
 Abstract—Frequency drop due to loss of massive generation is 
a threat to power system frequency stability. Under-frequency 
load shedding (UFLS) is the principal measure to prevent 
successive frequency declination and blackouts. Based on 
traditional stage-by-stage UFLS scheme, a new continuous UFLS 
scheme is proposed in this paper to shed loads proportional to 
frequency deviation. The characteristic of the proposed scheme is 
analyzed with a closed-form solution of frequency dynamics. 
Frequency threshold and time delay are added to make the 
proposed scheme practical. A line-by-line scheme based on precise 
load control is introduced to implement the continuous scheme for 
systems without enough continuously controllable loads. The load 
shedding scale factor of the proposed scheme is tuned with an 
analytical method to achieve adaptability to different operating 
conditions. The adaptability of the proposed scheme is validated 
with 39-bus New England model and simplified Shandong Power 
Grid of China.

Index Terms—Power systems, frequency stability, under- 
frequency load shedding (UFLS), continuous control, precise load 
control

I. INTRODUCTION
REQUENCY is an essential index of balance between 
active power generation and load. Frequency will drop if 

active power generation is inadequate due to loss of generation 
in large-scale power systems [1] or microgrids [2]. Large 
frequency excursion may lead to system blackouts and 
restoration failure [3]. Systems with more integration of 
intermittent renewable generation are more vulnerable to 
frequency deviation [4][5]. It is compulsory to arrest frequency 
declination for preventing power systems from severe 
consequences. The key technique to recover frequency in 
under-frequency scenarios is under-frequency load shedding 
(UFLS) which rebalances generation and load by shedding 
appropriate amount of loads. 

UFLS can be generally classified into three categories: 
traditional stage-by-stage scheme, adaptive scheme, and 
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semi-adaptive scheme [6]. The major difference between the 
three schemes lies in the method to determine load shedding 
amount. For the stage-by-stage scheme, the loads to shed are 
predefined and divided into several stages. Each stage is tripped 
when frequency drops beyond a certain threshold for a few 
seconds. It sheds loads based on local frequency and is widely 
used in utilities [7]. Difference between the frequency 
thresholds of stages must be set to overcome oscillation 
between generators. The typical frequency difference between 
stages is 0.2~0.25Hz, and 5~8 stages are usually set. The time 
delay is adaptively adjusted according to frequency dynamics 
in [8] to improve scheme adaptability. In [9] and [10], the 
stage-by-stage scheme is optimized with trigger signal of both 
frequency deviation and rate of change of frequency (ROCOF). 
Uncertainty of system parameters is considered in [11] to tune 
more adaptive scheme. Though the stage-by-stage scheme can 
be tuned for better adaptability, the limited stages and inherent 
discreteness make it hard to set up a scheme suitable for all 
possible operating conditions. Over-shedding or 
under-shedding problem can hardly be avoided for the 
stage-by-stage scheme [12].

For the adaptive scheme, the loads to shed are calculated 
online based on ROCOF of the center of inertia (COI). It is 
derived from the fact that the initial ROCOF of COI is 
proportional to power imbalance [13]. Therefore, loads equal to 
the product of ROCOF and system inertia are shed to balance 
generation and load in one shot. In [14], load shedding amount 
is distributed to different loads considering voltage stability and 
power tracing criteria. The adaptive scheme is improved in [15] 
considering change of power generation during load shedding 
process. The difference between measured ROCOF and 
threshold of ROCOF is adopted in [16] for determining 
appropriate load shedding amount. The calculation of ROCOF 
of COI requires wide area measurement data from different 
locations. Communication channels with high availability are 
prerequisite of the adaptive scheme for estimating power 
imbalance and sending load shedding command. Biased 
estimation of ROCOF or system inertia further prevents it from 
industrial applications. 

Semi-adaptive scheme adopts both ROCOF and frequency 
deviation to determine loads to shed [17]. It can be treated as a 
combination of the stage-by-stage scheme and adaptive scheme. 
In the first stage, loads to shed are calculated based on 
measured ROCOF of COI, like the adaptive scheme. For other 
stages, loads are predefined and shed according to frequency 
deviation. The semi-adaptive scheme is not immune to 
over-shedding or under-shedding problem due to the similarly 
limited stages as the stage-by-stage scheme. 
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A new continuous UFLS scheme is proposed in this paper to 
adaptively determine loads to shed while overcoming the 
drawbacks of existing schemes. The main contributions of this 
paper are three-fold. Firstly, the concept of continuous UFLS is 
proposed, and it is proved analytically that the proposed 
scheme is adaptive to different operating conditions and events, 
and immune to the over-shedding problem. Secondly, 
non-linear factors of frequency threshold and time delay are 
considered to improve the continuous UFLS scheme for 
applicability. A line-by-line scheme with precise load control is 
proposed to implement the continuous UFLS scheme. Thirdly, 
a tuning method is proposed to set up the load shedding scale 
factor of the continuous UFLS scheme. The proposed 
continuous UFLS scheme and tuning method are verified to be 
valid to bring system frequency back.

The rest of this paper is organized as follows. The basic idea 
of the continuous UFLS scheme is proposed in section II, and 
its property is analyzed with system frequency response (SFR) 
model. Impact of such nonlinear factors as spinning reserve, 
frequency threshold, and time delay is analyzed in section III, 
and the continuous UFLS scheme is improved with frequency 
threshold and time delay. Practical implementation of the 
proposed scheme with precise load control is also discussed in 
section III. A method to tune the proposed continuous UFLS 
scheme is introduced in section IV. With the 39-bus New 
England model and simplified Shandong Power Grid of China, 
the performance of the continuous UFLS scheme is further 
verified in section V with different events and operating 
conditions. Discussions on the limitation and possible 
applications of the proposed scheme are made in section VI, 
and conclusions are drawn in section VII.

II. THE BASIS OF CONTINUOUS UFLS SCHEME

A. From discrete scheme to continuous scheme
Some methods were proposed to increase the number of 

stages for a smoother stage-by-stage scheme and better 
performance. Ignoring oscillation, Fig. 1 shows two 
stage-by-stage schemes where PLS is load shedding amount and 
f is frequency deviation. One is the solid line with five stages, 
and the other is the dot-dashed line with 12 stages. Scheme with 
more stages is more adaptive to different operating conditions 
than schemes with fewer stages [9]. If the number of stages is 
increased to infinite, the load shedding curve will become 
continuous as the dashed line in Fig. 1. 

Fig.  1  Traditional stage-by-stage schemes with different stages and 
continuous UFLS scheme

In the continuous UFLS scheme, the load shedding amount is 
determined online with frequency deviation as:

                                       (1)

where KLS is load shedding scale factor to tune.
Equation (1) shows the basic idea of continuous UFLS 

scheme in which loads are shed continuously. With loads 
continuously shed with (1), it is supposed to be adaptive to 
different operating conditions and is analyzed as follows.

B. SFR model with continuous UFLS scheme
System frequency is complicated in real power systems. To 

investigate the general performance of the proposed continuous 
UFLS scheme, SFR model proposed in [18] is adopted in this 
paper. Method to get the equivalent parameters for SFR can be 
found in [19]. It should be noted that the SFR model is 
simplified to examine the frequency dynamics of a system 
dominated by steam-turbine generators. Complex dynamics 
such as limited spinning reserve and boiler dynamics are 
neglected. The results of the SFR model can only be used to 
check the general performance of the proposed UFLS scheme.

Fig. 2 shows the diagram of SFR model, where PD is the 
amount of power imbalance due to event, H is system inertia, D 
is system damping consisting of both damping of generator and 
load frequency dependency, R is droop of governor, FH is the 
fraction of mechanical power generated by high-pressure 
cylinder, TR is time constant of reheater, and Km is gain of 
mechanical power. The continuous UFLS scheme is added in 
the dashed box of Fig. 2.

Fig.  2 Modified SFR model with continuous UFLS scheme
Though KLS works as feedback control and looks like load 

frequency control or load frequency dependency, it is different 
from the other two. The major difference lies in the fact that the 
loads shed with KLS are disconnected by tripping transmission 
lines and will not be immediately restored when frequency is 
recovered. The dispatching command to recover the shed loads 
should be given according to guidelines only when the system 
is successfully recovered from the severe disturbance.

Based on the analysis made in [18], the system frequency 
deviation before reaching its nadir can be expressed as the 
following frequency-domain equation:

            (2)

where De is equivalent damping, n is natural oscillation 
frequency and  is damping ratio. De, n, and  are defined as:

      (3)
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In [18], the analytic time-domain expression of f was built 
as two equations separately depending on . A uniform 
expression of system frequency is derived in this paper to make 
the model consistent as:

               (4)

where

         (5)

               (6)

If the system is over-damped with >1.0, 1 and 2 are real 
numbers and the system frequency response can be readily 
obtained. If the system is under-damped with <1.0, 1 and 2 
become complex conjugate numbers. It can be proved that the 
two parts within the bracket of (4) are conjugate of each other. 
Therefore, equation (4) always give real frequency response in 
both under and over damped cases.

When frequency reaches its minimum, the derivative of f 
over t is 0. Therefore, it can be derived from (4) that the time 
when frequency reaches its minimum is;

                              (7)

C. Characteristic of continuous UFLS scheme
With the frequency response of (4), some characteristic of 

the proposed continuous UFLS scheme can be found as 
follows.

1) Load shedding amount is proportional to initial power 
imbalance, and the continuous scheme is adaptive to different 
events.

The total amount of shed load is the product of KLS and fmin, 
i.e., the minimum frequency at tmin. fmin can be expressed as:

  (8)

where M is a constant scale factor between fmin and PD:

 (9)

Therefore, the total load shedding amount is:
         (10)

where C is:

 (11)

C is a parameter determined by system configuration and KLS. 
It is independent of disturbance and is a constant for a certain 
system with specific KLS. 

It can be concluded from (10) and (11) that the total shed 
load is proportional to the initial power imbalance. When 
system parameters and KLS are fixed, the continuous scheme 
will shed loads proportional to the power imbalance, i.e., the 
continuous scheme is adaptive to different events.

2) Load shedding amount is always less than power 
imbalance and C<1.0. The continuous scheme is immune to 
over-shedding problem.

As discussed in (7), the derivative of f over t is 0 at tmin. 
Therefore, the swing equation at tmin can be expressed as:

    (12)

and the expression of total load shedding amount is:
                      (13)

where PG is the change of mechanical power due to primary 
frequency regulation.

Since f is negative and PG is positive in under-frequency 
scenarios, it can be concluded that:

                                    (14)
It indicates that the total shed load with the continuous UFLS 

scheme is always less than power imbalance. In other words, 
there is no over-shedding problem for the continuous UFLS 
scheme. It can also be concluded from (10) that the constant C 
is always less than 1.0. 

Simulations are carried out on the SFR model to investigate 
the impact of KLS on load shedding amount with parameters 
from [18], i.e., H=4s, TR=8s, D=1, FH=0.3, Km=0.95, R=0.05. 
With an event of PD=0.2, the relationship between C and KLS is 
shown in Fig. 3.

Fig.  3 The relationship between load shedding factor C and KLS

It can be verified from Fig. 3 that the total load shedding 
amount is increasing with KLS. Saturation can be observed in 
Fig. 3 that, C increases quickly when KLS increases in the range 
of (0, 100), and C is less sensitive to KLS while KLS is greater 
than 100. C is approaching to 1.0 when KLS is infinite. 
Therefore, the load shedding amount with the continuous UFLS 
scheme is always less than the power imbalance no matter how 
KLS is tuned. In other words, Fig. 3 is consistent with (14) and 
there is no over-shedding problem for the continuous UFLS 
scheme.

III. IMPROVED CONTINUOUS UFLS SCHEME WITH 
NONLINEAR FACTORS

The SFR model is greatly simplified to be linear. However, 
there are obvious nonlinear factors in practical cases where the 
analytical property in section II is not applicable. In this section, 
nonlinear factors of spinning reserve, frequency threshold, and 
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time delay are investigated, and an improved continuous UFLS 
scheme is proposed.

A. Impact of spinning reserve
Spinning reserve is the available generation that can be 

increased in a short time to meet load variation. Spinning 
reserve is usually limited to a small portion of total generation 
to balance the requirements of stability and economy. 
Simulations are carried out with different spinning reserve 
levels as shown in Fig. 4 with KLS=20 and PD=0.2 to check the 
impact of spinning reserve on frequency dynamics. 

Fig.  4 Frequency response with different levels of spinning reserve
It can be found from Fig. 4 that frequency is stalling when 

there is no spinning reserve. It can be proved with (13) that, 
without change of mechanical power, the shed load will not 
bring system frequency back and the system residual frequency 
deviation is –PD/(D+KLS). When the spinning reserve is 5%, 
system frequency deviation can quickly be recovered to about 
–0.001pu. Comparing cases when the spinning reserve is 5% 
and 10%, it can be found that more spinning reserve does not 
necessarily lead to less frequency deviation due to nonlinearity. 
The minimum frequency which determines the total load 
shedding amount is greater in the case with 5% of spinning 
reserve. It then leads to more shed loads than the case with 10% 
of spinning reserve and less residual frequency deviation.

B. Impact of frequency threshold
Under normal operating conditions, loads are continually 

varying, and frequency cannot be exactly held at nominal value. 
According to operating guides, frequency deviation under 
normal operating conditions should be limited in a small range, 
e.g., less than ±0.2Hz, and regulated by primary and secondary 
frequency regulation.  In such circumstance, loads should not 
be shed. Therefore, appropriate frequency threshold should be 
set to avoid shedding loads unintendedly. The frequency 
threshold for UFLS is different among different balancing 
authorities. For example, the frequency threshold is 59.5Hz in 
Northeast Power Coordinating Council (NPCC), 59.3Hz in Mid 
Continent Area Power Pool (MCAPP), and 59.1Hz in Western 
Electricity Coordinating Council (WECC). In China, the 
frequency threshold is usually set as 49.5Hz.

The continuous UFLS scheme is updated to model the 
frequency threshold, and actual load shedding amount is 
determined in (15) where fth is the threshold of frequency 
deviation in per unit.

        (15)

With KLS=20 and PD=0.2, the frequency response with 
different frequency threshold is shown in Fig. 5. It can be found 

from Fig. 5 that, with greater frequency threshold, the 
maximum frequency deviation becomes greater, and lower 
residual frequency can be observed. System frequency 
performance is deteriorated with greater frequency threshold. It 
is necessary to tune KLS to be greater for systems with greater 
frequency threshold to prevent severe frequency drop and 
recover frequency to a high level.

Fig.  5 Frequency response with different frequency thresholds
Furthermore, since the transient frequency nadir is always 

less than the frequency threshold, (13) can be modified as:
    (16)

It is indicated by (16) that, the shortage of load shedding 
amount is always greater than –Dfth. In order to make the load 
shedding amount as close as the initial power imbalance, it is 
necessary to shed additional loads greater than –Dfth without 
risk of over-shedding. The additional loads to shed are called 
additional stage in this paper with Padd and tadd denoting the load 
shedding amount and time delay of the additional stage.

An example is given in Fig. 6 to show the logic of the 
additional stage. The states of the additional stage, a.k.a. s in 
Fig. 6, are “wait”, “trigger” and “shed”. When frequency 
deviates from fth, a historic minimum frequency recorder is 
initiated to store the minimum value of the following frequency 
dynamics. The additional stage is in the “wait” state when the 
historic minimum frequency is declining. It turns into “trigger” 
state and the timer of the additional stage is started when the 
historic minimum frequency stops changing. If the historic 
minimum frequency holds for tadd, the timer is timed out and the 
additional stage will be in “shed” state to trip loads. Otherwise, 
the timer will be reset and the additional stage will return to 
“wait” state. Once frequency recovers above fth, the historic 
minimum frequency record is cleared.

Fig.  6 The logic of the additional stage
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C. Impact of time delay
Traditional stage-by-stage scheme usually shed loads with 

appropriate time delay td to filter out temporary frequency drop 
and make sure different stages are shed in sequence. It is 
compulsory for the frequency to drop beyond threshold 
frequency for the delayed time before loads are tripped. The 
typical time delay is 0.1~0.3s. In this paper, td is selected as 
0.2s.

An appropriate time delay is also necessary for the proposed 
continuous UFLS scheme. A general way to implement the 
time delay is to calculate the loads to shed with measured 
frequency and start a timer immediately. Loads are then shed 
once the timer is timed out. However, the system may suffer the 
over-shedding problem in cases that frequency has already 
been recovered before the timer is timed out. The logic of time 
delay is then improved by adding logic as follows to overcome 
the over-shedding problem:

     (17)

where Pt
LS is the loads that has already been shed 

corresponding to the historic minimum frequency, and Pc
LS can 

be calculated by the following equation:
                   (18)

The recovery of frequency is an indicator of enough load 
shedding amount. In the improved logic (17), the loads are shed 
only when the timer is timed out and frequency is still declining. 
The total shed amount is determined by the frequency at the 
time which is td before tmin. In other words, the total shed 
amount is less than the one calculated with fmin. Therefore, the 
time delay will not introduce the over-shedding problem which 
can be verified with (16).

Simulation result with KLS=20 and PD=0.2 is shown in Fig. 7 
to check the impact of time delay. It is clear that the frequency 
nadir is dropped with a longer time delay. However, the impact 
of time delay on residual frequency can be overlooked when 
td<0.2s.

Fig.  7 Frequency response with different time delay

D. Improved continuous UFLS scheme and examination
With the previous discussion, an improved continuous UFLS 

scheme is illustrated in the dashed box of Fig. 8 to include 
nonlinearity. In Fig. 8, Pmax and Pmin are upper and lower bound 
of generation. The output of recovered logic is 0 if frequency is 
declining and 1 if frequency is recovered.

Fig. 8 Extended SFR model with continuous UFLS scheme including 
frequency threshold, time delay and additional stage

An example is set with KLS=35, fth=–0.01, td=0.2s, and 
PSR=5% to compare the performance of the improved 
continuous UFLS scheme and the ideal scheme in section II. 
Additional stage is set as Padd=1% and tadd=10s. The 
relationship between total load shedding amount and power 
imbalance is shown in Fig. 9. 

Fig.  9 Comparison between ideal and improved continuous UFLS schemes 
with different events

It can be seen from Fig. 9 that the total load shedding amount 
is increasing with disturbance for the improved scheme. 
However, when disturbance is less than 0.044, no load is shed 
with the improved scheme since frequency recovers before 
dropping beyond fth. With limited spinning reserve, total load 
shedding amount of the improved scheme is greater than the 
ideal scheme when disturbance is greater than 0.123 since the 
frequency nadir is greatly dropped.

Fig. 10 shows the relationship between total load shedding 
amount and KLS with PD=0.2 and the same fth, td, PSR, Padd, and 
tadd as Fig. 10. It can be found from Fig. 10 that the total load 
shedding amount is greater for the improved UFLS scheme 
when KLS<60 due to greater frequency deviation. With 
frequency threshold, the total load shedding amount of the 
improved scheme will not reach power imbalance even KLS 
approaches infinite. There is no over-shedding problem for the 
improved continuous UFLS scheme.

Fig.  10  Comparison between ideal and improved continuous UFLS schemes 
with different KLS
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It can be summarized that the performance of improved 
continuous UFLS scheme is nonlinear when spinning reserve, 
frequency threshold, and time delay are considered. However, 
the dominant characteristic of the UFLS scheme is kept, e.g., 
the load shedding amount is increasing with greater KLS and is 
almost proportional to power imbalance. 

E. Implementation with precise load control
The proposed continuous UFLS scheme is dependent on 

loads with high controllability which can be achieved with 
smart power electronic controllers, such as energy storage 
systems [20]. However, the amount of loads with such 
controllability is not enough for emergency frequency control 
in most power systems nowadays.

Traditional stage-by-stage scheme sheds loads by tripping 
lines of high voltage level, and massive loads will be shed if 
one line is tripped. Current advancement of communication 
technology enables such applications as fast demand side 
management [21] and precise load control [22]. It provides a 
precise way to trip lines of lower voltage level other than 
tripping lines of high voltage level. The load shedding amount 
can be approximated as continuous if lines of lower voltage 
level are tripped one by one. 

With precise load control, the proposed UFLS scheme can be 
implemented with a line-by-line scheme in one of two modes: 
local and remote, as shown in Fig. 11. In the local mode, UFLS 
signal is generated in substation and then sent to circuit 
breakers (CBs) inside the substation. In the remote mode, 
UFLS signal is also generated in substation but sent to CBs of 
lower voltage level via additional communication channels. 
Load shedding amount is calculated in the substation with local 
frequency and a minimum amount of lines to provide enough 
load to shed is then determined according to line priority. When 
the frequency is declining, the increasing load shedding 
command is transformed into tripping signals for lines of lower 
voltage level and sent to breakers via communication channels 
to shed loads gradually.

(a) local mode (b) remote mode
Fig.  11 Line-by-line UFLS scheme based on continuous UFLS scheme
If loads are shed in remote mode, the number of lines of 

lower voltage level is large and the load shedding is almost 
continuous. However, in some systems with many large 
factories, a large portion of loads is directly connected to 
high-voltage lines. Tripping loads on lower voltage lines may 
be insufficient to bring frequency back. In this case, CBs on 
some high-voltage lines should be further tripped in local mode. 
Since the load on the high-voltage line is heavy, tripping 
high-voltage lines may deteriorate the continuity of the 
proposed UFLS scheme. The performance of the line-by-line 
scheme is further examined in section V.

IV.TUNING OF CONTINUOUS UFLS SCHEME

A. The requirement of tuning KLS

Suppose the greatest active power deficiency is PDmax, the 
KLS should be tuned to make sure the residual frequency can be 

successfully recovered above fth. Though greater KLS leads to 
more load to shed and less frequency deviation, KLS cannot be 
tuned as infinite in field applications due to several reasons.

Firstly, frequency is always measured with bias. Greater KLS 
leads to more shed loads with a small change of frequency. To 
shed the precise amount of loads, it requires frequency 
measurement devices with high accuracy. Secondly, results in 
Fig. 4 indicate that the total load shedding amount is not 
sensitive to the change of KLS when KLS is great enough. It is 
reasonable to select KLS as little as possible while preventing 
the system from frequency instability. Thirdly, tmin is usually 
quite small for specific events. If the continuous UFLS scheme 
is implemented with controllable loads, loads need to change 
greatly in a short time if KLS is too great. It may be impossible 
for some devices of which the maximum power change rate is 
limited by controllers.

B. Tuning of KLS with constant damping
It can be readily concluded that the frequency would drop 

most if the power imbalance is PDmax when there is no spinning 
reserve. Without spinning reserve, the system minimum 
frequency fmin is equal to the residual frequency f∞. 
Therefore, if no additional stage is considered, the power 
balance equation when the system is stabilized can be modeled 
as:

              (19)
or

                            (20)

If the frequency threshold and additional stage are further 
considered, the minimum frequency before the additional stage 
is shed can be calculated with:

      (21)
After the additional stage is shed, the power balance when 

the residual frequency is reached is:
  (22)

From (21) and (22), it can be calculated that,
                            (23)

Substitute (23) into (21), the KLS can be obtained as:

                   (24)

For the worst case with f∞=fth, the minimum KLS is:

                     (25)

If PDmax=0.3, fth=–0.01, and D=1, KLSmin can be readily 
calculated as 28 from (25). When KLS=28, fmin is –0.02pu from 
(23) which is –1Hz for 50Hz systems or –1.2Hz for 60Hz 
systems. Tuning KLS to be greater than KLSmin will bring system 
frequency back to higher than fth.

C. Tuning of KLS with varying damping
In most power systems, D is mainly contributed by load 

frequency dependency, which is mostly determined by motors. 
When part of loads is shed, the system damping is also reduced, 
and system frequency performance is deteriorated [23]. To 
deeper look into the effect of varying damping on system 
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frequency control, a load model with frequency dependency 
and load shedding is considered as:

                      (26)
where PL is load power and PL0 is nominal load power. With 
initial nominal load power as base power, PL0 is 1.0 p.u.

When there is no spinning reserve and frequency threshold 
and additional stage are not considered, the power balance can 
be modeled as following which is similar to (19):

       (27)
and KLS can be derived as:

                          (28)

If frequency threshold is further considered when there is no 
spinning reserve, power balance at tmin is:

   (29)
If the additional stage is shed, power balance when the 

residual frequency is reached is modeled as:
 (30)

From (29), the following relationship can be found:

                    (31)

Substitute (31) into (30), the minimum frequency is obtained 
as:

          (32)

Substitute (32) into (29), KLSmin can be obtained with f∞= 
fth as:

                      (33)

If PDmax=0.3, fth=–0.01, and D=1, KLSmin is 20.493 to make 
sure the system frequency can be successfully brought back to 
fth and the maximum frequency deviation is –0.0238pu which 
is –1.190Hz for 50Hz systems or –1.428Hz for 60Hz systems. 

Since system damping is changing with operating conditions, 
it is hard to track the precise value of D. The D used for tuning 
KLS is usually chosen as typical value. It may be insufficient to 
tune KLS as KLSmin if uncertainties of operating conditions, 
voltage deviation and reduced boiler steam pressure are 
considered.  A small positive gain  should be added to tune 
KLS as follows to make the improved scheme adaptive to 
uncertainty:

                       (34)

 should be set according to the frequency dynamics. For 
different systems,  should be different and should be tuned to 
balance the frequency regulation performance and system 
economy. In this paper,  is set as 0.05 with several numerical 
simulations and is validated in section V. A greater  can be 
selected to increase KLS if the frequency nadir is too low.

V. CASE STUDIES

The general performance of the proposed UFLS scheme is 
analyzed in section II and III with the simplified model. It is 

worthwhile to check the actual performance of the proposed 
scheme with detailed models. In this section, two systems are 
built with detailed models and tested with full time-domain 
simulation. One is 60Hz 39-bus New England model, and the 
other is 50Hz simplified Shandong Power Grid of China. 
System damping is modeled as load frequency dependency in 
the two systems. Therefore, KLS is tuned as section IV.C. 

A. Tests of New England model with steam turbines
In the New England model, the total load is 6150 MW and 

total generating capacity is 7300 MVA. All generators are 
modeled with 6-order GENROU generator model, IEEET1 
exciter model, and IEEEG1 turbine-governor model[26]. Since 
load model is critical for power system dynamics[27], static 
IEELAL model with voltage and frequency dependency is used 
to model loads with typical parameters. The greatest power 
mismatch with N-2 contingency is 1830MW when tripping 
equivalent generators at bus 38 and 39. With system total load 
as base power, system D is 2.0, system R is 0.0421, and PDmax is 
0.2975pu. fth is set as –0.5Hz which is the activating frequency 
of the first stage of the stage-by-stage scheme. Thus, KLSmin is 
calculated as 23.992 with (31). Final KLS is tuned as 25.192 
with =0.05, i.e., shedding 41.987% load per Hz. The 
additional stage is set as Padd=–Dfth=0.0167pu or 102.5MW. 
Time delay for the continuous part is td=0.2s, and time delay for 
the additional stage is tadd=10s. The traditional stage-by-stage 
UFLS scheme is listed in TABLE I [24] for comparison. 
TABLE I. Stage-by-stage UFLS scheme of 39-bus New England model

Stage 1 2 3 4 5
Frequency/Hz 59.5 59.3 59.1 58.9 59.5
Time delay/s 0.3 0.3 0.3 0.3 10

Shedding percent 7% 7% 7% 7% 2.5%
COI frequency of tripping generator 38, 39, and tripping the 

two generators is shown in Fig. 12 with no spinning reserve. 
Loss of generation of the three events are: 830MW, 1000MW, 
and 1830MW. The same events with 10% spinning reserve are 
shown in Fig.  13. Nominal frequency and frequency threshold 
are shown in the two figures as dotted lines.

From Fig. 12 and 13, it can be found that both stage-by-stage 
and continuous scheme can bring system frequency back. 
However, in the zero spinning reserve scenario, system 
frequency will recover to greater than 60Hz for the event of 
tripping 830MW generation with the stage-by-stage scheme. 
Therefore, though the stage-by-stage scheme is well tuned, it 
still suffers from the over-shedding problem. The proposed 
continuous UFLS scheme, however, provides far better 
performance than the stage-by-stage scheme without any 
over-shedding problems.

Fig.  12  Generator tripping events of New England model with no spinning 
reserve
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Fig.  13  Generator tripping events of New England model with 10% spinning 
reserve

Fig. 12 shows that the recovery speed of the frequency is 
relatively slow for the event of tripping 1830MW generation 
with the proposed scheme. A greater KLS can be selected to 
avoid starting under-frequency protections of some power 
plants. Recovery speed can also be increased by adding other 
action logic to accelerate the operation of the additional stage 
according to the under-frequency protections of power plants.

To further check the voltage and angle stability, voltage and 
angle dynamics of the event of tripping generator 38 in Fig. 13 
are illustrated in Fig. 14. It is shown that the voltage deviation is 
small and system is angular stable.

(a) Voltage dynamics

(b)Rotor angle dynamics
Fig.  14  Voltage and rotor angle dynamics of New England model with 

continuous scheme when generator 38 is tripped
The tuned continuous UFLS scheme is further implemented 

as three line-by-line schemes with 100, 50 and 20 low-voltage 
lines, i.e., each line uniformly carries 1%, 2%, and 5% of 
substation loads, respectively. The frequency response of the 
same events as Fig. 13 are illustrated in Fig. 15 to compare the 
line-by-line scheme with the continuous scheme. It can be 
found from Fig. 15 that though the line-by-line scheme is 
discrete, the three schemes implemented with precise load 
control can bring frequency back with similar performance as 
the continuous scheme. 

To further check the adaptability of the continuous scheme, 
another continuous scheme is tuned as KLS=28.790 with =0.2, 

i.e., shedding 47.984% load per Hz.  Results of the two schemes 
with KLS=25.192 and KLS=28.790 are shown in Fig. 16 with the 
same events as in Fig. 15. The scheme with KLS=28.790 sheds 
loads slightly more than the scheme with KLS=25.192 and 
reduce maximum frequency deviation by about 0.04Hz. The 
performance of the proposed continuous scheme is tolerant to 
change of .

Fig.  15  Comparison of continuous and line-by-line schemes for generator 
tripping events of New England model with 10% spinning reserve

Fig.  16  Comparison of continuous schemes with different KLS for generator 
tripping events of New England model with 10% spinning reserve

The proposed UFLS scheme is dependent on frequency 
dynamics which is affected by system inertia. To check the 
performance of the proposed scheme with different inertia, the 
New England model is tested with five cases, i.e., the base case, 
increasing H by 15% and 30%, and decreasing H by 15% and 
30%, and results are shown in Fig. 17. It can be found that the 
proposed continuous UFLS scheme is adaptive to the change of 
system inertia. 

Fig.  17  Comparison of continuous schemes with different levels of system 
inertia with 10% spinning reserve

B. Tests of Shandong Power Grid
The simplified Shandong model consists of 118 buses with 

ten 1000kV buses and eighty-one 500kV buses, 24 generators, 
31 transformers, 200 transmission lines, three high voltage 
direct current (HVDC) links, and 65 loads. The total load is 
58.9GW. A ±660kV HVDC link is operated at 4GW and the 
other two ±800kV HVDC links are operated at 8GW each. 
Except for three generators modeled with classical GENCLS 



model as sending units of the three HVDC links, other 21 
generators are all modeled with GENROU generator model, 
SEXS exciter model, and TGOV turbine-governor model. All 
HVDC links are modeled with CDC4T model[26]. All loads 
are modeled with IEELAL model with voltage and frequency 
dependency. The traditional stage-by-stage scheme used in 
Shandong Power Grid is listed in TABLE II [25].
TABLE II. Stage-by-stage UFLS scheme of Shandong Power Grid

Stage 1 2 3 4 5 6 7 8
Frequency/Hz 49.25 49 48.75 48.5 48.25 48 47.75 49.25
Time delay/s 0.2 0.2 0.2 0.2 0.2 0.2 0.2 20

Shedding percent 4% 5% 6% 6% 6% 6% 6% 3%
The maximum power deficiency is 20GW or 33.97% when 

all HVDC links are blocked. The system damping is 2.0 based 
on system total load. With the proposed continuous UFLS 
scheme, KLSmin is 14.130 when setting frequency threshold as 
49.25Hz. With =0.05, the KLS is tuned as 14.837, i.e., 
shedding 29.674% load per Hz. The time delay of continuous 
load shedding part is 0.2. The additional stage is set to shed 3% 
of loads with a time delay of 10s.

When the system spinning reserve is 10% of total loads, the 
dynamic frequency is illustrated in Fig. 18 for events of 
blocking the ± 600kV HVDC link (4GW), one ± 800kV 
HVDC link (8GW), and all HVDC links (20GW). Fig. 18 
verified that system frequency declination is arrested by both 
stage-by-stage and continuous UFLS schemes. In the 
stage-by-stage scheme, the frequency of 20GW event is 
reduced to 48.166Hz. The proposed continuous scheme, 
however, prevents system frequency from falling beyond 
48.320Hz.

Fig.  18  Dynamic frequency of HVDC blocking events of Shandong Power 
Grid with 10% spinning reserve

Voltage and rotor angle dynamics when blocking all HVDC 
links of Fig. 18 is shown in Fig. 19. The system is stable with 
control of the continuous scheme.

(a) Voltage dynamics

(b)Rotor angle dynamics
Fig.  19  Voltage and rotor angle dynamics of Shandong model with continuous 

scheme when all HVDC links are blocked
The line-by-line scheme is also checked with the same events 

as Fig. 18, and results are shown in Fig. 20. The three 
line-by-line schemes in Fig. 20 are valid to recover system 
frequency to the allowed range. Therefore, the line-by-line 
scheme is applicable in large-scale power systems.

Fig.  20  Comparison of continuous and line-by-line schemes for HVDC 
blocking events of Shandong Power Grid with 10% spinning reserve

VI. DISCUSSIONS

In this paper, a continuous UFLS scheme is proposed to 
reinforce the performance of the response-driven emergency 
control. Besides the response-driven UFLS, event-driven 
emergency control is another important method to prevent 
severe frequency deviation, e.g., remedial action scheme (RAS) 
and system integrity protection scheme (SIPS). RAS and SIPS 
are set for specific contingencies and loads to shed are 
calculated according to the event signal to balance power 
deficiency. However, they can only deal with preset N-1 or N-2 
contingencies. It is hard to set RAS and SIPS for other rare but 
severe N-k (k>2) contingencies due to the large amount of 
combination. For these contingencies, the response-driven 
UFLS can be started to prevent system collapse. Therefore, 
UFLS is backup of RAS and SIPS, and coordination between 
them need to be further studied in the future.

For the line-by-line scheme in the remote mode, additional 
communication channels are needed to transmit load 
information and tripping signal. The great investment and 
maintenance cost of communication infrastructures is the first 
obstacle for implementing the proposed UFLS scheme. To 
reduce the cost, communication channels can be shared with 
other applications. For example, the proposed UFLS scheme 
can use the same communication channels of RAS or SIPS to 
improve the utilization ratio of communication infrastructures.

For traditional stage-by-stage UFLS scheme, CBs on 
high-voltage lines are tripped when frequency drops beyond 
threshold. Important loads powered by the tripped lines will be 



shed and the power supply reliability of distribution system 
operators (DSOs) is threatened. To improve the reliability of 
DSOs, the proposed UFLS scheme can be implemented to trip 
lines of lower-voltage level. Lines powering important loads 
can be labeled with high priority by DSOs and tripped as late as 
possible. It has potential to guarantee both frequency stability 
of transmission system operators (TSOs) and power supply 
reliability of DSOs. But the performance of the proposed 
scheme need to be further verified.

The theoretical performance of the proposed UFLS scheme 
is derived in section II based on the SFR model, in which only 
steam turbine is considered. However, there are other 
widely-used turbine governors, e.g., hydraulic, gas, 
combined-cycle wind, and etc. Dynamics of these turbine 
governors are different from that of steam turbine, and may 
affect the performance and tuning of the proposed UFLS 
scheme. Therefore, it is necessary to examine the adaptability 
of the propose UFLS scheme to the systems with other kinds of 
turbine governors in the future.

VII. CONCLUSIONS

UFLS is the key resort for preventing frequency collapse. 
With the development of new controllable devices and precise 
load control technique, power system frequency can be 
controlled in a smarter way than traditional stage-by-stage 
UFLS schemes. In this paper, a new continuous UFLS scheme 
is proposed to shed loads proportional frequency deviation. The 
proposed scheme is adaptive to power mismatch based on local 
measurement of frequency dynamics and is immune to the 
over-shedding problem. The improved continuous UFLS 
scheme incorporating frequency threshold and time delay is 
practical to implement and can be easily tuned with the 
proposed tuning method. The proposed UFLS scheme is 
adaptive to events and operating conditions. With precise load 
control, the continuous scheme can be implemented as the 
line-by-line scheme which can achieve similar performance as 
the continuous scheme.
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