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Abstract

With the construction and development of ultra-high voltage (UHV) power grids, large-scale,

long-distance power transmission has become common. A failure of the connecting line

between the sending-end power grid and the receiving-end power grid will cause a large-

scale power shortage and a frequency drop in the receiving-end power grid, which can result

in the frequency collapse. Presently, under-frequency load shedding (UFLS) is adopted for

solving the frequency control problem in emergency under-frequency conditions, which can

easily cause large load losses. In this context, a frequency coordination optimal control strat-

egy is proposed, which combines the mode transition of pumped storage units with UFLS to

deal with emergency under-frequency problems. First, a mathematical model of the fre-

quency dynamic response is established, which combines the mode transition of pumped

storage units with UFLS based on a single-machine equivalent model. Then, an optimal

model of the minimal area of the power system’s operation frequency trajectory is intro-

duced, yielding the optimal frequency trajectory, and is used for obtaining the action fre-

quency of the joint control strategy. A simulated annealing algorithm based on the

perturbation analysis is proposed for solving the optimal model, and the optimal action fre-

quency is obtained that satisfies the transient frequency offset safety constraint of the power

system. Thus, the joint optimal control of the mode transition of the pumped storage units

and UFLS is realized. Finally, the EPRI-36 bus system and China’s actual power grid are

considered, for demonstrating the efficiency of the proposed strategy.

1. Introduction

The structure of China’s power grid is undergoing profound changes [1, 2], with the power

grid transitioning toward ultra-high voltage (UHV) AC/DC connectivity. In 2020, China put

forward the construction goals of "carbon peak" and "carbon neutralization", which are likely

to accelerate the construction of the UHV power grid and the formation of a novel power sys-

tem with new energy sources as the main body in the future. This change also implies structure

variations, random load demands, nonlinearities, parametric ambiguities, steadily escalating
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size, and intricacy of the interconnected power system [3]. The randomness and volatility of

new energy sources increases the demand of the grid for power-load coordination and balance.

In particular, the trans-regional power transmission network transmits energy from high-

capacity photovoltaic, wind, and other sources to the load center of the receiving power grid,

via the UHV tie line. If the UHV tie line is locked or shut down owing to a fault, a large power

shortage in the receiving power grid is likely to occur, resulting in a rapid decline in the system

frequency.

At present, the main frequency modulation modes of power grids are primary frequency

modulation [4] and secondary frequency modulation [5], while under-frequency load shed-

ding (UFLS) has been the final safety control measure for preventing frequency collapses.

Among the above modes, automatic generation control (AGC) [3, 6], which takes place in

secondary frequency modulation, as a macro-control means of the power grids’ large-scale

coordination, has been widely studied in interconnected power systems and regional power

systems, for realizing grid source coordination. However, in the current research on frequency

control using AGC [7, 8], the available capacity for coordinated resources is small, and the

power-grid frequency regulation in large-scale power shortage situations is limited. In [9], the

kinetic energy stored in a fan impeller and a rotor shaft system was used for the primary fre-

quency regulation of the power grid. However, owing to the limitation on the rotor speed, the

provided frequency support ability is weak, and if too much of the rotor kinetic energy is

released, serious stability accidents can occur. Some scholars have also adjusted the transmis-

sion power of the back-to-back interconnected system to achieve an active frequency response

by means of the direct current (DC) feeding [10]. The results of these studies showed that the

active frequency response control approach is mainly applicable to wide-area and/or cross-

regional large-scale systems with obvious spatiotemporal distribution of the frequency, and

the DC modulation effect between regions is weakened under the zero-sum game. However,

in actuality it is preferred to ensure a relatively rapid frequency support and a relatively syn-

chronous frequency response through an interconnected regional power grid with a short elec-

trical distance. Therefore, large-capacity energy storage equipment is of great concern [11, 12].

Owing to the uncertainty of the system disturbance, after all means (such as the system reserve

capacity or the system tie-line power mutual benefit) have been used for frequency control, the

system may still experience a power shortage, and the system frequency may continue to

decline. The power system will inevitably adopt UFLS for the frequency emergency control,

thus preventing the system from exhibiting a frequency collapse.

The research on UFLS generally focuses on solving the UFLS parameters (load-shedding

stages, load-shedding amount, frequency threshold, and delay) by using an optimization algo-

rithm. In [13], a mixed integer linear programming (MILP) algorithm was used for the load-

shedding optimization, according to the load priority (non-critical, semi-critical, or critical)

and the load voltage stability index. In [14], the particle swarm optimization (PSO) algorithm

was used for estimating the real-time unbalanced power and the load-shedding amount, and

the optimal load-shedding time was calculated. In [15], a new continuous UFLS scheme was

proposed, based on the traditional stage-by-stage UFLS scheme, and the nonlinear factors of

the frequency threshold and time delay were considered. On this basis, an adaptive UFLS

scheme was proposed in [16], based on the advanced metering infrastructure (AMI) in a smart

grid, and the load-shedding process was calculated accurately in real time, to effectively reduce

the control delay. The above UFLS strategies can realize emergency frequency control for pre-

venting frequency collapses. However, these strategies are decoupled from the active frequency

control means of the system after disturbance, and the coordinated control of the system fre-

quency is not realized in combination with the above-mentioned reserve capacity. As a result,
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significant load shedding occurs prematurely, the control cost is high, and coordinated control

with the interconnected power system is lacking.

To cope with the frequency control of power systems with large-scale power shortages and

with the disadvantages of the above existing control methods, considering that the pumped stor-

age unit features large regulating power and fast response speed, and can be converted from the

pump mode to the generator mode, it has double regulation ability. In the case of an emergency

fault, the ability of the pumped storage unit to suppress the initial trend of the frequency to

decline by employing under-frequency pump shedding is better than that of UFLS. Therefore, it

is expected that the emergency frequency control of the system can be realized through the coor-

dination strategy of the local pumped storage unit and UFLS, which can minimize the load loss

while ensuring the frequency safety of the system. References [17, 18] presented a control method

for a pumped storage unit in the switching stages of the generator mode and pump mode, and

the setting of control parameters of the pump-turbine governing system. In [19], the pumped

storage unit was controlled for participating in the frequency control mechanism, which facili-

tated AGC-controlled coal-fired generators, to increase the ramping capability by switching its

operation modes and generating output power variation. In [20, 21], the feasibility of a pumped

storage power station to support the system frequency by changing the operation modes under

severe system accidents was studied, and it was verified that the pumped storage power station

could reduce the amount of load-shedding by switching the working state.

Based on the existing research on the emergency low-frequency problem of large power short-

ages in receiving-end power grids, this paper proposes a frequency-coordinated optimization

control strategy, combining the mode conversion of pumped storage units and UFLS. First, a

mathematical model of the frequency dynamic response is established, which combines the

mode transition of pumped storage units with UFLS based on a single-machine equivalent

model. Then, the optimal frequency control trajectory is used as the operation basis of the joint

control method. A simulated annealing algorithm based on the perturbation analysis is proposed

for solving the optimal model, and the optimal action frequency point is obtained under the con-

dition of ensuring the transient frequency offset safety of the power system. Thus, the joint opti-

mal control of the pumped-storage unit mode transition and UFLS is realized. Finally, the

effectiveness of the proposed strategy is validated in simulations, which provides a frequency

recovery solution for large power shortage events such as UHV receiving-end grid faults.

The main objectives and the innovative contributions of this work are as follows:

1. To recommend a frequency-coordinated optimization control strategy that combines the

mode conversion of pumped storage units and UFLS for treating large power shortages.

2. The dynamic frequency variation process of the pump mode and generator mode of a

pumped-storage unit is analyzed.

3. The entire process frequency dynamic response mathematical model that combines the

mode conversion of pumped storage units and UFLS is established, and a control strategy

based on dynamic frequency trajectory control is formulated.

4. The response characteristics and control cost of a pumped storage unit and UFLS strategy

are analyzed for the grid frequency control requirements of different time scales after the

fault.

5. The proposed strategy can improve the adaptability of the UFLS scheme to the power grid

following large power shortages, and can help solve the emergency low-frequency problem

caused by large power shortages. Compared with the traditional single UFLS control, the

receiving power grid can recover the system frequency more quickly and effectively.
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The remainder of this paper is organized as follows. Section 2 describes the derivation of

the frequency dynamic response equation of a power system based on a single-machine

model. Section 3 establishes the mathematical model of the mode transition of pumped storage

units by analyzing the mode transition characteristics of the pumped storage units. Section 4

establishes the joint optimal control model, which combines pumped storage and UFLS. The

joint optimal control model is solved using the simulated annealing algorithm and perturba-

tion analysis in Section 5. Section 6 presents simulation-based verification results of the pro-

posed strategy. The study conclusions are presented in Section 7.

2. Frequency dynamic response equivalent model of a power

system

The frequency of a power grid will drop when a large-scale active power shortage will occur,

and an UFLS device will be activated if the frequency will continue to drop toward the thresh-

old [22, 23]. In this study, an entire power system was considered to be equivalent to a single-

machine system, for studying the frequency dynamics of the power system. The single-

machine equivalent model was modeled considering the load change, the primary frequency

adjustment process of the generator, and the overload of the power grid. The model is sche-

matically shown in Fig 1.

The mathematical model of the single-machine system can be expressed by the following

equations:

Ts
dDf
dt
¼ � DPOL

TG
dDf
dt
þ DPG ¼ � KGDf

DPD ¼ KDDf

DPOL ¼ DPD � DPG þ DPOL0

ð1Þ

8
>>>>>>><

>>>>>>>:

where Ts is the inertial time constant of the equivalent system; Δf is the frequency variation;

ΔPOL is the overload or the power shortage of the system; TG is the comprehensive time con-

stant of the system-wide generator set; ΔPG is the variation in the generator power; KG is the

Fig 1. Model block diagram of the single-machine system.

https://doi.org/10.1371/journal.pone.0261093.g001
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power-frequency static characteristic coefficient of the generator set; ΔPD is the load variation;

KD is the load frequency coefficient; and the system’s initial overload or the initial power short-

age ΔPOL0 can be expressed by the difference between the initial load PD0 and the initial gener-

ator power output PG0, ΔPOL0 = PD0−PG0.

According to Eq (1), the receiving-end grid is a typical first-order inertial system owing to

the introduction of KD. A large power shortage in the receiving-end grid occurs when the

UHV connecting line fails, resulting in a sharp and rapid decline in the frequency. The fre-

quency dynamic response process can be characterized by the following full-response equa-

tion:

f ðtÞ ¼ f1 þ ðfN � f1Þe
� 1
Ts
t

ð2Þ

where f1 is the post-fault steady-state frequency of the power system; fN is the rated frequency

of the power system, and is also the initial frequency before the fault.

We introduce Tf ¼
Ts
KD

, Ks = KD+KG, where Tf is the time constant during the system’s fre-

quency decline and Ks is the comprehensive power-frequency regulation coefficient. Accord-

ing to Eq (1), the frequency dynamic response process curve can be obtained using Eq (3), as

follows:

f ðtÞ ¼ fN �
DPOL0

Ks
ð1 � 2Ame

atÞcosðbt þ φÞ ð3Þ

a ¼ �
1

2
ð
KD

Ts
þ

1

TG
Þ

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4KGTGTs � ðKDTG � TsÞ
2

2TGTs

s

Am ¼

ffiffiffiffiffiffiffiffiffiffi
KGKs
p

2Tsb

φ ¼ arctg½
1

b
ð
1

2
ð
KD

Ts
�

1

Ts
Þ þ

KG

Ts
Þ�;φ 2 ð� p;pÞ

ð4Þ

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

3. Characteristic analysis of the operation mode transition of the

pumped storage unit

3.1. Equivalent model of the pumped storage unit

The pumped storage unit has a large capacity, fast response, and good frequency regulation. Its

dynamic behavior is closely related to the dynamic characteristics of water flow. In this study,

the wave effect of the water flow was ignored, and the mechanical power loss of a hydro-tur-

bine was considered. The following nonlinear model of a hydraulic turbine was used:

Pmech ¼ KPDU � P0

U ¼ KU

ffiffiffiffi
D
p

mc

dU

dt
¼ �

g
L
D � D0½ �

ð5Þ

8
>>><

>>>:

where Pmech is the mechanical power output of the hydraulic turbine; KP, KU are the propor-

tionality coefficients; D is the net head of the hydraulic turbine; D0 is the steady-state initial

value of, D; U is the water flow rate; P0 is the no-load loss; μc is the ideal guide vane opening; g
is the gravity acceleration; and L is the length of the penstock.
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The no-load loss P0 is mainly caused by the static friction force of the hydraulic turbine; as

a result, there is an approximate linear relationship between the ideal guide vane opening μc
and the actual guide vane opening y. The mathematical relationship is as follows:

P0 ¼ KPDUNL

UNL ¼ AtyNL
ffiffiffiffiffiffi
D0

p

At ¼ 1=ðyFL � yNLÞ

ð6Þ

8
><

>:

mc ¼ Aty ð7Þ

where UNL is the critical flow rate of the hydraulic turbine from the stationary to rotating state;

At is the proportionality coefficient; yFL is the actual full-load opening; and yNL is the actual

no-load opening of the hydraulic turbine guide vanes.

3.2. Operation mode transition properties of the pumped storage unit

As shown in Fig 2(A), the main operation modes of pumped storage units are the pump mode,

the pump condenser mode, the generator mode, the generator condenser mode, and the spin-

ning mode. Pumped storage units can contribute to the emergency frequency control by using

the power output from the mode transition between the spinning, generator, and pump

modes, as is schematically shown in Fig 2(B).

Suppose there are N pumped storage units in a power plant. The same power plant cannot

have pumped storage units operating in the generator mode and the pump mode at the same

time. The initial conditions are that there are M units in the pump mode, N minus M units in

the spinning mode, and 0 units in the generator mode.

3.2.1. The mode transition process from the pump mode to the spinning mode. In the

steady-state pump mode of pumped storage units, the absorbed power PP-S from the grid satis-

fies the power-balance Eq (8):

PP� S ¼ Pmech þ P0 ð8Þ

There is a closing process of the guide vane mechanism when the pump mode changes to

the spinning mode, and the guide vane opening yP(t) obeys the time-dependent linear closure

Fig 2. Operation mode transition diagrams of pumped storage units. (a) A typical mode transition diagram. (b) The mode transition diagram for frequency control.

https://doi.org/10.1371/journal.pone.0261093.g002
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law [24, 25], as follows:

ypðtÞ ¼ y0 � kyt ð9Þ

where y0 is the initial opening and ky is the proportionality coefficient of the closing process.

From Eqs (5)–(9), the time-dependent output power of the pumped storage unit changing

from the pump mode to the spinning mode can be obtained using Eq (10), as follows:

PP� SðtÞ ¼ KpDKU

ffiffiffiffi
D
p

AtypðtÞ ð10Þ

Then, the M pumped storage units in the pump mode change to the spinning mode, stage

by stage. Correspondingly, in this process, the frequency recovery process consists of M steps.

The quantities f P� Sm and tP� Sm are the action frequency value and the action time of the m-th unit

for transitioning from the pump mode to the spinning mode, respectively. The quantity PP� S
m is

the active power contribution of the m-th unit to the grid, after the operation mode transfor-

mation had completed.

According to Eq (10), the power increment ΔPP−S of the receiving-end grid after M pumped

storage units had converted can be obtained as follows:

DPP� S ¼
XM

m¼1

PP� S
m ð11Þ

3.2.2. The mode transition process from the spinning mode to the generator mode.

According to Eq (5), the output power of a pumped storage unit is PS−G = Pmech when in the

steady-state generator mode. There is an opening process of the guide vane mechanism when

the spinning mode changes to the generator mode, and the guide vane opening yG(t) obeys the

time-dependent linear opening law, as follows:

yGðtÞ ¼
kct; 0 � t <

yFL
kc

yFL; t �
yFL
kc

ð12Þ

8
>><

>>:

where kc is the proportionality coefficient of the opening process.

Using Eqs (5)–(7) and Eq (12), the time-dependent output power of a pumped storage unit

that transitions from the spinning mode to the generator mode can be obtained from Eq (13),

as follows:

PS� GðtÞ ¼ KPD½KU

ffiffiffiffi
D
p

AtyGðtÞ � UNL� ð13Þ

Currently, there are N pumped storage units in the spinning mode that transition to the

generator mode, stage by stage. Correspondingly, in this process, the frequency recovery pro-

cess consists of N steps. The quantities f S� Gn and tS� Gn are the action frequency value and the

action time of the n-th unit for converting from the spinning mode to the generator mode,

respectively. The quantity PS� G
n is the active power contribution of the n-th unit to grid, after

its operation mode had converted.

According to Eq (13), the power increment ΔPS−G of the receiving-end grid after N pumped

storage units had converted can be obtained as follows:

DPS� G ¼
XN

n¼1

PS� G
n ð14Þ
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By substituting Eqs (11) and (14) into Eq (3), the frequency dynamic response process can

be obtained for the corresponding operation mode.

4. Joint optimal control strategy combining the pumped storage

unit and UFLS

The traditional UFLS is a passive response-based control measure that requires the system fre-

quency to fall to a predetermined threshold before triggering the action. It is usually used for

safety and stability control under extreme serious faults, with late action timing and large load

shedding. This study makes full use of the mode transition properties of the pumped storage

unit and UFLS, and proposes a joint optimal control strategy. When the frequency drops to a

certain extent, the mode transition of the pumped storage unit is actively initiated for fre-

quency adjustment. The UFLS is added for frequency regulation, if the frequency continues to

decrease.

4.1. Traditional under-frequency load-shedding scheme

The UFLS is a traditional frequency emergency control method for power systems. It removes

a certain load to reduce the active power shortage, so as to keep the frequency of the system

within the non-accident range of values, and to ensure the power supply reliability of impor-

tant loads [26]. It is also known as the third line of defense of the power system [27]. When a

serious active power shortage occurs in the power system, the traditional UFLS scheme mainly

consists of four parameters: 1) the number of stages (H), 2) the load-shedding value of the h-th
stage (Pshed

h ), 3) the action frequency point of the h-th stage (f shedh ), and 4) the time delay of the

h-th stage (Δth); this is shown in Fig 3.

4.2. The proposed joint optimal control strategy

Consider the case of an emergency under-frequency problem in the power grid, as described

in Section 2.2. First, M pumped storage units in the pump mode change their mode to the

spinning mode, one by one. After the mode change had completed, there are N pumped stor-

age units in the spinning mode. Then, if the frequency continues to decrease, the N units

change their mode to the generator mode, one by one, for power support. However, if the fre-

quency continues to decrease, the UFLS is triggered (consisting of H stages). The coordination

control scheme is formulated as shown in Fig 4.

4.3. The realization of the joint optimal control strategy

4.3.1. Dynamic frequency trajectory analysis of the joint optimal control strategy.

When a failure causes a power shortage, the frequency dynamic response curve satisfies the

mathematical relation in Eq (3). According to the frequency coordinated control scheme in

Fig 4, the dynamic frequency trajectory curve combined with the pumped storage units with

UFLS can be described as in Fig 5.

The specific analysis is as follows:

1) The initial power shortage caused by the fault is ΔPOL0, and the units change their mode

from the pump mode to the spinning mode, stage by stage. The real-time power shortage of

the system can be obtained from Eq (15), during the m-th stage of the pumped-storage unit

mode transition.

DPP� S
OLðmÞ ¼ DPOL0 �

Xm

i¼1

PP� S
i ð15Þ
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Substituting Eq (15) into Eq (3), the dynamic frequency trajectory in the m-th stage of the

mode transition process can be obtained as follows:

f P� Sm ðtÞ ¼ fN �
DPP� S

OLðmÞ

Ks
� ð1 � 2Ame

atÞcosðbt þ φÞ ð16Þ

Similarly, it can be concluded that the change in the dynamic frequency trajectory in the

process of the spinning mode’s change to the generator mode can be expressed by Eq (17), as

follows:

f S� Gn ðtÞ ¼ fN �
DPS� G

OLðnÞ

Ks
� ð1 � 2Ame

atÞcosðbt þ φÞ ð17Þ

DPS� G
OLðnÞ ¼ DPS� G

OLðMÞ �
Xn

i¼1

PS� G
i ð18Þ

where DPS� G
OLðnÞ is the real-time power shortage of the system during the n-th stage of the

pumped-storage unit’s mode change from the spinning mode to the generator mode.

2) After the frequency regulation process of N pumped storage units had completed, in

extreme cases, it will be necessary to start the UFLS stage by stage. Similarly, the dynamic

Fig 3. Principle of the under-frequency load shedding.

https://doi.org/10.1371/journal.pone.0261093.g003
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frequency trajectory of the h-th stage of the UFLS can be obtained from Eq (19), as follows:

f shedh ðtÞ ¼ fN �
DPshed

OLðhÞ

Ks
� ð1 � 2Ame

atÞcosðbt þ φÞ ð19Þ

DPshed
OLðhÞ ¼ DPS� G

OLðNÞ �
Xh

i¼1

Pshed
i ð20Þ

where DPshed
OLðhÞ is the real-time power shortage of the power system during the h-th stage of the

UFLS.

4.3.2. The objective function and constraint conditions of the joint optimal control

strategy. The purpose of the joint control strategy is to coordinate the rapidity of the system

frequency recovery, to minimize the load loss, and to obtain the optimal frequency control tra-

jectory. This goal can be achieved by reasonably determining the action frequency points in

each stage. As shown in Fig 5, based on the dynamic frequency trajectory, this study defines

the minimal area surrounded by the frequency trajectory curve and the rated frequency curve

Fig 4. The coordination control scheme.

https://doi.org/10.1371/journal.pone.0261093.g004
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as the objective function. By solving the objective function, the action frequency points of each

stage can be determined, and finally, the optimal frequency trajectory of the system operation

can be determined point by point.

As shown in Fig 5, the gray parts of the area enclosed by the dynamic frequency trajectory

and the rated frequency f = fN are, SP−S,SS−G,Sshed respectively, representing the three stages: 1)

the pump mode conversion to the spinning mode, 2) the spinning mode conversion to the

generator mode, and 3) the UFLS.

Fig 5. The dynamic frequency trajectory curve for the combined system of pumped storage units and UFLS.

https://doi.org/10.1371/journal.pone.0261093.g005
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Matrix X is defined, and it consists of action frequency points f and corresponding action

time series t, as follows:

X ¼
f

t

" #( f ¼ ½f P� S
1

; � � � ; f P� Sm ; � � � ; f P� SM ; f S� G
1

; � � � f S� Gn ; � � � ; f S� GN ; f shed
1

; � � � ; f shedh ; � � � ; f shedh �

t ¼ ½tP� S
1
; � � � ; tP� Sm ; � � � ; tP� SM ; tS� G

1
; � � � tS� Gn ; � � � ; tS� GN ; tshed

1
; � � � ; tshedh ; � � � ; tshedh �

ð21Þ

The mathematical model of the objective function of the joint control strategy is established

as follows:

min S ¼ SP� S þ SS� G þ Sshed

s:t: SP� S ¼
XM

m¼1

Z tP� Smþ1

tP� Sm

ðfN � f
P� S
m ðtÞÞdt

SS� G ¼
XN

n¼1

Z tS� Gnþ1

tS� Gn

ðfN � f
S� G
n ðtÞÞdt

Sshed ¼
XH

h¼1

Z tshedhþ1

tshedh

ðfN � f
shed
h ðtÞÞdt

f tð Þ ¼ fN �
DPOL

Ks
1 � 2Ame

atð Þcos bt þ φð Þ; t 2 t; f tð Þ 2 f

f P� Smin � f P� Sm � f P� Smax ; f
S� G
min � f S� Gn � f S� Gmax ; f

shed
min � f shedh � f shedmax

ð22Þ

8
>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>:

where f P� Smin ; f
P� S
max ; f

S� G
min ; f

S� G
max is the transient frequency safety limit of the action frequency of

pumped storage units during the mode change and f shedmin ; f
shed
max are the transient frequency safety

limits for the UFLS.

5. Solution of the joint optimal control strategy using the simulated

annealing algorithm with perturbation analysis

Because the power system is a nonlinear and non-autonomous system, the calculation scale

of the response problem is large after a large disturbance, which involves solving the time-

domain trajectory and calculating the margin index. The traditional analytical method can-

not easily deal with this problem; thus, time-domain trajectories are computed using

numerical simulations, considering the time-domain trajectory constraints. According to

the mathematical description of Eq (22), the optimal solution of the joint optimal control

strategy problem seeks the optimal solution in the space of feasible solutions constrained

by the transient frequency security. Owing to the nonlinearity and the characteristics of the

optimal solution of the joint optimal control strategy, the optimization should be per-

formed on the boundary of the space of feasible solutions, which can be used for designing

the solution algorithm.

To avoid the problem of solution trapping in a local minimum and high computational

complexity for large-scale solutions, the current study utilized the simulated annealing algo-

rithm based on perturbation analysis. According to a small change in the system’s parameters,

the extent of the change of the time-domain frequency trajectory is used for guiding the solu-

tion to the problem. Then, the mathematical model of the emergency frequency coordination

control is transformed into a local linear programming problem, and the simulated annealing

algorithm is used for solving the problem efficiently. The algorithm utilizes the properties of

linear programming in boundary optimization, for obtaining an optimal solution that satisfies

the imposed constraints.
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The method can be used for “online budget and implement matching” control measure

optimization. That is, real-time updating of the grid operation state and solving the model for

obtaining the frequency control plan are done first, and then the action frequency points of

each stage are distributed using a high-speed communication system. When faults are detected

that meet the prescribed conditions, the plan is immediately started for maintaining the sys-

tem’s security and stability.

5.1. Processing of constraints based on perturbation analysis

The objective function of the joint control strategy is the linear superposition of the area

enclosed by each stage’s frequency trajectory and the rated frequency curve, which is a nonlin-

ear condition satisfying the transient frequency constraint. In the process of calculating the

action frequency point based on the frequency trajectory, the sensitivity [28] of the frequency

trajectory that underlies time-domain variations of the trajectory is introduced based on per-

turbation analysis, and the transient frequency safety constraint is locally linearized. Then, the

mathematical model of the joint control strategy can be transformed into a linear program-

ming problem, for solving.

The trajectory sensitivity matrix A is defined using the perturbation analysis method, and

locally linearizes the transient frequency safety constraints into the following form:

ηf þ ADf V � εf ð23Þ

A ¼ ½af 1; . . . ; afi; . . . ; afNL �

ηf ¼ ½Zf 1; . . . ; Zfi; . . . ; ZfNL �

Df V ¼ ½Dff 2; . . . ;Dffiþ1; . . . ;DffNL � 1; 0�

ð24Þ

8
><

>:

where ηf is the transient frequency safety margin vector, ηfi is the transient frequency safety

margin when the power shortage is, ΔPi; ΔfV is the frequency variation vector, Δfi+1 is the fre-

quency variation of the i+1th stage; εf and is the transient frequency safety threshold value,

that is, the transient frequency safety limits of Eq (22).

Among them,

afi ¼
ZfiðDPi; tiÞ � ZfiðDPiÞ

ti

Zfi ¼ minð

Z tiþtcr;i

ti

ðfi � fcr;iÞdt

ðfN � fcr;iÞtcr;i

Þ

ð25Þ

where afi represents the trajectory sensitivities of ηfi; ηfi(ΔPi) is the transient frequency devia-

tion safety margin for the power shortage ΔPi of the i-th stage and ηfi(ΔPi,τi) is the margin

index ηfi(ΔPi) with the power shortage ΔPi of the i-th stage increased by τi; fi is the action fre-

quency of the i-th stage and fcr,i is the frequency deviation threshold of fi; tcr,i is the maximal

time at which the action frequency fi exceeds the threshold fcr,i; and ti is the action starting

time of the i-th stage.

The computation that uses the perturbation method to obtain the trajectory sensitivity

matrix A is mainly concentrated on the dynamic simulation of the perturbation of each stage’s

power shortage. Because these dynamic simulations are independent of each other, the compu-

tation can be parallelized, for speeding up the solution of the trajectory sensitivity matrix.
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Owing to the nonlinear nature of the problem, it is impossible to solve it once to obtain the

optimal solution; yet, the boundary of the feasible solution space can be quickly reached using

an optimization algorithm, allowing to find an approximately optimal solution. Based on the

previous solution, the local linearization and linear programming solution determination steps

were carried out again, to further approximate the optimal solution. Through repeated itera-

tive operations and until the solution converged, the obtained solution constituted the optimal

solution of the problem.

5.2. Simulated annealing algorithm

The simulated annealing algorithm can deal with highly nonlinear optimization problems,

such as global optimization and discrete-variable optimization. It mainly requires three func-

tions to control the iterative process: cooling time, random solution, and the Metropolis crite-

rion [29, 30].

1. The cooling function is defined as

T ¼ T0�K ð26Þ

where T0 is the initial temperature and K is the cooling factor.

2. The random solution X, defined by Eq (21), is generated, and the frequency constraint of

Eq (22) is satisfied.

3. The unsatisfactory solution is accepted by the Metropolis criterion with a certain

probability.

prob ¼
1 ;DE < 0

e
�

DE
T ;DE > 0

ð27Þ

8
><

>:

where prob is the probability that a new solution will be accepted, ΔE is the variation of the sys-

tem energy, and DE ¼ DETi � DETi � 1 .

5.3. Solution based on the perturbation analysis—simulated annealing

algorithm

1. Initialize the initial temperature T0, the cooling stop temperature Tend, the cooling factor K,

the Markov chain or the iteration length L, and the iteration number i = 0.

2. At the current temperature Ti = T0, randomly select the initial positions Xi = X0 of those

particles that satisfy the frequency constraint. Set the power shortage to ΔPi; set the current

objective function value that can be solved, that is, the area value enclosed by the frequency

trajectory and the rated frequency STii ¼ ST0

0 .

3. Generate new particles Xi+1 by perturbation analysis in the near subset of the current solu-

tion Xi and obtain the new objective function value STiiþ1.

4. Calculate DE ¼ STiiþ1 � STii . If ΔE<0, the action frequency value represented by the new posi-

tion state is regarded as the current optimal position state. If ΔE>0, the new position state

is accepted as the current optimal action frequency value according to the probability rule

in Eq (27).
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5. Search for all solutions at this temperature Ti and determine whether the loop end condi-

tion is satisfied. If yes, output the optimal action frequency value; otherwise, drop the tem-

perature to Ti+1 = Ti�K; set i = i+1, set the power shortage to ΔPi, and repeat steps 3) to 5).

Fig 6 shows the flowchart of the solution process.

6. Case studies

6.1. Testing on the EPRI-36 bus system

The modified EPRI-36 bus system shown in Fig 7 was taken as an example. There were nine

generators, of which G8 and G9 were pumped storage units. The initial operation modes and

power outputs of the pumped storage units are listed in Table 1. The system parameters are as

follows: the rated frequency fN = 50Hz; inertial time constant TS� = 7.18; the comprehensive

time constant of the system-wide generator set TG� = 3.54; the load frequency coefficient KD� =

1.7; the power-frequency static characteristic coefficient of the generator set KG� = 22.52.

The disturbance was set as follows: the G2 unit was shut down at 2 s, resulting in a power

shortage of 618 MW. Bus 11 was selected as the system frequency observation object. Fig 8

shows the frequency curve without frequency control measures.

According to the current regulation of the power grid dispatching, the rated frequency devi-

ation of the power grid cannot exceed ±0.2 Hz, and frequencies above this range are marked as

accident-related. Usually, the action value at the first stage of UFLS is 49.0 Hz, and there is no

uniform regulation for the action frequency value of the last stage. Therefore, the maximal

action frequency of the pumped storage units was set to 49.8 Hz, while the minimal action fre-

quency was 49.0 Hz. Then, the maximal action frequency of the UFLS was f shedmax ¼ 49:0Hz,

while the minimal action frequency of the UFLS was f shedmin ¼ 48:2Hz.

The pumped storage units were divided into three stages, to participate in the frequency

control using the strategy proposed in this paper. The above parameters of the system were

introduced into the proposed optimal model and solved with the proposed strategy and algo-

rithm, and one optimized scheme was obtained, as shown in Table 2, which included a group

of optimal action frequency values and the number of action stages. In Table 2, the optimized

scheme proposed in this paper is compared with the traditional UFLS scheme, and the action

frequency setting values of the two schemes are shown. The simulated frequency curve is

shown in Fig 9.

To compare and analyze each scheme, several variables are defined: fmin is the minimal fre-

quency of the frequency curve; Δtre is the time at which the frequency returns to the steady

state; S is the area enclosed by the entire frequency trajectory curve with f = fN. Table 3 lists the

simulation analysis results.

As shown in Fig 9 and Table 3, the lowest frequency value fmin at the first pendulum, the

steady-state frequency f1, and the time at which the frequency returns to the steady state are

improved, compared with the traditional UFLS scheme. In addition, the optimized scheme

only needs to perform the mode conversion of the pumped storage units without shedding the

load, while the UFLS needs to shed the load of 494.4 MW.

To highlight the effectiveness of the proposed optimization algorithm, the results for five

schemes are compared in Table 4. The frequency action points of the pumped storage units in

schemes 1 to 3 vary by 0.1, 0.2, and 0.3 Hz, respectively. The mode conversion start time exhib-

its a 0.1-s-long delay and varies by 0.2 Hz for Scheme 4. The last scheme is the optimized

scheme proposed in this study. Fig 10 shows the simulated frequency curves for the different

schemes. Table 5 lists the simulation analysis results.
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Fig 6. Flowchart of the solution process.

https://doi.org/10.1371/journal.pone.0261093.g006
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From Fig 10 and Table 5, it can be seen that the amplitude of the first pendulum drop of the

optimized scheme proposed in this paper is smaller than that of Schemes 1–4. The time of the

frequency recovery to 49.92 Hz for the optimized scheme is 116.96 s, which is shorter than

those for the other schemes. The curve area enclosed by the optimized scheme is the smallest

for the proposed scheme. The simulation results show that the strategy proposed in this study

yields good results in terms of the frequency control.

6.2. Tests on China’s actual power grid

China’s actual power grid was used for validating the effectiveness of the joint optimal control

strategy proposed for frequency recovery. As shown in Fig 11, the simulated test power grid

Fig 7. Topology of the EPRI-36 bus system.

https://doi.org/10.1371/journal.pone.0261093.g007

Table 1. Initial parameters of the pumped storage units in the EPRI-36 bus system.

NO. of Units Initial Mode Initial Power Output (MW) Power Output Range (MW)

G8 Spinning mode 0 -200~200

G9 Pump mode -300 -300~300

https://doi.org/10.1371/journal.pone.0261093.t001
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consisted of the sending-end power grid A and the receiving-end power grid B. The substa-

tions were numbered separately, and the red line was the key simulation analysis object after

the connecting line between grids A and B was made to malfunction. Power was transmitted

by the AC connecting line between grid A and grid B, and the power value was ΔPOL0.

The system parameters were as follows: the rated frequency was fN = 50Hz; the inertial time

constant was TS� = 8.01; the comprehensive time constant of the system-wide generator was

set to TG� = 5.21; the load frequency coefficient was KD� = 1.9; the power-frequency static char-

acteristic coefficient of the generator was set to KG� = 21.6.

There were three pumped storage units in the simulated test power grid. The initial modes

of the units and their power outputs are listed in Table 6.

According to the control strategy established in Fig 4 and combined with the state parame-

ters of the pumped storage units in Table 6, the pumped storage units participating in the fre-

quency regulation of the system during the mode transition process could be divided into five

Fig 8. The frequency curve without any measures.

https://doi.org/10.1371/journal.pone.0261093.g008

Table 2. Two comparison schemes.

stages Action Frequency Setting Value (Hz)

Optimized Scheme UFLS Scheme

1 49.76 49.0

2 49.74 48.8

3 49.63 48.6

4 - 48.4

5 - 48.2

https://doi.org/10.1371/journal.pone.0261093.t002
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stages. The UFLS was carried out by five stages of proportional load shedding according to

20% of the power shortage DPS� G
OL after the mode transition process had completed, which was

equal to the initial power shortage ΔPOL0 minus the power contribution of the mode transition

process. The stage-by-stage joint control schemes are presented in Table 7.

Table 7 shows the theoretical maximal number of frequency adjustment stages of the veri-

fied power system according to the proposed joint control strategy. The number of the actual

frequency adjustment stages could be reduced according to the frequency recovery situation.

In the following, two scenarios of different power shortages were simulated using the power

system analysis software package (PSASP), for validating and analyzing the effectiveness of the

strategy proposed for the power grid frequency adjustment. The frequency of substation bus

16 in Fig 11 was taken as the observation object of the system frequency.

Case 1: Initial power shortage ΔPOL0 = 4000MW of receiving-end grid B

Fig 12 shows the frequency curve of the system without any frequency control measures.

The above parameters of the system were introduced into the proposed optimal model, and

the model was solved using the proposed strategy and algorithm. One optimized scheme was

obtained that included a group of optimal action frequency values and the number of action

stages. The optimized scheme proposed in this paper was compared with the traditional UFLS

Fig 9. Simulated frequency curves.

https://doi.org/10.1371/journal.pone.0261093.g009

Table 3. Simulation analysis results.

Schemes fmin (Hz) f1 (Hz) Δtre(s) S Load shedding value (MW)

UFLS 48.30 49.74 131.62 36.57 494.4

Optimized Scheme 49.43 49.92 116.96 8.68 0

https://doi.org/10.1371/journal.pone.0261093.t003
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scheme, and the load shedding setting of the UFLS was consistent with that in Table 7. The

action frequency setting values of the two schemes are listed in Table 8. The simulated fre-

quency curves are shown in Fig 13, while Table 9 lists the simulation analysis results.

As shown in Fig 13 and Table 9, the lowest frequency value fmin at the first pendulum, the

steady-state frequency f1, and the time at which the frequency returns to the steady state are

improved, compared with those for the traditional UFLS scheme. Although the optimized

scheme has more action stages, the load shedding is far smaller than that for the UFLS scheme.

Five comparison schemes were formulated in accordance with the scheme in Table 7.

Schemes 1 to 4 combined the pumped storage and UFLS for frequency recovery, but without

adopting the optimization algorithm’s solution to set the action frequency. For schemes 1 to 4,

the same load shedding proportion was set at the UFLS stage, and the action frequency was set

to obey the frequency change principle of "first fast and then slow, first slow and then fast, and

uniform change, slower in the middle and faster at both ends"

The action frequency setting values for the different schemes in Table 10 were simulated

and verified by PSASP. Fig 14 shows the simulated frequency curves for the different schemes.

Table 11 lists the simulation analysis results.

Table 4. Comparison of five different schemes.

Stages Action Frequency Setting Value under Various Schemes (Hz)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Optimized Scheme

1 49.80 49.80 49.80 49.70 49.76

2 49.50 49.70 49.60 49.50 49.74

3 49.20 49.60 49.40 49.30 49.63

https://doi.org/10.1371/journal.pone.0261093.t004

Fig 10. Simulated frequency curves for different schemes.

https://doi.org/10.1371/journal.pone.0261093.g010
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It can be seen from the simulation analysis results in Table 11 that the strategy proposed in

this paper is superior to the other four schemes. The optimized scheme had the slowest fre-

quency drop rate, and the amplitude of the fall was the smallest. The time Δtre needed to

recover the frequency to 49.88 Hz was 103.06 s, which was shorter than the times for the other

schemes. The objective function value S was the smallest for the optimized scheme.

Case 2: Initial power shortage ΔPOL0 = 2000MW for receiving-end grid B.

Fig 15 shows the frequency curve for the system without any frequency control strategy.

The optimal action frequency and action stages for the optimized scheme were calculated

using the proposed method. The optimized scheme proposed in this paper was compared with

the traditional UFLS scheme, and the load shedding setting of the UFLS scheme was consistent

with that in Table 7. The action frequency settings for the two schemes are listed in Table 12.

The simulated frequency curves are shown as Fig 16, while Table 13 lists the simulation analy-

sis results.

Table 13 shows that the optimized scheme yields better results than the UFLS scheme.

Owing to the load undercutting of the UFLS scheme, the frequency cannot be restored to

above 49.6 Hz, and the load-shedding amount is 1200 MW. The lowest frequency of the first

pendulum frequency is 49.38 Hz, the recovery frequency is 49.63 Hz, the recovery time is

Table 5. Simulation analysis results.

Schemes fmin(Hz) f1 (Hz) Δtre(s) S
Scheme 1 49.35 49.87 143.05 19.93

Scheme 2 48.41 49.91 134.56 13.56

Scheme 3 48.21 49.84 117.12 16.10

Scheme 4 48.21 49.85 120.19 19.85

Optimized Scheme 49.43 49.92 116.96 8.68

https://doi.org/10.1371/journal.pone.0261093.t005

Fig 11. Simulated test power grid.

https://doi.org/10.1371/journal.pone.0261093.g011
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Table 6. Initial parameters of pumped storage units.

NO. of Units Initial Mode Initial Power Output (MW) Power Output Range (MW)

1 Pump mode -300 -300~300

2 Pump mode -300 -300~300

3 Spinning mode 0 -300~300

https://doi.org/10.1371/journal.pone.0261093.t006

Table 7. Stage-by-stage joint control scheme.

ith Stage Frequency adjustment measures Power Contribution (MW)

1 Pump mode to spinning mode 300

2 Pump mode to spinning mode 300

3 Spinning mode to generator mode 300

4 Spinning mode to generator mode 300

5 Spinning mode to generator mode 300

6 Load shedding 20%� DPS� G
OL

7 Load shedding 20%� DPS� G
OL

8 Load shedding 20%� DPS� G
OL

9 Load shedding 20%�DPS� G
OL

10 Load shedding 20%�DPS� G
OL

https://doi.org/10.1371/journal.pone.0261093.t007

Fig 12. The frequency curve without any measures.

https://doi.org/10.1371/journal.pone.0261093.g012
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98.19 s, and the objective function value S is 35.89. These values are better than those for the

UFLS scheme.

Table 14 compares the five schemes. The definitions of Schemes 1 to 4 here were the same

as those in Case 1.

Fig 17 shows the simulated frequency curves for the optimized scheme and the other four

schemes. Table 15 lists the simulation analysis results.

The simulated frequency curves in Fig 17 show that the optimized scheme exhibits an obvi-

ous and effective frequency recovery effect in response to the emergency fault. According to

the key effect parameters in Table 15, the frequency curve after the action of the optimized

scheme exhibits the lowest frequency drop value, and the frequency control effect is better

than for the other schemes. Moreover, the steady-state value f1 after the frequency recovery

Table 8. Two comparison schemes (Case 1).

stages Action Frequency Setting Value (Hz)

Optimized Scheme UFLS Scheme

1 49.79 49.0

2 49.73 48.8

3 49.66 48.6

4 49.58 48.4

5 49.52 48.2

6 49.00 —

7 48.94 —

https://doi.org/10.1371/journal.pone.0261093.t008

Fig 13. Simulated frequency curves.

https://doi.org/10.1371/journal.pone.0261093.g013
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was the highest for the optimized scheme, the time Δtre was the shortest, and the area S was the

smallest. These results validate the correctness of the proposed objective function and the

effectiveness of the proposed strategy for grid frequency control.

Table 9. Simulation analysis results for two schemes (Case 1).

Schemes fmin (Hz) f1 (Hz) Δtre(s) S Load shedding value (MW)

UFLS 48.88 49.47 103.06 52.41 1000

Optimized Scheme 48.59 49.42 133.62 93.52 2400

https://doi.org/10.1371/journal.pone.0261093.t009

Table 10. Comparison of five schemes (Case 1).

Stages Action Frequency Setting Value under Various Schemes (Hz)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Optimized Scheme

1 49.70 49.80 49.80 49.80 49.79

2 49.50 49.70 49.60 49.70 49.73

3 49.40 49.60 49.40 49.30 49.66

4 49.30 49.50 49.20 49.20 49.58

5 49.10 49.40 49.00 49.10 49.52

6 48.90 49.00 48.80 48.90 49.00

7 48.80 48.90 48.60 48.90 48.94

https://doi.org/10.1371/journal.pone.0261093.t010

Fig 14. Simulated frequency curves for different schemes.

https://doi.org/10.1371/journal.pone.0261093.g014
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Table 11. Simulation analysis results for different schemes (Case 1).

Schemes fmin(Hz) f1 (Hz) Δtre(s) S
Scheme 1 48.74 49.47 106.12 54.42

Scheme 2 48.85 49.44 104.53 59.15

Scheme 3 48.64 49.28 137.36 94.05

Scheme 4 48.82 49.45 104.25 60.73

Optimized Scheme 48.88 49.47 103.06 52.41

https://doi.org/10.1371/journal.pone.0261093.t011

Fig 15. Frequency variation for the 2000 MW power shortage scenario, without any recovery strategy applied.

https://doi.org/10.1371/journal.pone.0261093.g015

Table 12. Comparison of two schemes (Case 2).

stages Action Frequency Setting Value (Hz)

Optimized Scheme UFLS Scheme

1 49.78 49.0

2 49.69 48.8

3 49.64 48.6

4 49.59 48.4

5 49.43 48.2

https://doi.org/10.1371/journal.pone.0261093.t012
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In simulated Case 2, the power shortage of the receiving-end grid B was lower than that in

Case 1, standing at 2000 MW. As can be seen from Tables 8 and 12, the optimized scheme

involved fewer stages of frequency adjustment than Case 1. With respect to the fault handling,

the strategy proposed in this study has good adaptability.

7. Conclusions

This paper explored the ways to handle the scenario in which the frequency of the receiving

power grid falls sharply owing to a large power shortage after a fault on the UHV background,

and proposed an adaptive under-frequency optimal control strategy for power systems, which

combines the pumped storage units’ mode conversion and UFLS. The following conclusions

were drawn from the present study:

1. The simulation results for different power shortage scenarios show that the proposed opti-

mized scheme is superior to the traditional scheme at the lowest frequency point of the sys-

tem, the steady-state frequency and the frequency recovery time, and has good adaptability.

Fig 16. Simulated frequency curves (Case 2).

https://doi.org/10.1371/journal.pone.0261093.g016

Table 13. Simulation analysis results (Case 2).

Schemes fmin (Hz) f1 (Hz) Δtre(s) S Load shedding value (MW)

UFLS 48.88 49.36 134.31 84.36 1200

Optimized Scheme 49.38 49.63 98.19 35.89 0

https://doi.org/10.1371/journal.pone.0261093.t013
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2. Compared with the traditional UFLS, the proposed scheme exhibits the least load loss while

ensuring the corresponding system’s stability.

3. The proposed frequency control measures compensate for the defects of excessive conven-

tional safety control quantity and independent frequency control measures, and effectively

solve the problem of emergency frequency control in response to serious power shortages

at large power grids.

4. The framework of a pumped storage power station as a power energy storage system partic-

ipating in the system frequency control was explored.

With the development of wide-area measurement technologies, the analysis based on the

measured trajectory of the power system frequency has better application prospects for the

method proposed in this paper. In the future, frequency dynamic response models will be

Table 14. Comparison of five schemes (Case 2).

Stages Action Frequency Value under Various Schemes (Hz)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Optimized Scheme

1 49.80 49.70 49.80 49.80 49.78

2 49.60 49.40 49.70 49.70 49.69

3 49.40 49.30 49.50 49.60 49.64

4 49.30 49.20 49.40 49.50 49.59

5 49.10 49.10 49.30 49.40 49.43

https://doi.org/10.1371/journal.pone.0261093.t014

Fig 17. Simulated frequency curves, for the optimized scheme and the other four schemes.

https://doi.org/10.1371/journal.pone.0261093.g017
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considered, using the situational awareness technology. Because traditional UFLS can easily

cause power failures in one or more areas, precise load-shedding control will also be the focus

of future research.
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