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ABSTRACT The inertia of the power system changes when the generators in the system are disturbed
or tripped. However, in some systems, there is no control center or communication device falling behind.
It makes real-time inertia difficult to obtain and affects the adaptive under frequency load shedding (UFLS)
scheme. This paper proposes an adaptive decentralized UFLS scheme based on load information to overcome
this problem. First, a calculation method is derived according to the load information after the disturbance to
identify the real-time of load equivalent virtual inertia. Then, the power deficit of load is estimated and the
optimal adaptive load shedding scheme is obtained. Finally, compared with conventional UFLS schemes, the
proposed scheme can be performed merely by load information. Hence, the requirement of communication
conditions and the dependence on the control center are reduced. The simulation is carried out on the island
utilizing the IEEE39-bus system. Furthermore, the accuracy of real-time identification of load equivalent
virtual inertia and the validity of the load shedding scheme are verified.

INDEX TERMS Load information, power deficit, inertia calculation, frequency stability, real-time
calculation.

I. INTRODUCTION
Frequency stability is an essential challenge to maintain
the power system performance. Therefore, frequency is
important to be maintained within the allowable range of
deviation [1], [2]. The fixed UFLS device can be applied to
keep the rated value of frequency during occurrence of the
system frequency stability problem [3], [4]. The parameters
of the traditional UFLS are obtained through an offline sim-
ulation. However, the variety of system operating conditions
and potential disturbances in actuality lead to inexhaustible
possible scenarios. Meanwhile, the simulation models and
parameters are difficult to be extracted from the actual system
due to the complexity of load components and the diversity
of generator parameters. The validity of traditional UFLS
depends on the similarity between the anticipated accident
and the actual fault. Therefore, the applicability of UFLSwith
preset parameters is limited.

The wide area measurement system (WAMS) is built on
the basis of phasor measurement units (PMUs) and com-
munication technology. The real-time operating information
obtained by WMAS can be applied to monitor the operation
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state of power systems [5], [6]. Moreover, the essential con-
ditions for stability control technologies based on response
information of power systems are provided. According to
the frequency response model, the relationship between the
rate of change of frequency (RoCoF) of the inertia center
and unbalanced power is derived [7], [8]. And the propor-
tional coefficient is the equivalent inertia of power systems.
This proportional relation becomes the core algorithm of the
adaptive UFLS schemes [7], [9]–[11].

There are many adaptive improvements of UFLS methods.
The main research progress in UFLS includes the following
aspects. One aspect is mainly based on response informa-
tion. Among them, transforming the UFLS problems into
optimization problems can determine the optimal load shed-
ding by particle swarm optimization (PSO) [12]. Lately, the
frequency threshold of load shedding relays is adaptively
tuned at each disturbance [13], [14], but this approach lacks
an effective estimation of the power deficit. Hence, a dynamic
correction method for the power deficit is proposed [15].
But multiple rounds of actions are also required to approach
the power deficit. And the other aspect is on the basis of
prediction information. The predictive method is an impor-
tant aspect on possible UFLS protection. The second deriva-
tive of frequency is proposed to forecast the value of the
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frequency minimum. And actual load shedding control can
be guided according to the predictive frequency [11], [16].
Moreover, an adaptive UFLS scheme based on the minimum
frequency prediction is presented [17], and the randomness
of renewable energy generation is also taken into account.
It ensures the recovery of frequency while the load shedding
amount is reduced effectively.

There are two ways to realize UFLS: centralized control
and decentralized control. If the centralized adaptive UFLS
is adopted, a control center and a two-way communica-
tion network need to be established. The system inertia and
RoCoF can be achieved through the decentralized measuring
devices [4], [18], [19]. This puts forward high requirements
for the real-time capability, synchronicity, and reliability of
communication networks.

If the decentralized adaptive UFLS is adopted, the require-
ment of UFLS schemes on communication conditions and
the dependence on the control center are greatly reduced.
Generally, system inertia is presupposed [20], [21]. However,
it may change greatly when a disturbance occurs. The control
validity will inevitably be affected by the fixed system inertia.
Thus, an adaptive inertia calculation method is important for
the UFLS schemes.

A decentralized UFLS scheme based on load information
is proposed in this paper. Firstly, under the premise of no
unified control center, the decentralized equivalent virtual
inertia is derived according to the load information. And then,
the power deficit of load can be estimated based on equivalent
virtual inertia. Finally, a decentralized adaptive UFLS scheme
can be acquired. The dependence on the control center and
communication network is reduced in UFLS schemes. And it
can be better adapted to various disturbances that may occur
in the system. Frequency stability is significantly improved
by the proposed UFLS scheme.

II. INERTIA ESTIMATION BASED LOAD INFORMATION
The rotor motion equation of a generator is described as
follows:

M
d1ω

dt
= Pm − Pe − D1ω = −1P , (1)

whereω, M , Pm, Pe, D and 1P are defined as the generator
rotor angular speed, inertia, mechanical power, electromag-
netic power, damping, and unbalanced power, respectively.

The existing algorithm of unbalanced power for adaptive
UFLS is shown as follows:

Meq
dfcoi
dt
= −1P, (2)

Meq =

N∑
i=1

Mj, (3)

fcoi =

N∑
i=1

Mi · fi

N∑
i=1

Mi

, (4)

where Meq, fcoi and 1P are defined as system equivalent
inertia, the frequency of the center of inertia (COI) and unbal-
anced power, respectively.

For the traditional UFLS, its action condition is trigger of
threshold value. When the frequency decrease to the first-
round action threshold of the UFLS device, a certain propor-
tion of load is shed at the moment tshed1. t1 and t2 correspond
to the moments before and after tshed1, respectively. The inter-
val time between t1 and t2 is generallywithin 0.5s. According
to equation (2), the following (5) and (6) can be obtained.

−1Pt=t1 = Meq
dfcoi
dt t=t1

, (5)

−1Pt=t2 = Meq
dfcoi
dt t=t2

, (6)

where1Pt=t1, 1Pt=t2 are the unbalanced power at the
moments t1 and t2, respectively.

1Pt=t1 = PL,t=t1 + PLoss,t=t1 − Pm,t=t1, (7)

1Pt=t2 = PL,t=t2 + PLoss,t=t2 − Pm,t=t2, (8)

where PL,t=t1, Pm,t=t1 and PLoss,t=t1 are defined as system
load power, transmission loss and mechanical power at the
moment t1, respectively; and PL,t=t2, Pm,t=t2 and PLoss,t=t2
are defined as system load power, transmission loss, and
mechanical power at the moment t2, respectively.
Subtracting equation (7) and (8),

∣∣Pm,t=t1 − Pm,t=t2
∣∣

is small due to the inertia limitation of generators, and∣∣PLoss,t=t1 − PLoss,t=t2∣∣ is also small because of the charac-
teristics of transmission loss. Therefore, the change amount
of mechanical power and transmission loss between t1 and t2
moments is ignored in the formula (9).

Meq(
dfcoi
dt t=t1

−
dfcoi
dt t=t2

) = −(PL,t=t1−PL,t=t2), (9)

Meq=−
(PL,t=t1−PL,t=t2)

(
dfcoi
dt t=t1

−
dfcoi
dt t=t2

)
. (10)

Since the variables in equation (10) can be measured
by WAMS, a method for calculating the real-time inertia
of the system on the basis of response information can be
acquired. And the power deficit and a centralized UFLS
scheme can be further derived.

However, if the system separates into several parts after
disturbance, each disconnected subsystem must contain a
control center and a complete communication network in
order to calculate system inertia Meq. The centralized UFLS
scheme is still difficult to implement in disconnected subsys-
tem because the ways of disconnection are unpredictable due
to various fault conditions and operation modes. Therefore,
a decentralized UFLS scheme on the basis of load informa-
tion is a better choice for the disconnected subsystem or the
area without a control center.

The calculation method of centralized and decentralized
unbalanced power is shown in equation (11) and (12),
respectively.

Meq
dfcoi
dt t=ti

= −1Pt=ti, (11)
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N∑
j

Mj,eq
dfj
dt t=ti

= −1Pt=ti, (12)

where 1Pt=ti is the unbalanced power at the moment ti; and
Mj,eq is the equivalent virtual inertia of the jth load.
Equation (13) can be derived as follows:

Meq
dfcoi
dt t=ti

=

N∑
j

Mj,eq
dfj
dt t=ti

. (13)

It is supposed that the synchronization stability problem
does not occur in the disconnected subsystem. Hence, it can

be considered that RoCoF of inertia center
dfcoi
dt t=ti

is similar

to RoCoF of the jth load
dfj
dt t=ti

.

Then equation (14) is obtained as follows:

Meq =

N∑
j

Mj,eq (j = 1, 2.....N ). (14)

The sum of the equivalent virtual inertia of each load in
the system is equal to the equivalent inertia of the system.
When there are no control centers and reliable communica-
tion devices in the system, the equivalent virtual inertia of
the jth load can be calculated merely by the load information.
Equation (15) is derived as follows:

Mj,eq = −
(PjL,t=t1 − PjL,t=t2)

(
dfj
dt t=t1

−
dfj
dt t=t2

)
, (15)

where
dfj
dt t=t1

and
dfj
dt t=t2

are the RoCoF of the jth load at

the moments t1 and t2, respectively; PjL,t=t1 and PjL,t=t2
are the load power of the jth load at the moments t1 and t2,
respectively.

III. DECENTRALIZED UFLS SCHEME
A. CALCULATION METHOD OF THE POWER DEFICIT
According to equation (2) and the equivalent virtual inertia
of the jth load, the unbalanced power of the jth load at the
moment t1 is defined as follows:

1Pj,t=t1 = −Mj,eq
dfj
dt t=t1

. (16)

The static characteristic of the load is as follows:

PL = PL0(a
Ut
U0

2
+ b

Ut
U0
+ c)(1+ LDP1f ), (17)

where PL is the load power in real time;PL0 is the stable load
power at the rated frequency;U0 is the initial voltage; a, b and
c are the proportion of constant impedance, constant current
and constant power in load model, respectively; LDP is the
frequency factor; 1f is the offset of frequency.

The power deficit includes two parts: unbalanced power
and power shortage caused by voltage offset. When the sys-
tem is disturbed, the offset of the initial frequency tends to
be small, and the change amount of the load power is mainly

caused by the voltage offset. The power shortage of the jth
load caused by voltage offset is as follows:

εj,t=T = PjL,t=t−0
− PjL,t=T , (18)

where PjL,t=t−0
and PjL,t=T are the jth load power at t = t−0

and t = T , respectively. The load information of frequency
and power are mainly needed by the proposed method. And
PjL,t=t−0

and PjL,t=T can be acquired in real time according
to the measuring device.

Equation (16) is adopted to calculate the unbalanced power
at the moment t1 of the jth load. To obtain the total power
deficit at the moment t1, the power shortage caused by volt-
age offset must be compensated according to equation (18).
So the power deficit of the jth load at the moment t1 can be
estimated according to equations (16) and (18). It is shown
as (19).

1Pj,total,t=t1 = −Mj,eq
dfj
dt t=t1

+ εj,t=t1. (19)

B. ADAPTIVE DECENTRALIZED UFLS SCHEME
When the island system lacks a control center, only the local
load information can be utilized to carry out UFLS control.
In order to improve the availability of UFLS control, an adap-
tive decentralized UFLS scheme based on load information is
presented in this paper.

A certain proportion of load is shed when the system
frequency threshold of UFLS is triggered. On the basis of the
load information before and after the 1st round, the equivalent
virtual inertia of load is calculated by equation (15). There-
fore, the power deficit of each load can be estimated after the
1st round of UFLS by (19). After deducting the load shedding
amount of the 1st round, the remaining is the actual remaining
power deficit 1Pshed2. It should be stressed that the startup
conditions of 1st round load shedding are set as the same as
traditional UFLS schemes to avoid malfunction for the first
step.

Then, two basic rounds (2nd round and 3rd round) are set
up in the light of 1Pshed2. Most part of 1Pshed2 is settled
in the 2nd round, which prevents the system frequency from
dropping as quickly as possible. A small part of 1Pshed2 is
ordered in the 3rd round, which can reduce the calculation
error of the power deficit to a certain extent.

The power deficit is divided into two basic rounds which
can bring some advantages. Firstly, the error caused by inertia
estimation based on load information can be reduced. More
specifically, the error between RoCoF of inertia center and
RoCoF of the load is reduced. Secondly, the functions of
controllers such as the generator governors are also fully
utilized to achieve better frequency stability with less load
shedding.

The special round is set to prevent system frequency hover
due to other unconsidered factors, and it is independent from
the basic rounds movements.

The flowchart of the adaptive decentralized UFLS scheme
is shown in Fig. 1.
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FIGURE 1. Flowchart of decentralized UFLS scheme.

TABLE 1. The decentralized adaptive load shedding scheme.

FIGURE 2. Wiring diagram of IEEE 39-bus system.

The decentralized UFLS scheme of this paper is listed
in Table 1.

IV. SIMULATION
The simulation is carried out in the IEEE39-bus system. And
wiring diagram of IEEE39-bus system is displayed in Fig. 2.
To verify the accuracy of the proposed scheme, the following
scenarios are simulated.

Table 2 and Table 3 give the information about the genera-
tors and load buses in the island grid.

TABLE 2. Power and inertia of each generator.

TABLE 3. Power of each load.

TABLE 4. Equivalent virtual inertia of each load bus in scenario A.

The parameters of the decentralized UFLS scheme in this
paper are set as follows:

1) 1st round: f1 = 49Hz, td1 = 0.2s, m1% = 5%;
2) 2nd round: f2=48.6Hz, td2=0.2s,m2%=1Pshed2×k2,

where k2 = 0.8;
3) 3rd round: f3=48.2Hz, td3=0.2s, m3%=1Pshed2×k3,

where k3 = 0.1;
4) Special round: fs = 49Hz, ts=10s, ms% = 5% ;

A. SCENARIO A
The disturbance is set at 0.2s, generators G5 and G6 are
tripped, at the same time, the lines 15-16-17-18 and 25-26 are
disconnected. The remaining generators consist of G4G7 and
G9 on the island. An island is established on the right side
of IEEE39-bus system. The load buses include 16, 20, 21,
23, 24, 26, 27, 28 and 29. The generator model adopts the
constant E ′q model with voltage regulator and governor. The
load model adopts a 70% constant impedance and a 30%
constant power model.

Frequency threshold is triggered in the 1st round at the
moment 2.07s. And 5% load is shed at the moment 2.27s.
In this scenario, t1 and t2 are chosen as 2.07s and 2.47s.
According to equation (15), the equivalent virtual inertia of
each load is obtained. Calculated inertia is listed in Table 4.
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The actual inertia of the island system is 179s after the
disturbance occurs. It is supposed that the island has no
control centers, the real-time change of inertia or even the
frequency of COI are difficult to obtain. Thus, the traditional
adaptive UFLS schemes will be affected.

According to Table 4, the equivalent virtual inertia of each
load calculatedwith the proposedmethod is added to 172.02s,
which is close to the actual value 179s.

The mechanical power of the system after the disturbance
is 20.22p.u.. The initial load power is 26.97p.u.. And the
actual power deficit of the system can be derived which is
1Pt=t−0

= 25.03%.
1Pj,total,t=t1 of each load is acquired according to Table 4

and equation (19). The results in proportion are shown
in Fig. 3, and listed in per unit in Table 5.

FIGURE 3. Power deficit of each load in scenario A in proportion.

TABLE 5. power deficit of each load in scenario A in per unit.

1Pcal,t=t1 is defined as the estimated power deficit of the
system. And it can be derived from the power deficit of each
load:

1Pcal,t=t1 =

N∑
j=1

1Pj,total,t=t1

N∑
j=1

Pj,t=t−0

. (20)

It can be concluded from Fig. 3 that the estimated power
deficit of each load is inconsistent. But the total estimated
power deficit of the system is 1Pcal,t=t1 = 25.27% , which
is similar to the actual value 1Pt=t−0

= 25.03%.
Load shedding results are shown in Fig. 4. Among them,

schemes (1), (2), (3) are traditional UFLS schemes which are

FIGURE 4. Different load shedding schemes in scenario A.

TABLE 6. The action time and load shedding amount of each round in
scenario A.

detailed in the Appendix. Scheme 4 is proposed in [15]. The
action time and load shedding amount of each round are listed
in Table 6.

The lowest frequency curves of load buses on the island
of different control schemes are shown in Fig. 4. Under
the premise of no synchronization stability problem, the fre-
quency changes at the load buses on the island are basically
the same.

As for the traditional schemes, the frequency of scheme 1
and scheme 2 cannot be recovered in a short time. Although
the frequency of scheme 3 can be restored, overshoot of
frequency will be caused by over-shedding of the load. Com-
pared to the proposed scheme, scheme 4 requires longer time
in the control process.

As can be seen from Table 6, the starting time of the
1st round in different schemes are the same. However, due
to the different load shedding amount in different schemes,
the starting time of the 2nd round in different schemes are
different. Similarly, different starting time of each subsequent
round are resulted by different load shedding amount of the
2nd round. As a consequence, different control effects are
produced.

From the comparison results, the stronger recovery ability
of frequency and the shorter restore time are realized in the
proposed scheme, and the performance of UFLS control is
improved in the same disturbance scenario.

B. SCENARIO B
The disturbance is set at 0.2s, generators G4 and G5 are
tripped, at the same time, the lines 16-17, and 14-15 are dis-
connected. The load buses include 15, 16, 20, 21, 23, and 24
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TABLE 7. Equivalent virtual inertia of each load bus in scenario B.

FIGURE 5. power deficit of each load in scenario B in proportion.

TABLE 8. power deficit of each load in scenario B in per unit.

on the island. The remaining generators consist of G6 and
G7 on the island. The load model adopts a 60% constant
impedance, a 20% constant current and a 20% constant power
model. The remaining conditions are the same as scenario A.

The equivalent virtual inertia of each load can be calculated
according to equation (15), which is listed in Table 7.

The island inertia was 231.6s before the disturbance which
drops to 122.4s when the units G4 and G5 are tripped simul-
taneously. According to Table 7, the sum of decentralized
equivalent virtual inertia is 115.26s, which is close to the
actual value.

According to the set disturbance, the mechanical power
of the system after the disturbance is Pm,t=t+0

= 12.10p.u..
The initial load power is PL,t=t−0

= 21.075p.u.. And the
actual power deficit of the system is acquired which is
1Pt=t−0

= 42.59%.
1Pj,total,t=t1 of each load is obtained according to

Table 7 and equation (19). Results in proportion are shown
in Fig. 5, and listed in per unit in Table 8.

Total estimated power deficit of the system is1Pcal,t=t1 =
42.58% on the basis of equation (20), which is approaching
to actual value 1Pt=t−0

= 42.59%.
The load shedding results are shown in Fig. 6. In sce-

nario B, the traditional UFLS schemes (1), (2), (3) are unable
to restore the frequency stability in a short time, This is

FIGURE 6. Different load shedding schemes in scenario B.

TABLE 9. Power of each load in scenario C.

because after the disturbance, the proportion of the power
deficit is relatively large, and the traditional schemes need
longer time andmore rounds to restore the frequency stability.
Compared with the traditional schemes, the proposed scheme
in this paper can adaptively calculate the power deficit of
each load and carry out corresponding decentralized control,
so that the system frequency can be recovered to the required
range quickly.

From the simulation in scenario A and scenario B, it can
be seen that in the absence of the information of central-
ized control, the proposed scheme merely utilize the load
response information to estimate the power deficit of each
load. Although there is a certain deviation in the calculation
of the power deficit for each load, the estimated value of the
power deficit for the system is similar to the actual value. As a
result, the estimated power deficit of each load provides a ref-
erence for load shedding control of UFLS, and it enhances the
reliability and accuracy of the decentralized UFLS scheme.

C. SCENARIO C
The disturbance and parameters are set as the same as sce-
nario B, but the load distribution is changed in scenario C.
Specifically, the loads are mainly concentrated in the north-
west corner of the island, and power of each load is as listed
in Table 9.

The equivalent virtual inertia and the power deficit of each
load can be estimated according to the proposed method,
which are listed in Table 10.

The equivalent virtual inertia of the island is added to
117.95s according to Table 10, which is approaching to the
actual value 122.4s. And the total estimated power deficit of
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TABLE 10. Equivalent virtual inertia and the power deficit of each load
bus in scenario C.

FIGURE 7. Different load shedding schemes in scenario C.

FIGURE 8. The proposed scheme in different operating points.

the system is 46.25% on the basis on equation (20), which is
close to actual value 42.59%. In additional, the load shedding
results are shown as Fig. 7.

As can be seen from Fig. 7, the validity of the proposed
scheme can also be verified where loads are not so evenly
dispersed across the network. As a matter of fact, the pro-
posed scheme can perform effectively under the premise of
no transient stability problems.

D. SCENARIO D
The parameters and conditions of scenario D are set based
on scenario B but remaining generators G5, G6 and G7 on
the island. In scenario D, the output of generation is changed
to verify the availability of the proposed scheme in different
operating points. To be specific, the power generation of
G5 increases from 100MW to 550MW with 50MW incre-
ment for each operatingmode.Meanwhile, G6 andG7 remain
unchanged. The 10 load shedding results are shown in Fig.8.

FIGURE 9. Minimum and maximum frequency in different operating
points.

TABLE 11. A general-round-by-round load shedding scheme 1.

It can be concluded from Fig.8 that the proposed load shed-
ding method has good frequency recovery ability in different
operating points. The minimum frequency and the maximum
frequency of each operating point are shown in Fig. 9.

In Fig. 9, the abscissa indicates the power deficit ratio
in each operating point. Power deficit changes in the range
of 16.47% to 37.84% according to the changes in power
generation in scenario D. As is shown in Fig. 8 and Fig. 9,
the minimum frequency is basically the same due to the same
trigger condition. And the maximum frequency of different
operating points can be restored to about 49.8Hz by the
proposed scheme. As can be seen from load shedding results,
the applicability and availability of the proposed scheme in
different operating points are further demonstrated.

V. CONCLUSION
In this paper, a decentralized UFLS scheme on the basis of
load information is proposed. To begin with, the equivalent
virtual inertia and the power deficit of each load can be
estimated merely by load information. Then, an independent
decentralized adaptive UFLS relay control method is pre-
sented based on the power deficit of each load. Governor and
other controllers are fully taken into account in the proposed
scheme. It can be seen from the simulation results that the
proposed UFLS scheme has excellent adaptability and per-
formance in multiple scenarios. A better frequency recov-
ery effect is obtained with a smaller load shedding amount
compared with the traditional UFLS. Besides, the proposed
method is easy to implement and the required information
is also easy to achieve. As a result, the feasibility and
applicability of decentralized UFLS control are improved
effectively.

VOLUME 7, 2019 52013



P. He et al.: Decentralized Adaptive UFLS Scheme Based on Load Information

TABLE 12. A general-round-by-round load shedding scheme 2.

TABLE 13. A general-round-by-round load shedding scheme 3.

APPENDIX
See Tables 11–13.
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