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Abstract

Severe disturbances in a power network can cause the system frequency to exceed the safe operating range. As the
last defensive line for system emergency control, under frequency load shedding (UFLS) is an important method for
preventing a wide range of frequency excursions. This paper proposes a hierarchical UFLS scheme of “centralized
real-time decision-making and decentralized real-time control”for inter-connected systems. The centralized decision-
layer of the scheme takes into account the importance of the load based on the equivalent transformation of kinetic
energy (KE) and potential energy (PE) in the transient energy function (TEF), while the load PE is used to determine
the load shedding amount (LSA) allocation in different loads after faults in real-time. At the same time, the influence

tion indicators can achieve better f, 4,
proposed scheme can obtain the maximum f,,
(RES) penetration.

adir

of inertia loss is considered in the calculation of unbalanced power, and the decentralized control center is used to
implement the one-stage UFLS process to compensate for the unbalanced power. Simulations are carried out on

the modified New England 10-generator 39-bus system and 197-bus system in China to verify the performance of
the proposed scheme. The results show that, compared with other LSA allocation indicators, the proposed alloca-
and t,. At the same time, compared with other multi-stage UFLS schemes, the
with a smaller LSA in scenarios with high renewable energy sources

Keywords Hierarchical under frequency load shedding, Centralized real-time decision-making and decentralized
real-time control, Transient energy function, Kinetic energy, Potential energy

1 Introduction

1.1 Background and motivation

When a power system suffers from extreme faults such
as power transmission line disconnection, loss of large
power generation, etc., the system will have large unbal-
anced power. The large frequency deviation caused by
the unbalanced power can damage power generation
equipment, and even, in severe cases, cause the system
to collapse [1]. Thus, emergency control measures are
needed to maintain the balance between generation and
demand within the system. As the third line of defense,
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under frequency load shedding (UFLS) is an important
method for restoring frequency stability and reducing
system unbalanced power [2, 3]. With the rapid devel-
opment of the modern power system, the penetration of
renewable energy sources (RES) in the system is increas-
ing. As most RES are connected to the system via power
electronic interfaces, they provide little or no inertia to
the system [4]. The decrease of system inertia will lead to
a higher rate of change of frequency, which may render
existing UFLS schemes ineffective, causing the frequency
to be outside the safe range. Therefore, it is necessary to
design an appropriate UFLS scheme in the current power
system.

1.2 Literature review
The key to better performance of a UFLS scheme is
accurate evaluation and allocation of unbalanced
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power in real-time after faults [5-8]. The unbalanced
power determines the amount of load that needs to be
removed, and the evaluation results that are too high
or too low cannot fully reflect the effect of the UFLS
scheme. Therefore, in [8], the unbalanced power evalu-
ation method based on the rate of change of COI fre-
quency is studied. However, because of the voltage
characteristics of the load, the unbalanced power eval-
uation results in [8] are biased. In [9], load power devi-
ation is introduced to correct the unbalanced power in
[8]. To solve the problems of communication delay and
excessive data processing caused by COI frequency cal-
culation, an evaluation method for the rate of change
of COI frequency based on local measurement is devel-
oped in [10] using inflection point detection technol-
ogy, and the change of system inertia is also considered.

As for the allocation of load shedding amount (LSA),
it is verified in [11] by simulation that the performance
of load shedding (LS) with different priorities is dif-
ferent for the UFLS scheme. In [12], when the LSA is
determined, particle swarm optimization is used to
solve the optimal LS combination. However, the above
method requires a large amount of calculation so is
mostly used for off-line strategy formulation, as it
is difficult for it to be embedded in UFLS relays with
a strict requirement on calculation speed. In [13], the
influence of unbalanced power on load voltage is con-
sidered, and the sensitivity of load reactive power to
voltage is used for LSA allocation. In [14], the rate of
load voltage drop is used for LSA allocation, while in
[15], the voltage amplitude is considered on the basis of
[14]. In [16], a voltage stability index (VSI) based on the
Thevenin equivalent model of the load bus is proposed
to quickly search for suitable locations for LS, whereas
in [17], the influence of a photovoltaic power station on
the Thevenin equivalent model of load nodes is consid-
ered on the basis of [16]. The above LSA allocation is
analyzed from the perspective of voltage stability, with-
out establishing a relationship with frequency stability.
In [18], steady-state load power and frequency devia-
tion are used for LSA allocation. Among them, the load
bus with larger initial load power and frequency devia-
tion will share a larger LSA. In [19], a simple and effi-
cient method is proposed to calculate the sensitivity of
system frequency to load power variation, and the load
which has greater influence on the system frequency
is identified. However, this method needs accurate
generator parameter information, which is difficult to
obtain directly from measurement data. As the analy-
sis of the above indicators does not establish a detailed
mechanism model to yield the relationship between
each load and the system frequency, so it is impossi-
ble to reveal the degree of influence of each load on the
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system frequency stability. Therefore, the construction
of a multi-machine system model for frequency stabil-
ity analysis is crucial.

1.3 Contribution and organization

The transient energy function (TEF) of a multi-machine
system is a good model for analyzing system stabil-
ity. It comes from Lyapunov stability theory and fol-
lows the basic law of energy conservation [4, 20, 21].
In the dynamic process after the system is disturbed,
the energy will be transformed and interact with each
other in the system in the form of kinetic energy (KE)
and potential energy (PE) [20], while the total amount
of energy remains unchanged. Therefore, the conver-
sion relationship between the rotor KE and the system
PE (the PE of load, line, etc.) can be established through
the TEF, where the rotor KE can reflect the system fre-
quency change [20]. Then, the factors of load that affect
the KE can be analyzed, and the influence of different
loads on the system frequency can be analyzed from
the perspective of energy.

In this paper, the TEF in [21] is extended by using
Telleggen’s theorem, so that it can consider the grid
connection of RES, and can be applied to the case of
system unbalanced power disturbance. The reference
point in the TEF is discussed to make it more suit-
able for the real fault trajectory change of the system.
Then, a hierarchical UFLS scheme based on PUMs
is proposed. The key in this scheme is the calculation
and allocation of LSA. Based on the principle of KE
and PE transformation in TEF, the PE of load is used
to consider the allocation of LSA, while the LSA calcu-
lation takes into account the impact of the loss of the
generation. The main contributions of this paper are as
follows:

1. For the imbalance power disturbance in the system, a
multi-machine system TEF model conforming to the
actual fault trajectory of the system is constructed
based on [21]. This takes into account a highly con-
centrated RES scenario.

2. Based on the principle of KE and PE transformation
in the TEF, a LSA allocation indicator is proposed.
On this basis, a one-stage hierarchical UFLS scheme
using measurement data is proposed, and the inertia
change of the system is considered.

3. Comparison with other LSA allocation indicators
verifies the advantages of those proposed. A com-
parison with the multi-stage UFLS scheme verifies
that the one-stage UFLS scheme is more appropri-
ate in the “centralized real-time decision-making and
decentralized real-time control” framework.
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The remainder of this paper is organized as fol-
lows. In Sect. 2, the TEF of the multi-machine system
is constructed, whereas in Sect. 3, the proposed UFLS
scheme based on load PE is described. Simulations are
presented in Sect. 4, and conclusions are presented in
Sect. 5

2 Theoretical basis for the proposed scheme

2.1 Transient energy function construction

A TEF based on the structure-preserving model is used
as an analysis method for the traditional power angle
stability problem [4, 20, 21]. A simple system TEF

n+h n+h n+h n+h n+h
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where Vig is the total KE of the system.

According to the balance relationship of active power
flow, the following balance equation exists for any node
i in the network [22]:

n+h
P+ Py — P = Z UUjsingy/X; i=1,...
j=1

n+h

3)
where Py; and Py are the post-fault power of RES and
load, respectively.

Multiplying both sides of (3) by Af;, and given Xj; = Xj;
and sin 6;; = — sin 6j;, the n+/4 node equations in (3) are
summed as [20]:

D PuMfi+ Y Pulfi— Y Pudfi=> > Uilljsint;/X;Af;
i=1 i=1 i=1

i=1 j=1
n+h—1 n+h

i=1 j=it+1

k
> Puf
b=1

Z Z U;Uj sin 0/ Xfi; (4)

based on the second-order equation of rotor motion
is constructed in [21], though it only contains the KE
of the generator and the PE of the lines. This section
extends the TEF in [21], considering the governor sys-
tem, load and RES (includes wind power, photovoltaics,
and DC fed from an external grid). Among them, RES
has no inertia and fast frequency response capability,
while the line losses in the system are ignored.

For an n-machine /-node system, the total number of
nodes in the system is #+ 4, and the swing equation of
the generator i can be expressed as:

dasé;

2L A

= (12
dAf;

Mgl.ifl:pmi_pei i=1,2,---m (1b)

dt

where §; is the power angle, Af; is the frequency devia-
tion, P,; and Py, are the respective electromagnetic and
mechanical power, and My; is the mechanical time con-
stant of the generator.

The TEF of the overall system can be represented as
[21]:

V = Vke + Vee
LY n ot
=Y 51\/1&,iAfl,2 - Z/ (Pmi — Pe)Afidt  i=1,2,...n
i=1 =1 /1"
(2)

where P, = U;U;sin6;;/X;;, fp =fj, and k is the total
number of lines in system.

For a lossless power network, the active power of each
line satisfies Kirchhoff’s current theorem, and the fre-
quency of each node satisfies Kirchhoft’s voltage theo-
rem. Considering that the system has the same topology
in transient and steady state after fault, the equiva-
lent network diagram of the system is shown in Fig. 1.
According to Tellegen’s second theorem [23], there is:

n+h n+h n+h

k
D OPEAf+ Y PEAi— > PEAfi=)> Pfi
i=1 i=1 i=1

b=1
(5)
where PJ. = ng,ng,Pizi,P;fi,Ple and PZS are the electro-
magnetic power, mechanical power, RES power, load

power and line power in post-fault steady state point.
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Fig. 1 System transient equivalent network diagram and its
post-fault steady state adjoint network
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Subtracting (4) and (5), and bringing the results into
(2), the TEF of the whole system can be obtained, as:

(2023) 8:34

V = Vke + Vpg
= Vke + Vpewm + VPEw + VeEs + VER
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Through the analysis of (7), it can be seen that the dif-
ference of the steady-state reference points will affect

n n q
1 13 t
=Y ngiA];% -3 /t (P = Py At — > /t (Pui = Py Aiwidt ©)
i=1 i=1 i=1

Pt k t
+) / Py — Pi5) Afydt + > / (Py — Py Afypdt
l:1 tSS b:l tSS

Where V, Vpg,m, VPEws Vpe, and Vpg, are the TEEF, total
PE of generator, RES, load and line of the system based
on the post-fault steady-state point, respectively.

2.2 Discussion of steady-state reference points
for transient energy function

The construction of the above TEF is based on the post-
fault steady-state point as the steady-state reference
point. This is to meet the positive definiteness require-
ment of the Lyapunov direct method for the function V.
This makes the TEF puzzling in the physical mechanism.
In order to select the post-fault steady-state point as the
steady-state reference point, a virtual steady-state time £,
has to be defined. The dynamic mechanism of the system
transient process is the energy conservation and conver-
sion process, and the energy accumulation process starts
from the pre-fault steady-state point, rather than the
post-fault steady-state point. The PE term of the TEF is
related to the trajectory of the system, and it is difficult
to imagine what the trajectory of the system would look
like from a post-fault steady-state point. Therefore, from
the dynamic point of view, the selection of the post-fault
steady-state point lacks basis.

To solve the above problems, this chapter will discuss
the selection of the reference point of the TEF. Here, the
PE of (2) is rewritten as:

n t
VeE = / (Pei — Ppi) Afidlt
l=1 tSS

n t £
=Y @ paoafar+ [ ea - Papafan
i=1 't e

= \A/pE +C
(7)

where £ is the time corresponding to the pre-fault steady-
~ n
state point of the system. Vpg = 5 ( ftg (Pei — Pyi) Afidt
i=1

is the PE of the system based on the pre-fault steady-state

point, and jf;; (Pei — Ppyi) Afidt can be considered as a
constant C.

the magnitude of the system PE, but it does not affect its
changing trend. In any time period [t,, £,] after the fault,
there exists the following relationship:

ty > tp
Veel, = Ve ,

a ®

Equation (8) shows that the PE increment of the system
at any two moments is not linked to the selection of the
steady-state reference point.

Based on the above analysis, the pre-fault steady-state
point is selected as the steady-state reference point,
which is consistent with the real dynamic process, and
the integral path is unified with the system trajectory,
eliminating the power flow calculation at the steady-state
point after the fault.

In summary, the system TEF expression based on the
pre-fault steady-state point can be written as:

V =Vie + Ve
= Vke + VpE,m + VPE,W + VPE,I + VPE,b

n n
1 t
=Y ngiAfg% - Z/ (Poni — P2, Afydt
i=1 i=1 7%
1 t
-3 / (Pui — P,) Afwidt
i=1 7o
p t
+3 /I (P — P Afidt
i=1

k ot
+> | (P —P)fyAfdt
b=1"%

)
where V is the TEF of the system based on the pre-fault
steady-state point, which differs from V by a constant
C. P, P, and P, are the mechanical power, RES
power, load power and line power in pre-fault steady
state point. \A/pg,m, \A/pg,w, \A/pE,l and \A/pg,b are the total PE of
generator, RES, load and line in the system based on the
pre-fault steady-state point, respectively.
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The TEF proposed in this paper is based on the pre-
fault steady-state point, which allows the construction
of the TEF based on the actual fault data trajectory. The
energy model of each component is based on its port
characteristics, which avoids complex internal model
construction. Therefore, the TEF proposed in this paper
can be directly based on system measurement data and
does not require continuous modifications to the model.

2.3 Conversion principle of kinetic energy and potential
energy
Combining (2) and (9) yields:

av dVie d ‘A/PE
-0 - _ 10
a7 T dt (10)

It can be seen from (10) that the total energy of the
system is constant, while in the transient process of the
system, the PE and KE are converted equally along the
post-fault trajectory. From the above analysis, integrating
Vi in any time period [¢,, ;] results in:

173

Vel = Ve (11)

ta

Equation (11) reflects the relationship between the KE
and PE of each component (generator, RES, load and line)
in any time period [¢,, %] after the fault. Its meaning can
be interpreted as being that after a large disturbance occur-
rence in the system, the rotor speed of the generator has
a large deviation, and the KE released by the rotor into
the system. The KE released by the rotor is characterized
in each component in the form of PE. The greater the PE
of an element, the more kinetic energy it absorbs, and the
greater the impact of frequency deviation is. The connec-
tion between PE and system frequency is shown in Fig. 2.
Therefore, the above analysis can quantitatively charac-
terize the influence of each component in the system by
the fault, and from the expression of PE, the disturbance
degree of the component is related to the active power and

R
} Generator 1 Generator 2 Generator n-1 Generator n :
| frequency frequency frequency frequency :
! Af,, A s Af,, !
|

| T T —

Ao
eThe dynamics of KE
depend on the frequency
of generator, and the two
are coupled to each other

® KE can be decomposed into
PE, PE can Represent the
influence of components on
frequency

| ¢ ; g y
1 Load PE Line PE Governor PE RES PE }
I 5 2 5 > |
: Vee.a Viees V ek m Vot }
1

Fig. 2 The connection between PE and system frequency
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frequency at the same time. This can provide a theoretical
basis for the subsequent frequency control.

3 Proposed hierarchical under frequency load
shedding scheme
3.1 Unbalanced power calculation

1. Calculation of Unbalanced Power under Loss of Syn-
chronous Generation: when a fault of loss of syn-
chronous generator occurs in the system, the inertia
of the system will change after the fault. If the sys-
tem unbalanced power calculation is still performed
according to the system inertia before the fault, the
results will be incorrect. In order to accurately calcu-
late the unbalanced power of the system, its calcula-
tion is based on the COI frequency of all synchro-
nous generators in the system [10], as:

dfcoi

APLOG = SpostMposti

dt (12)

where AP, - is the system unbalanced power, SyostMpost is

the total inertia of the system after the fault, and f,; is the
COI frequency of the system.

Then, according to [10], the system unbalanced power
expression under loss of synchronous generator can be
obtained as:

AP _ SpreMpre dfcoi
LoG ™ 1-— I])\/Ifgoss % dt (13)
loss t

where PFj,, is the power factor constant of the lost syn-
chronous generator, SyeMpre is the total inertia of the
system before the fault, and M, is the mechanical time
constant of the lost synchronous generator.

However, the power factor constant and inertia of the
lost generator after fault are unknown. Thus, if the change
of the lost generator inertia is not considered in the unbal-
anced power calculation, the results may be too large,
whereas if the lost inertia value considered is too large, the
calculation results will be too small. Therefore, in order to
calculate the unbalanced power accurately, this paper sets
Myss and PFyg as the average inertia and average power
factor of the lost synchronous generator.

2. Load Characteristics Impact of Unbalanced Power
Calculation: after a fault occurs, the change of the
system voltage and frequency will affect the active
power of the load, which in turn affects the calcu-
lation of the unbalanced power. In the early stage
after the fault occurrence, the voltage plays a lead-
ing role in the change of the active power of the load,
while the frequency change is very small and can be
ignored. Therefore, the voltage-dependent model of
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the load can be considered in the unbalanced power
calculation, as:

P
= ZPliO[apiUl% + bpiuli + Cpi]
i=1

(14)

where P, is the total active power of the system load, Py is
the active power of load i in the pre-fault steady-state, a,;,
by; and cp; represent the proportions of constant imped-
ance load, constant current load and constant power load,
respectively. {1}; is the voltage per unit value of load i.

Then, the deviation of load active power can be expressed
as:

)4
AP, = ZpliO[aPiul% + bpilly; + cpi — 1] (15)

i=1
In summary, the unbalanced power of the system can be

expressed as the sum of the power deviations on the gen-
eration AP; - and demand AP, as:

AP, , = AP, + AP,

(16)

imb —

where AP, , is the calculated system unbalanced power.
The unbalanced power estimation error is calculated as:

true

x 100%
(17)

is the real unbalanced power in the system.

, AP, . — AP
Evaluation Error rate = i

AP

true

where AP,
3.2 Load shedding amount allocation

From the analysis in Sect. 2, it can be seen that after a
large disturbance occurrence in the system, if the PE
of a load in a certain period of time is larger, the load is
more affected by the fault. Therefore, the more the load is
removed, the greater the impact on the KE of the system,
and the more conducive to the recovery of the system
frequency.

Therefore, for a multi-area inter-connected system,
after the UFLS threshold is triggered by the system fre-
quency, the shedding ratios of different loads can be
expressed as:

Lshed

Z PElL

nj = S x 100% (18a)
PE,l
151
N tshed
PEJi|,
1
Bii = — —— x 100% (18b)
> Vpei
i=1 5l
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where 1 and £, are the time when the imbalance power

occurs and the UFLS relay actions, respectively. i Vpg’li
is the total load PE in area j, p. represents the m;mlber of
loads with UFLS relays in area j, and p. < p. n; and Bj;
represent the proportion coefficients of LSA allocated to
area j and load i in area j, respectively.

Therefore, the LSA of area j (§P);) and the LSA of load i

in area j (§Py;) can be expressed as:

3Py = mj X APspeq (19a)

8Py = Bji X 0Py (19a)
where APy, represents the total amount of load power
that needs to be shed by implementing the ULFS scheme.

3.3 Proposed hierarchical under frequency load shedding
scheme

This paper adopts the hierarchical UFLS control strategy
of " centralized real-time decision-making and decen-
tralized real-time control”, and makes full use of the
UFLS relay and communication channel installed in the
system. The control concept representation is shown in
Fig. 3, and is realized by the centralized decision layer
and decentralized control layer. The centralized decision
layer includes the system decision center, which is mainly
used to collect system information and transmit LS con-
trol objects and LS information to area control centers.
The decentralized control layer is comprised of the area
control center, which is mainly used to implement UFLS
commands. These two layers are described in detail in
the following paragraphs.

1. Centralized decision layer: It is mainly composed of
the system decision center. Its main responsibilities
include: receiving the key measurement informa-
tion of the load and UFLS relay and identifying the
system operational status; calculating the total con-
trollable load of the system and the power imbalance

Centralized

- System
decision layer

decision center

—» Data upload

—» Command Download

7 WS

Decentralized

control layer al

J })l | N N N N 5 PU

A
Area 2
control ‘enter

Areal
control center
S
oF, 6P112 * Ilp P Pl lz,, (51’,” Jl)ljz ce 51’:,-,,
Fig. 3 The proposed hierarchical UFLS scheme control concept
representation
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in the case of system events; calculating the LS con-
trol object and LSA information after the event; and
transmitting the LS command to each area control
center.

2. Decentralized control layer: It is mainly composed
of the area control center and the controllable load
of each area. The area control center is responsible
for communicating with the system decision center,
uploading the key measurement information of load
and UFLS relay state to the system decision center,
receiving the LS command from the system decision
center, and executing the LS operation.

The hierarchical UFLS scheme of the inter-connected
system proposed in this paper needs to process the meas-
urement data in the system decision center and send the
LS command to the area control center, and then the area
control center executes the LS operation. Therefore the
time delay needs to be considered. Processing measure-
ment data in the system control center usually requires
consideration of the measurement factors and commu-
nication factors, totalling around 300 ms [17]. Similarly,
the transmission of LS command from the system con-
trol center to the area control center and from the area
control center to the UFLS relay typically requires con-
sideration of the transmission times of 30 ms and 20 ms,
respectively. In addition, considering that the LS circuit

Using the generator
data, f,,; is calculated

Mearsurement
data

STEP 1

STEP2
——— — ———

Calculate AP,
through (16)

'

Determining the total LSA
AP, =0.8%AF,,

!

Calculate the proportion
of LSA of different loads
through (19)

i

Send LS signal to each load
shedding relay to perform
LS operation

)

Monitor frequency
dynamics over a period
of time £,

NO
e0i<49.8Hz?

Fig.4 Centralized decision-making process of the proposed
hierarchical UFLS scheme

STEP 3

STEP5

STEP 4
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breaker tripping takes around 50 ms, there is a delay of
approximately 400 ms between measurement data pro-
cessing and LS circuit breaker action.

The centralized decision-making processes of the pro-
posed hierarchical UFLS scheme are provided below, and
the flow chart is shown in Fig. 4.

Stepl: Using the generator data, f,; is calculated. It is
then compared with the UFLS relay frequency action
threshold (e.g., 49.5 Hz) to decide whether to perform the
UFLS operation. If f,;<49.5 Hz, the subsequent LS steps
are performed.

Step2: Calculate the unbalanced power of the sys-
tem using (16) and determine the total amount of load
AP, . =08x AP, ,tobeshed.

S
Step3: According to the collected data of loads
equipped with UFLS relays, calculate the 3P of each

load using (19), and send the LS signal to each UFLS relay
to perform the LS operation.

Step4: Monitor whether the frequency exceeds the fre-
quency safety limit of 49.8 Hz over a period of time ¢,,. If
fioi>49.8 Hz, returns to Stepl.

Step5: If 49.5 Hz<f,,;<49.8 Hz, AP , = 0.1 % AP

and If f,,<49.5 Hz, AP,
Step 3.

imb’

4= 0.3 * APimb' Returns to

4 Simulation verification

This paper uses the modified New England 10-genera-
tor 39-bus system and a 197-bus real system in China in
PSASP platform for simulation verification. In order to
show the advantages of the proposed UFLS scheme, the
following UFLS schemes are selected for comparison and
verification:

1. The one-stage UFLS scheme, in which the LSA is
evenly distributed among each load fitted with UFLS
relays (Average Method);

2. The one-stage UFLS scheme, in which the LSA is

distributed among each load fitted with UFLS relays

according to the indicators proposed by [18];

The two-stage UFLS scheme proposed in [5];

4. The conventional four-stage UFLS scheme proposed
in [9].

w

Here, the COI frequency and the actual LSA are used
as the main performance indicators of the above UFLS
scheme, including: the nadir frequency (f,, ), post-fault
steady-state frequency (f,,), duration below 49.8 Hz fre-
quency (t,), and LSA (AP, ).
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Fig. 5 Modified New England 10-generator 39-bus system

4.1 Modified New England 10-generator 39-bus system
The proposed UFLS scheme is validated in the Modi-
fied New England 10-generator 39-bus system [24],
as shown in Fig. 5. All the synchronous generators are
equipped with governor models and all loads are con-
stant impedance models in the simulation. The syn-
chronous generators G1, G6 and G7 are replaced by a
wind turbine with no virtual inertia control and fast fre-
quency response. Synchronous generator G8 is replaced
with a DC transmission to simulate external power
transfer to the system. Considering the DC transmis-
sion, the system’s RES penetration level reaches 45%. In
actual systems, not all loads are fitted with UFLS relays.
Therefore, in order to simulate the actual LS situation,
not all loads in this study are fitted with UFLS relays,
while loads randomly equipped with UFLS relays are
identified in Fig. 5.

The preset parameter £,, of the UFLS scheme proposed
in this system is set to 30 s, while M,s; and PFj, are set
to 4 s and 0.85, respectively.

3. Load shedding allocation

Assuming that the failure results in the loss of synchro-
nous generator G3 from the system, an unbalanced
power of 650 MW appears in the system. The unbalanced
power evaluated by (16) is 606.5 MW, indicating an eval-
uation error rate of 6.69%. According to the description
in Sect. 3, the LSA of the proposed scheme is 485.2 MW.
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Table 1 The proportion of the PE and LSA of each area and load
under loss of generator G3

Area 1j (%) Load Bii (%) 8P (MW)
Areal 19 4 51 46.51

8 49 44.69
Area?2 52 15 0.64 1.61

20 8333 210.25

21 16.03 4044
Area3 29 3 3843 5446

25 15.22 21.56

29 46.35 65.68

Table 1 provides the proportions of PE and the LSA
in each area. It can be seen from Table 1 that after G3 is
lost, the PE of Area 2 is the largest, which indicates that
the power and frequency of the overall load in this area
are greatly deviated because of the influence of the fault.
Likewise, Table 1 also presents the proportion of PE and
the allocated LSA of loads equipped with UFLS relays in
the area.

4. Comparison of scheme effectiveness

The proposed UFLS scheme in this paper performs LS
operations according to the LSA allocated in Table 1, and
its frequency response changes are shown in Fig. 6, which
also shows the comparison of COI frequency changes
under the proposed UFLS scheme and other different
UFLS schemes. The frequency performance indicators
of the different schemes are compared and presented in
Table 2, and the LSA of the different schemes are shown
in Fig. 7.

It can be seen from Fig. 6, Table 2 and Fig. 7 that, com-
paring the schemes composed of the proposed LSA allo-
cation indicator, average allocation indicator, and the

50.1 T T T T T T
499
N
jan)
497
5}
5 Proposed
=
g 49.5 Average
3 [18]

493 [5]

[9]
49.1 . L . . T T
10 30 50 70

Time(s)
Fig. 6 The frequency response for loss of generator G3 under 45%
RES penetration level
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Table 2 Frequency performance indicators of 45% RES
penetration levels under loss of generator G3
Method foagir (HZ) f,, (Hz) t,(s)
Proposed 4941 49.96 16.45
Average 4937 49.92 33.98
[18] 4941 49.94 24.01
[5] 49.17 49.98 13.20
[9] 49.19 49.90 40.80
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Fig. 7 The load shedding amount for loss of generator G3 under 45%
RES penetration levels

indicator in [18], all three schemes have only one stage
of UFLS and the same LSA, among which the f, . fi
and ¢, of the proposed scheme are the best. This shows
the advantages of using the proposed LSA allocation
indicators in preventing frequency drop and facilitating
frequency recovery. At the same time, the performance
of UFLS with different LS stages is also discussed using
the proposed LSA allocation indicators. The proposed
scheme removes loads of 485.2 MW at 1.45 s. In scheme
[5], LS is carried out at 1.45 s and 4.62 s, with 363.9 MW
and 242.6 MW respectively. In scheme [9], the LS

ta

LSA LSA
(a) (b)
l e Proposed === [5] [9] l
Fig. 8 Comparative ranking of performance indicators: a loss of
generator G3, b DC bipole blocking
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operation is performed at 1.45 s and 8.40 s, with 303 MW
and 124.9 MW, respectively. The performance indicators
of the three UFLS schemes in Table 2 and Fig. 7 are com-
pared and ranked, as shown in Fig. 8a. As can be seen,
the f, .4, indicator of the proposed scheme is ranked first,
while the other three indicators are ranked second, indi-
cating that the proposed scheme has no obvious short-
comings under the loss of generator G3, and is a relatively
moderate scheme.

5. Different renewable energy sources penetration levels

In addition, Fig. 9 compares the performance indicators
for UFLS schemes at different RES penetration levels. As
can be seen from Fig. 9a, the increase of RES penetration
levels leads to faster frequency change, which deterio-
rates the f,_ 4. of the five UFLS schemes, but the indica-
tors of the proposed scheme are still the best. Figures 9b
and c compare the performance of f,; and t, in different
schemes. It can be seen that the performance indicators
of the one-stage UFLS schemes (the proposed, average
and [18]) deteriorate with the increase of RES penetra-
tion level. The multi-stage UFLS schemes ([5] and [9])
trigger more stages of LS with the increase of RES pen-
etration level, as shown in Fig. 9d, making f,, closer to
50 Hz and ¢, shorter, but the LSA is larger.

Therefore for systems with high RES proportion levels
(i.e., low inertia systems) unbalanced power disturbances
can lead to faster rate of frequency drop and increase in
the duration of frequency below 49.8 Hz. However, the
impact on steady-state frequency and LS amount after
faults is minimal.

N
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4.2 197-bus actual system in China

The 197-bus system is part of China’s actual power grid,
and is divided into two areas and contains 12 synchro-
nous generators, 6 wind farms, 6 photovoltaic plants
and one DC feed transmission channel, as shown in
Fig. 10. The total power generated by the synchronous
generators is 7180 MW, and the total power generated
by the wind farms and photovoltaic plants is 1200 M'W.
In addition, the DC transmission power is 800 MW. As
shown in Fig. 10, loads A8, A10, A14, A19, and A20 in
area A, and loads B1, B2, B3, B5, and B6 in area B of
the system are equipped with UFLS relays, which have
higher priority for UFLS. The preset parameter f,, of
the UFLS scheme proposed in this system is 40 s, while
M;pss and PFyyg are set to 7.7 s and 0.9, respectively.

The DC bipole blocking fault is simulated to verify
the effectiveness of the proposed scheme in the actual
system. This resulted in an 800 MW unbalanced power
in the system, and the unbalanced power of the system
evaluated using (16) is 725 MW, leading to an evaluation
error rate of 9.38%. Since the loss of non-synchronous
generation does not affect the moment of inertia of the
system, using (16) to evaluate the unbalanced power of
the system will cause the evaluation result to be lower
than the actual value, leading to the increase of the evalu-
ation error.

The method of obtaining LSA in each area and load is
the same as that in Sect. 4. Because of space limitation,
this section does not display the LSA.

The influence of wind speed variation on wind farm
power is simulated. It is considered that the fluctua-
tion power of the wind farm is connected to BuslB-4,

buslA-1 buslA-2 buslA- External grid

Area A
UFLS

bus1A-19
huslA-lSj—. UFLS

| bus1A-23
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Fig. 10 The diagram of the 500 kV 197-bus system in China
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Bus1B-5 and Bus1B-6 during UFLS, while the power of
the other RES remains unchanged. Then the total wind
farm power fluctuates around 300 MW, and the specific
changes are shown in Fig. 11. In this case, the frequency
response changes and the performance indicators of the
different schemes are shown in Fig. 11 and Table 3. It
can be seen that, compared with other two different LSA
allocation indicator schemes (average and [18]), the pro-
posed scheme has better frequency recovery, and is least
affected by wind power fluctuation in the frequency lift-
ing process (10-50 s).

The performance indicators of the three UFLS schemes
(the proposed, [5] and [9]) in Table 3 and Fig. 12 are com-
pared and ranked, and the ranking results were shown
in Fig. 8b. As can be seen from Fig. 8b, the ¢, indica-
tor of the proposed scheme is ranked last, but f, ;. and

Table 3 Performance indicators under dc bipole blocking fault

Method fradgir (HZ) f; (Hz) t,(s)
Proposed 4931 49.85 4201
Average 49.30 49.84 4549
[18] 49.31 49.84 44.65
[5] 49.20 4991 2346
[9] 48.90 49.88 42.69
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Fig. 12 The load shedding amount under DC bipole blocking fault
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LSA indicators of the proposed scheme are ranked first,
indicating that the proposed scheme can achieve the
maximum f,, ;. with the minimum LSA under DC bipole
blocking.

It can be seen from both cases that the UFLS scheme
proposed in this paper can effectively control the fre-
quency indicator so that it is kept within a reason-
able limit. In addition, in comparison with other UFLS
schemes, the comprehensive analysis of the performance
indicators confirms that the scheme proposed in this
paper is appropriate.

5 Conclusion

In this paper, a hierarchical UFLS scheme of "central-
ized real-time decision-making and decentralized real-
time control" based on measurement is proposed. In
this scheme, a TEF is introduced to construct the system
model. The TEF used in this paper is extended from [21]
to be more suitable for system analysis under unbalanced
power disturbance. According to the expression of the
TEF, the dynamic process of the system is described as
the process of mutual conversion of KE and PE. The PE
of area and load is used for the calculation of the LSA
allocation in the centralized decision layer, and the area
and load with a high proportion of PE are allocated with
more LSA, so that the KE in the system to be converted
and absorbed is maximized to prevent the frequency
from dropping quickly. At the same time, the one-stage
UFLS process is implemented by the decentralized con-
trol center. The proposed scheme realizes coordinated
control of load between regions and within regions, and
improves the accuracy of UFLS as much as possible.
The proposed hierarchical UFLS scheme is tested on the
New England 10-generator 39-bus system and the 197-
bus actual system in China. The results show that the
proposed scheme can effectively control the system fre-
quency within a reasonable range, and has good perfor-
mance. Compared with other LSA allocation indicators,
the proposed allocation indicators can achieve better
frequency performance. In the high RES penetration sce-
nario, compared with other multi-stage load shedding
schemes, the proposed one-stage LS scheme can mitigate
the impact of communication delay and obtain the maxi-
mum f,,;;, with a small LSA.

The "centralized real-time decision-making and decen-
tralized real-time control” framework used in this paper
can achieve precise UFLS control. However, because of
the transmission of information between different lay-
ers, control execution requires additional time. There-
fore, the next research plan is to predict the time when
the frequency reaches 49.5 Hz, so that the LS signal
can be transmitted to the UFLS relay before the fre-
quency threshold is reached. This can reduce the impact

(2023) 8:34
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of time delay caused by data transmission on the UFLS
performance.
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