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Abstract—This paper develops a novel online fast load shedding
strategy aimed at shedding the most effective load to mitigate fault-
induced delayed voltage recovery (FIDVR). Induction motor ki-
netic energy deviation has been shown to be identical to the inte-
gral of power imbalance. Instead of using voltage as an indicator,
the proposed strategy applies a centralized scheme making use of
equivalent motor kinetic energy to identify the most effective loads
to shed. In order to derive kinetic energy, the equivalent inertia
and the speed of the induction motor are needed. A methodology is
proposed to obtain these variables through online measurements.
Simulations on a sample power system illustrate the novel load
shedding strategy and its effectiveness. The proposed strategy is
compared with conventional four-stage under-voltage load shed-
ding (UVLS) scheme. The results have validated that the proposed
strategy can effectively mitigate fault-induced delayed voltage re-
covery and require much less load to be shed.

Index Terms—Equivalent inertia, fast voltage collapse, induction
motor, kinetic energy, load modeling, load shedding, speed estima-
tion, transient voltage recovery, voltage stability.

I. INTRODUCTION

R ECENTLY, “Workshop on Residential Air Conditioner
(A/C) Stalling” of the Department of Energy (DOE) re-

ported that fault-induced delayed voltage recovery (FIDVR) is
now a national issue since residential A/C penetration across the
U.S. is at an all-time high and growing rapidly [1]. According
to NERC’s definition [2], FIDVR is defined as the phenomenon
whereby system voltage remains at significantly reduced levels
for several seconds after a fault in transmission, subtransmis-
sion, or distribution has been cleared. FIDVR has occurred in
many utilities across the U.S., and one severe case happened fol-
lowing a fault cleared in as little as three cycles [2]. Fig. 1 shows
a FIDVR on July 13, 2004 at Devers Substation of Southern Cal-
ifornia Edison (SCE) [3]. In this incident, high load currents and
large reactive power demands caused delay up to 30 s for voltage
to recover after a fault clearing.

Various studies have shown that FIDVR usually occurs in
the areas dominated by induction motors with constant torque.
These motors can stall in response to sustained low voltage and
draw excessive reactive power from the power grid [4]–[7].
Since no under-voltage or stall protection is equipped with
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Fig. 1. Delayed voltage recovery on July 13, 2004 at Devers Substation.

A/Cs, they can only be tripped by thermal protection which
takes 3 to 20 s. Severe FIDVR event could lead to fast voltage
collapse.

To mitigate FIDVR events, two categories of efforts have
been mainly devoted: one effort focuses on improving the load
modeling of A/C motors to capture and study FIDVR [8]–[12];
another effort is dedicated to develop control solutions to reduce
the impacts of FIDVR [13]–[20]. Control solutions can be clas-
sified as supply-side solutions and demand-side solutions. The
most popular supply-side solution applied by utilities is the im-
plementation of FACTS devices including SVC [16]–[19] and
STATCON [20] to increase reactive power support. However,
these devices are very expensive and cost approximately $20–50
million per installation. Since a large number of these devices
would have to be installed, it could be very costly. Furthermore,
it has been reported that FACTS devices may not be fully effec-
tive in preventing the extremely fast voltage collapse following
a transmission fault [1].

Demand-side solutions that use protection system to rapidly
disconnect motors under low voltage conditions are effective
and economic to tackle FIDVR [1]. In [13], a slope-per-
missive under-voltage load shed relay was proposed based
on rate of voltage recovery and predicted time to recover.
In [14], an MVA-Volt index was proposed for steady-state
screening of buses to identify FIDVR. SCE recently proposed
an under-voltage protection scheme using 78% of the motor
rated voltage as the stalling protection threshold voltage to
tackle FIDVR [15]. The above three methods are representa-
tives of demand-side solutions developed so far to solve FIDVR
(based on available literature in open sources).

In this paper, we are proposing a novel load shedding scheme
based on the induction motor kinetic energy. The derived kinetic
energy (KE) deviation is identical to the integral of power imbal-
ance, and can identify motor stalling (running) status with on-
line measurements. The amount of load shed under the proposed
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Fig. 2. Traditional and simplified steady-state induction motor models.

scheme is generally smaller than the one shed under conven-
tional four-stage UVLS schemes for mitigating FIDVR events.

II. STEADY-STATE ANALYSIS OF INDUCTION MOTOR

A. Static Modeling of Induction Motor

Appropriate machine modeling is necessary to understand in-
duction motor characteristics. Induction motor is represented
using traditional steady-state model as Fig. 2 [21].

and are stator resistance and reactance; and are
rotor resistance and reactance; is magnetizing reactance;
is rotor speed; is slip. Since is small and

, model is simplified as the right part of Fig. 2, where
and are equivalent reactance and

resistance.

B. P-S and Q-V Characteristics of Induction Motors

Using the simplified model in Fig. 2, motor current and
power are obtained by (1)–(3). and are real and reac-
tive power by mechanical load, and represent reactive
power by magnetizing reactance and total load. Critical slip is
obtained by differentiating with respect to in (2). It should
be noted that does not depend on the voltage:

(1)

(2)

(3)

Fig. 3(a) shows curves under different voltages, where
and are rated and motor stalling voltages. It can be

proved that the motor stable operating region is to the left of the
peak in Fig. 3(a), where . Fig. 3(b) shows , , and

as functions of voltage. gradually increases as voltage
decreases until , where is increased greatly.

Observing curve, it is found: 1) when voltage is
close to the rated value, slope of the curve is positive (voltage
decrease causes reduced reactive power demand); 2) curve
between rated voltage and stalling voltage is relatively flat
(low voltage sensitivity); 3) when voltage is reduced beyond
the stalling value, reactive power demand is increased tremen-
dously to a very large value.

Fig. 3. � � � and �� � characteristics of induction motor.

Fig. 4. Transient voltage recovery criterion for transmission system [23].

III. FAULT-INDUCED DELAYED VOLTAGE RECOVERY

A. Mechanism of FIDVR

After clearing faults in induction motor dominated areas, low
voltages could be sustained beyond a certain time range (maybe
a few cycles or several seconds). Then, induction motors start
stalling. When motor stalls, it is under the locked-rotor condi-
tion which consumes five to six times the steady-state motor cur-
rent and thus demands largely increased reactive power instan-
taneously (shown in above analysis). Even though stalled
motors can be disconnected by thermal protections with an in-
verse time-overcurrent characteristic, it takes 3–20 s. If local re-
active power resources are exhausted and remote reactive power
cannot be delivered at that time, voltage cannot be recovered and
it may be reduced further. Then, the delayed voltage recovery
may spread to nearby regions and cause generators to be tripped
or generator reactive power outputs to be reduced by over-exci-
tation limiters. Eventually, system voltage collapse would occur.

B. Applied Transient Voltage Recovery Criterion

To evaluate system voltage recovery, a transient voltage re-
covery criterion (TVRC) is needed. TVRC for generators have
been developed considering generator protection settings and
susceptible auxiliary equipments [13], [22]. TVRC for transmis-
sions have also been proposed based on generator TVRC [13],
[22]; however, they do not necessarily consider the particular
issues (motor stalling) in transmission system. The transmis-
sion TVRC (see Fig. 4) developed by studying the transmission
system of PJM [23] seems to be adequate for mitigating FIDVR,
and thus, it is applied in this paper.

IV. PROPOSED MOTOR KINETIC ENERGY DERIVATION

Derivation of equivalent motor kinetic energy consists of ob-
taining equivalent motor inertia and estimating equivalent motor
speed using measurements. Since it is not feasible to separate
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dynamic and static loads under one transmission bus of prac-
tical power systems, the total load at one transmission bus is
treated as an equivalent induction motor in order to evaluate
each load bus’s contribution in the FIDVR event. Therefore,
measurements of the total bus load will be used to derive the
equivalent motor inertia and motor speed.

A. Inertia Derivation of Equivalent Induction Motor

Inertia is a very critical motor parameter affecting induction
motor performance. Motors with small inertias are considered
as “prone to stall” motors, such as the compressor motors of
A/C, which decelerate and stall at fault voltages below about
60% assuming five-cycle fault clearing time [4]. With slower
fault clearing, they may stall at higher fault voltages.

In this paper, equivalent motor inertia is derived by mea-
surement-based load modeling approach. Main procedure for
load parameter derivation can be described as follows. Mea-
sured voltage is first input to actual load and load model to derive
measured and simulated real/reactive power. The difference be-
tween load model outputs and measurements is then calculated
to evaluate whether the accuracy criterion is satisfied. If not, op-
timization algorithm is applied to optimize the load parameters
and update the load model. Detailed load parameter derivation
is provided in [24]. Formulation of induction motor model is de-
scribed as follows [25]:

(4)

(5)

where is the transient reactance
and is equal to the blocked-rotor (short-circuit) reactance,

is the motor no-load (open-circuit) reactance and
is the transient open-circuit time constant;

is rotor inertia constant; is steady-state mechanical torque;
and are d-axis and q-axis transient EMF of motor; and
are d-axis and q-axis bus voltage; and are d-axis and

q-axis stator currents; , , , , and are coefficients of
load torque in terms of motor rotation speed, and satisfy

.
For measurement-based load modeling, it is suggested that

care must be taken to interpret the applicability of the derived
model parameters for operating or disturbance conditions that
are very different from what have been used to derive the load
parameters [24]. For example, the parameters derived based on
measurement data acquired during summer seasons may not
be accurate or correct for use in winter seasons. Therefore, a
thorough sensitivity study for derived load parameters (espe-
cially inertia ) is provided in this section. Trajectory sensi-
tivity method is applied to determine the sensitivities associated
with load parameters [26]–[28]. Load model equations can be
generally formulated as follows:

(6)

Fig. 5. Trajectory sensitivities of parameters H, Rr, Rs and Xm, Xr, Xs.

where is the state variable and is the algebraic variable;
represents load parameters. To identify the trajectory sensitivity,
a small disturbance is added to to obtain the perturbed load
parameters , and (6) is rewritten as

(7)

Expand (7) into Taylor series (higher order terms neglected)

(8)
Coefficients of with the same order should be equal

(9)

Therefore, the parameter trajectory sensitivities will be obtained
by solving the time-variant linear equations (9).

Fig. 5 presents the trajectory sensitivities of six critical motor
parameters using the IEEE type 6 model (Appendix A) sub-
jected to a typical fault-induced 35% voltage drop at the motor
bus. It is known that parameter trajectory sensitivities are af-
fected by the initial values and trajectories. However, studies
with various initial values and different trajectories indicate that
parameter sensitivity rankings in most cases are the same as the
one based on IEEE type 6 model, which has also been proved in
[26]. Studies (see Fig. 5) have also shown that motor inertia
has a very small sensitivity value which means the obtained in-
ertia is not sensitive to measurement variations. Thus, the equiv-
alent inertia derived by measurement-based load modeling ap-
proach can be applied over a relatively wide variety of distur-
bances.

B. Speed Derivation of Equivalent Induction Motor

Equivalent motor speed is derived using voltage and current
measurements of the total bus load which is treated as an equiv-
alent induction motor. Based on simplified steady-state model
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(right part of Fig. 2), equivalent impedance can be derived
using measured voltage and current as

(10)

where and represent phasors of and . Since magnetizing
reactance is usually much larger than equivalent reactance

(33 and 10 times larger for Motor I and II in Appendix A),
the term is ignored and equations (10) are rewritten as

(11)

Based on the slip equation and equations (11), we can have

(12)

where , , , and represent steady-state value of
slip, impedance, voltage, and current and represents
real part of impedance. So, equivalent speed at time is esti-
mated as

(13)

Differentiate (13) with respect to , is derived as

(14)
where is a constant. Using (13) and (14), the equiv-
alent speed at time can be estimated as

(15)

where is time step. By setting as zero, (15) can be used
to estimate the current speed as (13). Thus, (15) is applied to
derive equivalent motor speeds in following sections.

C. Kinetic Energy Derivation of Equivalent Induction Motor

Motor kinetic energy is used to drive mechanical loads and it
is decided by motor inertia and speed as follows:

(16)

where represents motor kinetic energy. and are to
be derived by measurement-based load modeling approach and
equation (15), respectively, using total load measurements.

D. Relationship Between FIDVR and Motor Kinetic Energy

Based on the induction motor speed acceleration equation
(17) and kinetic energy equation (16):

(17)

(18)

where and are electrical torque and power; and
are mechanical torque and power; means KE devi-

ation.
Equation (18) shows the motor kinetic energy deviation

is identical to the integral of power imbalance. When power
imbalance is increased, KE deviation will be increased and
motor speed will be decreased. Thus, the KE deviation at a
bus can indicate the power imbalance caused by motor at that
bus. Therefore, the connection between motor kinetic energy
and bus voltage recovery has been illustrated and a large KE
deviation may imply a severe FIDVR event.

Also, as indicated by NERC’s report [2] and SCE’s studies
[4], there are mainly two critical factors that determine the sus-
ceptibility of a transmission system to FIDVR events: 1) the
amount of induction motors experiencing sustained low voltage;
2) the reduced load impedance under stalled motor conditions.
For factor 2, the reduced load impedance is due to increased slip
(decreased speed) when motor is stalling. Seen from part B of
Section IV, the motor speed estimation method is based on the
calculation of motor impedance which actually takes into ac-
count factor 2. For factor 1, since speed estimation uses total
load measurements, it can indicate the percentage of induction
motors in total load (it will be verified in Section VI) which im-
plies factor 1 is also involved in the equivalent kinetic energy.
Thus, they further confirm the link between motor KE devia-
tions and FIDVR.

V. PROPOSED LOAD SHEDDING STRATEGY

According to “system protection and voltage stability” report
of IEEE [29], four steps are usually involved in load shedding:
1) determination of the amount of load to be shed, 2) selection
of loads to be dropped, 3) determination of time steps of load
shedding, and 4) determination of voltage level at which shed-
ding begins. For steps 1, 2, and 3, the proposed load shedding
strategy applies equivalent KE to determine the amount of load
shedding at each selected locations, assuming total amount of
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Fig. 6. Overall operation logic of the proposed load shedding scheme.

load to be shed in each step and time steps are already deter-
mined. For step 4, the predicted voltage recovery time instead
of voltage level is applied as the condition to trigger load shed-
ding actions.

The proposed load shedding strategy (LSS) applies a central-
ized scheme to identify the most effective loads (MEL) to shed
in each step. By shedding MEL, the time needed for system
voltage recovery is the shortest. The centralized scheme first re-
ceives system measurements from relays at load buses. Then,
MELs are identified based on the derived KE deviations. Finally,
the trip signals are sent out to shed calculated load amounts at
the locations of MELs.

Two strategies (LSS-I and LSS-II) are proposed. LSS-I sheds
total load at the bus with the largest KE deviation in each step;
In LSS-II, total amount of load to be shed in each step is
pre-determined and amount to be shed at each location is
decided by its KE deviation percentage as (19):

(19)

Fig. 6 shows overall operation logic of the proposed scheme.
It should be noted that the equivalent inertia is derived using
previous measurements. Measurement-based load modeling is
mainly conducted offline to derive load models for dynamic
simulations, and it usually requires several minutes to obtain
load parameters. However, the proposed scheme is aimed at
providing an online fast load shedding solution to mitigate
FIDVR which is in the time scale of seconds or few cycles.
Therefore, considering that motor inertia has been shown to be
not sensitive to variations of disturbances (part A in Section IV)
and relatively constant (will be further validated in Section VII),
the scheme proposes the derived equivalent inertia to calculate
the current kinetic energy deviation. It is assumed there is
no change of system load compositions between current and
previous time.

Fig. 7. Simulated power system with various induction motor loads.

VI. SIMULATION CONDITIONS

The following sections will elaborate on the system descrip-
tion, simulation objectives, validations of inertia and speed
derivations, performance validations of derived kinetic energy,
and proposed load shedding strategy.

A. System Description

A sample power system in PSS/E was applied to illustrate
the proposed methods and strategy. System consists of six gen-
erators and 23 buses including seven load buses. Total load is
3200 MW and 1900 MVAr with 1000 MW and 400 MVAr of in-
duction motor loads distributed between buses 153, 203, 3005,
3007, and 3008. Fig. 7 shows one-line system diagram, whose
transmission voltage ranges from 230 to 500 kV. Various shunt
compensations with total amount of 950 MVAr are located at
different buses throughout the system.

Two types of motors are applied: A/C motor (Motor
I)—model C in [30]; weighted aggregate of residential and
industrial motors (Motor II)—IEEE typical motor type 6 in
[31]. Motor parameters are listed in Appendix A. Each bus
also includes static loads modeled as constant current load for
real power demand and constant impedance load for reactive
power demand. Three cases with different load compositions
are created and details are presented in Table I, where c1, c2,
and c3 represent case1, case2, and case3; I and II represent
Motor I and Motor II; motor quantity is the number of motors
at each bus; each motor is 50 MW and 20 MVAr; c1, c2, and c3
have same motor type at each bus, c2 and c3 have same motor
quantity at each bus, c1 and c2 have same total load MW at
each bus.

B. Simulation Objectives

The simulation objectives can be summarized as follows:
• to validate the inertia derivation using the measurement-

based load modeling approach;
• to validate the speed derivation with induction motor mea-

surements and the total load measurements;
• to illustrate the incorporation of motor percentages in the

speed derivation results with total load measurements;
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TABLE I
SYSTEM LOAD COMPOSITIONS FOR THREE TEST CASES

TABLE II
DERIVED EQUIVALENT INERTIA OF EACH BUS LOAD WITH THE FOUR FAULTS

Fig. 8. Load modeling results for bus 153 based on fault1 and 2 in case3.

• to validate the performance of the derived kinetic energy
in identifying the most effective loads to shed;

• to appraise performance of the proposed load shedding
strategy comparing with traditional four-stage UVLS.

VII. VALIDATION OF INERTIA DERIVATION

Inertia has been derived for the three test cases with four faults
(see Appendix B) shown in Table II. Observing the first three
rows, the derived inertia for each bus has some variations, which
is because three cases have different system load compositions.
However, comparing the last two rows, it is found that the de-
rived inertia are close to each other and they appear to be rel-
atively constant, which is because they are based on the same
system load composition even though associated with different
faults. Fig. 8 provides load modeling results of simulated and
measured load outputs for bus 153 based on fault1 and fault2 in
case3.

VIII. VALIDATION OF SPEED DERIVATION

Speed was derived using induction motor measurements to
validate correctness of the proposed approach and using total

Fig. 9. (a) Measured speed after fault clearing with fault1 in case1. (b) Derived
speed with induction motor measurement after fault(f1,c1).

load measurements to prove its suitability for practical applica-
tions. Also, incorporation of motor percentages in speed deriva-
tions is illustrated using total load measurements.

A. Speed Estimation With Induction Motor Measurements

Using fault1 in case1, induction motor measurements of
five motors were obtained and applied to derive speeds (to
derive KE deviation later, speed deviation was shown instead
of speed, where ). Compared
with measured motor speeds in Fig. 9(a), the derived speeds
in Fig. 9(b) well captured the trend of individual motor speed
variation and the relative speed between motors. Magnitudes
of the derived speeds do not match the measured values since
the derived speeds are approximations using only voltage and
current measurements. However, derived speed magnitudes are
not essential for the identifications of MELs to shed.

B. Speed Estimation With Total Load Measurements

Treating total bus load as an equivalent induction motor, total
load measurements (fault1 in case1) including dynamic and
static loads at all seven load buses were recorded and used to
derive speeds. Fig. 10(a) presents the derived speed deviations
for the seven loads before fault (fault was applied at 0.1 s) and
Table III provides speed deviation values at time .
They show derived speed deviations of bus 154 and 205 are
zero, because the two buses do not have any motors and thus
real parts of their equivalent impedances keep constant. How-
ever, the other five buses with motors did show small or large
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Fig. 10. (a) Derived speed with total load measurements before fault(f1,c1).
(b) Derived speed with total load measurements after fault(f1,c1).

TABLE III
DERIVED SPEED DEVIATION � AT TIME � � ���� � WITH FAULT1 IN CASE1

speed deviations since real parts of their equivalent impedances
involve slip. Therefore, it is illustrated the derived speed using
total load measurements can indicate the load buses which have
no motors at all and these load buses normally are not good
candidates for MELs to shed.

Fig. 10(b) shows derived speeds using total load measure-
ments after fault clearing. Compared with Fig. 9(a) and (b),
Fig. 10(b) shows a similar trend of individual speed variation
and relative speed between motors. This similarity is because
each motor bus in case1 has the same load composition.

C. Incorporation of Motor Percentages in Derived Speeds

Using fault2 in case3, total load measurements were used
to derive speeds. Comparing Fig. 11(a) (measured speed) with
Fig. 11(b) (derived speed), the measured speed deviation of
bus 3005 is always larger than that of bus 203 and the two
curves have no intersection in Fig. 11(a); however, in Fig. 11(b),
derived speed deviation of bus 203 is first larger than that of
bus 3005 and becomes smaller later and the two derived speed
curves did show an intersection around 1.1 s. Does this means
that the derived equivalent motor speeds are not correct? The

Fig. 11. (a) Measured speed after fault clearing with fault2 in case3. (b) Derived
speed with total load measurements after fault(f2,c3).

answer is definitely no. The difference is because bus 203 has
larger motor percentage than bus 3005. The speed derivation
with total load measurements automatically incorporated the
motor percentage information. Therefore, the bus with smaller
motor percentage but larger actual speed deviation may have
similar derived speed to that of another bus which has larger
motor percentage but smaller actual speed deviation.

The above analyses illustrate the equivalent motor speeds
using total load measurements essentially take into account
motor percentages and this will help the equivalent motor KE
deviation to identify the most effective loads more efficiently.

IX. VALIDATION OF KINETIC ENERGY PERFORMANCE

Based on the derived equivalent motor speeds with total load
measurements, the kinetic energy of each motor bus was calcu-
lated and its performance was illustrated and validated.

A. Performance Validation With Fault1 in Case1

To evaluate voltage recovery, critical recovery time (CRT) is
proposed as the time needed for voltage of every load bus to
recover to a pre-set value. Smaller CRT means better voltage
recovery. Fig. 12 shows voltage recovery after clearing fault1 in
case1. It shows the CRT for voltage to recover to 0.8 p.u. with
no load shedding is 0.7356 s (due to the slowest recovery bus
154) and it violated the recovery criterion (see Fig. 4).

Table IV summarized the time domain simulation based
CRTs for shedding total load at various buses at 0.4 s with
fault1 in case1. It shows the smallest CRT of all buses is at bus
205 and smallest CRT of all motor buses is at bus 203.

Why do bus 154 and bus 205, which have no motor, obtain
smaller CRTs than those which have motors? Because they shed
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Fig. 12. System voltage recovery after fault clearing with fault1 in case1.

TABLE IV
CRTS OF SHEDDING VARIOUS LOADS WITH FAULT1 IN CASE1

Fig. 13. Derived KE deviations after fault clearing with fault1 in case1.

much more loads (every motor load bus is 200 MW but bus 154
is 600 MW and bus 205 is 1200 MW).

Further studies shown in Table IV indicate that if loads at the
top two CRT buses 203 and 153 are shed (totally 400 MW), the
CRT is 0.410 s, which is smaller than CRT (0.429 s) of shedding
bus 154 (600 MW). Similarly, if loads at the top three CRT buses
203, 153, and 3005 are shed (totally 600 MW), the CRT (0.401
s) is smaller than CRT (0.407 s) of shedding bus 205 (1200
MW). Thus, it proves buses having motors are generally better
candidates for MEL than those without motors.

However, CRT of each bus cannot be obtained for online fast
load shedding, since it requires time domain simulations. Thus,
an indicator is needed which can be derived in online environ-
ment and can reflect the CRT information of each bus.

Fig. 13 provides the derived KE deviation of each motor load
bus using obtained speed deviation and equivalent motor inertia.
It shows that the top three buses with the largest KE deviations
are buses 203, 153, and 3005, which are identical to the results
based on CRT information. Thus, it is shown that motor kinetic
energy can properly indicate MEL.

Seen from Fig. 12, bus ranking using voltage depression is
. Com-

pared with the CRT based results in Table IV, the above ranking

TABLE V
CRTS OF SHEDDING VARIOUS LOADS WITH FAULT1 IN CASE2

Fig. 14. (a) Derived speed with total load measurements after fault(f1,c2). (b)
Derived KE deviations after fault clearing with fault1 in case2.

clearly indicates that the bus voltage depression information is
not suitable for identifying the MEL to shed.

However, by looking at Fig. 10(b), one could argue that the
equivalent motor speed also seems to be able to indicate the
MEL with fault1 in case1 where each motor bus has the same
amount and percentage of motor loads. This argument will be
tested in the following section using another different case.

B. Performance Validation With Fault1 in Case2

Various load shedding were applied at 0.48 s with fault1 in
case2. Table V provides voltage recovery results based on CRTs.
It is shown that loads at bus 3005 and 3008 are the top two
MELs to shed and shedding loads at bus 3007 and 153 have the
same CRT which are ranked as the third and fourth MEL. Seen
from derived speeds in Fig. 14(a), bus 153 shows the second
largest speed deviation. However, CRT only indicates bus 153
as the fourth choice for MEL. Although derived speed was able
to indicate MEL with fault1 in case1, test using fault1 in case2
shows derived speed cannot properly identify MEL when motor
amount and percentage of load buses are different.

Fig. 14(b) provides the derived KE deviations. They well in-
dicated bus 3005 and 3008 as the top two MELs and bus 3007
and 153 as the third and fourth MEL, which are identical to the
CRTs based results. It was also noted that the derived KE de-
viations of bus 3007 and 153 are very close, which actually is
consistent with fact that bus 3007 and 153 had the same CRT.
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TABLE VI
KE DEVIATION AND PERCENTAGE AT � � ���� � WITH FAULT1 IN CASE3

In summary, the above two sections using fault1 in case1 and
fault1 in case2 validated that the derived kinetic energy of equiv-
alent motors are able to indicate the MELs to shed but the other
two indicators—voltage depression and equivalent speed have
been proved to be not appropriate to identify the MELs.

X. VALIDATION OF PROPOSED LOAD SHEDDING STRATEGY

PERFORMANCE COMPARING WITH TRADITIONAL UVLS

The derived KE deviation is used to come up with two load
shedding strategies to mitigate FIDVR. For comparisons, con-
ventional four-stage UVLS was also applied as follows: Stage 1:
up to 10% of area load shedding 0.05 s after fault clearing; Stage
2: up to 5% of area load shedding 0.15 s after fault clearing;
Stages 3 and 4: identical to the second stage, except operating
after 0.25 s and 0.35 s, respectively. Condition of triggering load
shedding is similar to [13] which is based on voltage recovery
time predicted using linear approximation

(20)

where , , and are recovery time, current time, and time
interval; and are voltages at and ; is
voltage setting (0.8 p.u.).

For LSS-II, the fraction of load to be shed at each loca-
tion is based on KE deviation percentage from (19) and
are listed in Tables VI and VIII for case3. Table VII summa-
rized shedding results of LSS-I, LSS-II, and UVLS with fault1
in case3. Based on predicted voltage recovery times, UVLS ap-
plied three times of load shedding with total amount 640 MW
and voltage recovery time is 0.5810 s which meets the transient
voltage recovery requirement (Fig. 4); LSS-I applied two times
with total amount 550 MW to get recovery time as 0.5281 s and
LSS-II applied only one time with total amount 320 MW to get
recovery time as 0.5883 s.

Comparing LSS-II with UVLS, UVLS got the same voltage
recovery time as LSS-II but required 100% more load to be shed
than LSS-II. Comparing LSS-II with LSS-I, even though LSS-I
had a faster voltage recovery (it is not necessary, since LSS-II
already met voltage recovery requirement), it shed 71.9% more
loads than LSS-II. Fig. 15 shows voltage recovery using the
three strategies with fault1 in case3.

Similarly, results with fault2 in case3 are provided in Table IX
and Fig. 16, which showed that LSS-II achieved faster voltage
recovery and required 50% less load to be shed than UVLS.

In summary, based on tests with fault1 and fault2 in case3,
load shedding results using the three strategies obviously proved
that the KE deviation-based combined load shedding strategy
(LSS-II) is able to achieve faster voltage recovery and require
much less load to be shed than the traditional UVLS scheme.
Therefore, LSS-II has been validated to be an effective strategy

TABLE VII
RESULTS FOR UVLS, LSS-I, AND LSS-II WITH FAULT1 IN CASE3

� (predicted): first-order predicted recover time before
shedding;� (with-shed): recover time with shedding by time domain
simulation;� (no-shed): recover time without shedding by time domain
simulation.

TABLE VIII
KE DEVIATION AND PERCENTAGE AT � � ���� � WITH FAULT2 IN CASE3

Fig. 15. Voltage recovery with LSS-I, LSS-II, and UVLS for fault1 in case3.

TABLE IX
RESULTS FOR UVLS, LSS-I, AND LSS-II WITH FAULT2 IN CASE3

which is better than traditional UVLS scheme for online fast
load shedding to mitigate FIDVR.

XI. CONCLUSION

Kinetic energy-based online load shedding scheme for mit-
igating fault-induced delayed voltage recovery has been pro-
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Fig. 16. Voltage recovery with LSS-I, LSS-II, and UVLS for fault2 in case3.

posed. The kinetic energy is derived using equivalent motor in-
ertia and equivalent motor speed.

Equivalent motor inertia was obtained by measurement-based
load modeling [24]. Through trajectory sensitivity studies, it has
been shown that motor inertia has a very small sensitivity to
measurement variations. The derived inertia could be applied
over a relatively wide variety of disturbances.

Equivalent motor speed was estimated using motor steady-
state model. Test with induction motor measurements validated
correctness of the proposed approach. Test using total load mea-
surements proved its suitability for practical applications and
illustrated that derived speeds automatically took into account
motor percentage information.

Analysis has revealed that motor KE deviation is identical to
the integral of power imbalance, which indicates the connection
between KE deviations and system transient voltage recovery.
Furthermore, load shedding results have validated that this ap-
proach can properly determine MELs to shed.

Two load shedding strategies were proposed: LSS-I sheds
entire loads at the bus with the largest KE deviation in each
step and LSS-II sheds combined loads at various buses based
on their KE deviation percentages in each step. The proposed
strategies have been investigated, illustrated, and validated by
simulations performed on a sample system. It has been shown
that LSS-II is, indeed, able to identify the most effective load
shedding locations and load shedding amount at each location
for mitigating FIDVR. In comparison with traditional four-stage
UVLS scheme, the proposed LSS-II can achieve faster voltage
recovery and require much less load to be shed. It provides an ef-
fective and efficient online solution using load shedding to mit-
igate FIDVR events.

Admittedly, this novel online load shedding strategy is a very
desirable and valuable complement to fast voltage collapse pre-
vention and short-term voltage stability control.

APPENDIX

A. Parameters of Applied Induction Motor Models

Load parameters of Motor I and II are listed in Table X.

TABLE X
PARAMETERS OF THE TWO APPLIED INDUCTION MOTOR MODELS

TABLE XI
DETAILS OF THE FOUR FAULTS IN THREE TEST CASES

B. Details of the Four Faults in the Three Test Cases

The applied four faults were all three-phase bus faults oc-
curred at different buses with different time durations. Details
of the four faults are summarized in Table XI.
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