and FC-CSA 
(the proposed model), a contingency scenario with a failure of generator 
is used to check these models. The contingency scenario used by these 
models is identical, ensuring that both models have the same boundary 
data. More detailed, a failure of generator numbered G1 is taken as a 
contingency scenario, and the result of steady-state OPF is taken as 
boundary data representing all generators’ initial output. Accordingly, 
Table 4 gives the corrective results solved by the T-CSA and the FC-CSA. 

Both corrective results soluted by T-CSA and FC-CSA are different, 
mainly in the rescheduled output of converter-interfaced generators. 
Besides, a certain amount of load (0.10 p.u.) in FC-CSA is tripped, while 
T-CSA does not. It is because FC-CSA considers the FC of generators, but 
T-CSA does not. The failure of G1 instantaneously results in a mismatch 
power (1.02 p. u.) and a change in system frequency. As for this, both 
conventional generators and converter-interfaced generators are 
rescheduled to adjust their outputs in combination with their FC con
trollers. In this region, both additional outputs of different generators 
are, respectively, [0.00, 0.24, 0.20, 0.25, 0.25]. It can be found that the 

sum of frequency regulations cannot cover the mismatch power, hence, 
the frequency deviation will increase and the 2nd UFLS will be acti
vated. During this region, a certain amount of forced-load-curtailment 
(0.10p. u.) is tripped. This rescheduled process is explained in FC-CSA 
but implicitly ignored in T-CSA. Another difference between T-CSA 
and FC-CSA lies in the distribution of FCR allocation. Compared with the 
initial output at the steady-state, the corrective outputs of conventional 
generators solved by T-CSA decrease, while the ones of converter- 
interfaced generators increase. It reflects that the mismatch power is 
mostly taken up by converter-interfaced generators. Nevertheless, in the 
FC-CSA model, the corrective outputs of all generators rise, which is 
consistent with their FC logicisms. In other words, all grid-connected 
generators have consistency in frequency regulations and increase 
their outputs for migrating the mismatch power. It has been well 
explained in the FC-CSA, as shown in the sixth column of Table 4. 

For analyzing the influence of FCR from converter-interfaced gen
erators and UFLS on frequency dynamics, Fig. 3 simulates the SFR curve 
with (short as “w/”) and without (short as “w/o”) considering frequency 
constraints. The SFR including frequency constraints keeps smaller fre
quency deviation, resulting in smoother system frequency response. It 
also justifies the benefit of power regulation from converter-interfaced 
generators and UFLS. The SFR in the proposed model can be divided 
into two stages: 1) in the 1st stage, all generators’ outputs are resched
uled but no forced-load-curtailment is activated. When the frequency 
drops to the threshold of 1st UFLS region, the 2nd stage is activated. And 
a certain number of loads, because of UFLS, is tripped. During this stage, 
the sum of additional power (0.94p. u.) and forced-load-curtailment 
(0.10p. u.) is greater than the mismatch power (1.02 p.u.), therefore, 
the mismatch power is positive, leading to a recovery in system fre
quency change. Both additional outputs from different generators and 
UFLS can be found in Fig. 4. According to (42) and Table 6, eufls,s =

0.10p.u.; efr,G,s = 0.34p.u.; efr,C,s = 0.50 p.u. 
In combination with the above discussions, a conclusion can be 

drawn that the corrective result in T-CSA is conservative because it 
simply analyzes the rescheduling from a power balance perspective. 
Conversely, the FC-CSA considers the frequency dynamic and power 

Table 4 
Both Rescheduled outputs and UFLS risk for this contingency state in IEEE 6 bus 
test system.  

Gen.NO. pi,0 [p.u.] Benchmark Proposed model 

pi,s [p.u.] pi,s − pi,0 [p. 
u.] 

pi,s [p.u.] pi,s − pi,0 [p. 
u.] 

G1 
(failed) 

0 0 0 0 0 

G2 0.4981 0.4059 Negative 0.7834 Positive 
G3 0.0996 0.0812 Negative 0.2018 Positive 
G4 0.2491 1.0000 Positive 0.5189 Positive 
G5 0.2491 0.7048 Positive 0.5189 Positive 
UFLS 0 0 Zero 0.1000 Positive  

Fig. 3. The SFR curve without (“w/o”) frequency constraints in T-CSA and with 
(“w/”) frequency constraints in FC-CSA. 

Fig. 4. Both corrected output of generators and forced-load-curtailment due to 
UFLS under frequency dynamic process. 
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regulations from all generators. As for this, the proposed FC-CSA is more 
practical.  

4) Quantifying FCR allocation and UFLS. 

To provide a comprehensive measure concerning FCR, Fig. 5 illus
trates the expectation of UFLS and FCR. the LOLP index and UFLS index 
are 0.0056 and 0.0006p. u., respectively. The FCR provided by con
ventional and converter-interfaced generators is 0.042p. u. and 0.202p. 
u., respectively. This result provides a reference for FCR configuration 
against frequency deviations. 

To investigate the change of FCR at different penetration rates, Fig. 6 
statistics the results of elolp, eufls, efr,G, efr,C along with the increasing 
percent of converter-interfaced generators. It is clear to see that both 
LOLP and forced-load-curtailment, due to UFLS, go down along with an 
increasing percentage of converter-interfaced generators. Especially, 
when the associated percentage is zero (0.00 %), elolp=0.010; 
eufls=0.028, which indicates a higher risk of UFLS if relying solely on 
conventional generators to provide frequency support. when the per
centage raises from 0.00 % to 30.00 %,elolp ∈ [0.005,
0.01]; eufls ∈ [0.0006, 0.03]; efr,G ∈.[0.03, 0.20]; efr,C ∈ [0. 00, 0.25]. In 
this situation, the risk of FCR from conventional generators decreases, 

Fig. 5. The calculation process of elolp, eufls, efr,G, efr,C produced by FC-CSA in the 6-bus test system.  

Fig. 6. The change of elolp, eufls, efr,G, efr,C along with the increasing percent of converter-interfaced generators.  
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and the reserve from converter-interfaced generators rises. It shows that 
the system frequency stability can be improved if the FCR from 
converter-interfaced generators is incorporated. Therefore, the benefit 
of frequency regulation produced by converter-interfaced generators is 
verified.  

5) Calculational performance analysis. 

To check the computational performance of FC-CSA in a CE-MCs 
framework, a conventional MCs is taken as a baseline to compare with 
the calculational time of CE-MCs. To ensure the variance coefficient 
converges to a preselected degree (5 %), 460, 138 iterations (38.24 min 
of computation time) are required using MCs. Nevertheless, CE-MCs 
require only 94, 792 iterations (8.87 min). It declares the benefit of 
CE-MCs in this work. Fig. 7 compares convergence processes of variance 
coefficients of MCs and CE-MCs. It can be found that CE-MCs has better 
convergence performance, thus achieving faster computational 
performance.  

6) IEEE 118 bus test system. 

A modified IEEE 118 bus system is used to test the scalability of FC- 
CSA. This system consists of 54 conventional generators, 186 lines, and 
91 loads [5,20]. The installed capacity of conventional generators is 7,
220 MW, with a peak-load of 5,516.08MW. Besides, this system consists 
of three wind farms denoted by G55, G56, and G57. These farms are 
located at bus {24,25,26}, with each capacity assumed to be 500MW. 
Fig. 8 shows the single-line diagram of modified 118-bus test power 
system. In such settings, the percent of wind farms for this system’s 
peak-load is 20.79%. Furthermore, the sudden increases of load 
(approximately 20%) represents the mismatch power under frequency 
deviation cases. Table 5 gives UFLS risks and rescheduled output of 
generators. Table 5I describes the number of generators participating in 
power regulation. Fig. 7 shows UFLS risks and (frequency) reserve 
allocation of the power system. Fig. 8 shows the iteration process of FC- 
CSA solved by baseline MCs and CE-MCs, respectively. 

It can be found that both sums of generators’ additional output by 

Fig. 7. The calculation process of variance coefficient soluted by conventional 
MCs and CE-MCs concerning the proposed FC-CSA. 

Fig. 8. The single-line diagrams of modified IEEE 118-bus test power system.  

Table 5 
Both rescheduled outputs of generators and UFLS risk under contingency state.  

Model eufls,s[p. u.] efr,G,s[p. u.] efr,G,s[p. u.] efr,G,s + efr,G,s[p. u.] 

T-CSA 0  8.7902 0  8.7902 
FC-CSA 0  6.7763 2.0139  8.7902  

Table 6 
The number of rescheduled generators participating in corrective rescheduling 
solved by T-CSA and FC-CSA.  

Model Rescheduled generators 

T-CSA G4, G5, G7, G14-G17, G19-G22, G24-G27, G29, G30, G36, G37, G39, G42- 
G44, G47, G48, G50-G51 

FC- 
CSA 

G1-G54, G55-G57  

Y. Yuan et al.                                                                                                                                                                                                                                    



International Journal of Electrical Power and Energy Systems 145 (2023) 108705

11

utilizing T-CSA and FC-CSA are close. The difference between these 
models lies in the units’ numbers involved in rescheduling processes (in 
Table 6). In the conventional model, only a part number of units is 
rescheduled for migrating the occurred mismatch power. In contrast, all 
generators through FC-CSA increase their outputs according to their FC 
logicisms participating in frequency regulations. It again proves the 
feasibility of FC-CSA considering frequency dynamics. 

Also, the CE-MCs method is used to calculate the FCR allocation; 
their results are shown in Fig. 9. In this case, elolp = 0.012; eufls =

0.0067p.u.; efr,G = 2.86 p.u.; efr,C = 0.308 p.u. respectively. Furthermore, 
conventional MC simulation is taken as a baseline solution to test the 
effectiveness of CE-MCs. It can be found in Fig. 10 that CE-MC simula
tion has better convergence performance than MCs. Therefore, it de
clares the feasibility of CE-MCs for estimating the proposed FC-CSA 
model. 

6. Conclusion 

This paper presents a new FC-CSA model representing corrective 

rescheduling concerning contingencies, and a CE-MCs is adopted here to 
quantify the FCR adequacy in a wide range of stochastic contingencies. 
This work investigates and models the combined frequency controls 
from conventional synchronous generators, converter-interfaced gen
erators, and UFLS. In this work, the jointed frequency supporting from 
conventional and converter-based generators and UFLS is analyzed and 
a refined SFR model is derived. Then, a set of mixed-integer linear 
constraints representing frequency dynamic requirement is constructed. 
To keep the rescheduling feasibility meanwhile maintain adequate FCR 
allocation, a new FC-CSA model is extended by integrating frequency 
constraints into corrective rescheduling processes under contingencies. 
Moreover, an accelerated CE-MCs method is used to quantify the 
expectation of FCR in a wide range of contingences. 

Furthermore, two cases are carried out to check the effectiveness of 
the proposed FC-CSA model. The results suggest that:  

1) The corrective result using FC-CSA is relatively conservative 
compared with the traditional CSA model. The reason for this dif
ference lies in the consideration of frequency dynamic from grid- 
connected generators. Due to the physical restriction of frequency 
control and frequency regulation capacity of generators, these gen
erators may not be able to compensate for the imbalance of power by 
immediately rescheduling their output. It leads to more conservation 
but more actual rescheduling results.  

2) The corrected rescheduled result solved by FC-CSA is consistent with 
the change of frequency derivation. It is different from the one 
computed by the traditional CSA model. It is determined by the 
droop control strategy applied by of these generators.  

3) The role of converter-interfaced generators participating in primary 
frequency response is analyzed. Using the proposed FC-CSA model, 
the FCR configuration that the power system may require under a 
wide range of contingencies can be estimated.  

4) The efficiency of CE-MCs solution for quantifying FCR allocation 
under contingencies is well demonstrated. 

To improve the system frequency stability under contingencies, the 
proposed FC-CSA model can be further strengthened to incorporate 
more flexible FCs of converter-interfaced generators. 

Fig. 9. The calculation process of elolp, eufls, efr,G, efr,C produced by FC-CSA in the 118-bus test system.  

Fig. 10. The calculation process of variance coefficient by using MCs and CE- 
MCs concerning the proposed FC-CSA model. 
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