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Abstract 

Under frequency load shedding is widely used under emergency situations in the power 

system. It significantly ensures frequency stability of power system by dropping excessive 

loads at certain places. In order to improve the traditional UFLS schemes, the rate of 

frequency change is taken into consideration when calculating the quantity of active power 

imbalance in the power system. The measure factors of frequency change rate are analyzed 

and a new function is created to calculate the active power imbalance based on frequency 

and voltage. Moreover, a new method which utilizes frequency and voltage sensitivity to 

determine the location and corresponding quantity of load shedding is proposed. Voltage 

stability should be maintained at the time of recovering system frequency stability. The 

simulation results based on IEEE39 buses system show that the new self-adaptive scheme of 

load shedding is more reasonable and superior. 

 

Keywords: active power imbalance, the rate of frequency change, voltage sensitivity, 

UFLS (under frequency load shedding), frequency stability, voltage stability 

 

1. Introduction 

The current power systems usually operate on the system stability limitation. In order to 

ensure the integrity and security of the whole system, it has become a difficult problem to 

design effective protection and control strategies reasonably. In terms of UFLS strategy, the 

existing algorithms [1-11] can be divided into four kinds: the traditional method, the semi-

adapted method, the self-adaptive method and the computer-aided algorithm. The simulation 

calculation mainly depends on two models, namely single generator-load and multi-generator 

load frequency response model. The first two algorithms mostly use the single generator-load 

model to model and simulation and these belong to the category of static stability study, the 

other two realize dynamic load shedding strategy by using dynamic frequency response 

model and real-time electric parameters information. 

When power system suffers a big disturbance, the voltage drops almost instantaneously. 

This is reflected in the loads’ real and reactive power and resulted in decreasing the 

consumption of load power affected by voltage. Because the mismatch between power 

generation and load power consumption should become decreasing compared to the normal 

system bus voltage, the change value of system frequency become smaller or keep the same. 

This kind of phenomena prevents the system frequency drop to the UFLS setting point, the 

load dropped by UFLS will get less relative to the quantity required by system. Due to slow 
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frequency reduction, the action time of UFLS is forced to extend and it is easier to cause 

power system blackout by cascading failure [12, 13]. The major drawback of using the 

frequency-response model for UFLS is the fact that the load’s voltage dependence is not 

included in the load model. 

With the development of WAMS (wide area measurement system, WAMS) technology, 

the function such as the monitoring, evaluation and control of the whole system can be 

realized [14] feasibly. This paper focuses on analyzing the advantages and disadvantages of 

the traditional UFLS strategies, the measurement factors influencing frequency change rate 

are analyzed in detail. The variation function between the unbalance real power and the 

frequency change is derived accurately after the system gets disturbed. Furthermore, more 

attention is paid to the location of load shedding and the ability of system stability recovery 

after given part of load is dropped. A new scheme is proposed that the imbalance of power 

system is confirmed adaptively by using the rate of frequency change and voltage change. 

Then voltage sensitivity is used to determine the locations and the corresponding quantity of 

load shedding. The simulations including the traditional UFLS scheme and the advised new 

strategy were carried out in IEEE 39 buses test system to verify the feasibility and 

effectiveness of the advised new project. The results show that new scheme of load shedding 

is more reasonable and superior. 

 

2. System Frequency Response Analysis 
 

2.1. The analysis of rotor movement swing  

When the power system suffers a disturbance, the oscillation among each generator units is 

existent. For this reason, the measurement frequency of local generator bus cannot provide 

enough information all the system. The concept of COI (centre of inertia, COI) has been 

widely used in electric power systems [15], single generator rotor swing balance equation as 

follows: 
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Where the Hi is the inertia constant in s, fN the rated frequency in Hz, ΔPi is the system’s 

unbalanced power in per unit. By add n differential generator swing equations, one obtains 

the following expression for the imbalance power of total load-generation: 
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Where ΔfCOI is the expression of the COI of system frequency, dΔfCOI/dt is the rate of 

frequency change. 
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The moment of initial disturbances in the system, the swing equation for the equivalent 

system as follow: 
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ΔPM and ΔPL are separately the change of the mechanical power and the electric power in 

per unit. In equation (4), the relationship between dΔfCOI/dt and the electric parameters can be 

determined at t=0s. And the value is assured by the changed ΔP and Heq. 

ΔP is defined in per unit based on the system volt-ampere base, Seq which is said to 

be equal to the sum of the ratings of all the generating units in the system.  Pdef is the 

active power deficits in MW. 
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Considering (3)–(5), Pdef  in MW can be written as: 
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Therefore, the measured value Pdef from (6) includes load changes. One of the 

possibilities to model the load mathematically is as follows: 
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where PL and QL represent the current values of the system loads’ active and reactive 

powers respectively, PL0,i and QL0,i represent the ith load’s initial active and reactive 

power just before the disturbance, Ui is the current voltage on the ith load bus, U0,i is 

the voltage of the ith load bus just before the disturbance, m is the number of load 

busses in the system, αi and βi is the factors depicting the active-power and reactive-

power dependence of the ith load on voltage deviations. KP and KQ is the factors of load 

frequency dependence. 
 

2.2. The measurement analysis of the rate of frequency change  

When the power system suffers disturbance, the main factors influencing Pdef [16] 

including: pre-disturbance mechanical power on the turbine PM0, active power load PL0, 

speed characteristics R and available output capacity ΔPM. After disturbance, ΔPL is the 

value caused due to the change of load bus voltage and system frequency. Overview of 

important variables relevant for determining the active power deficit in the system via 

the frequency gradient is shown in Figure 1. 
 

 

Figure 1. Viable relation determining the rate of frequency change 
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After the disturbance, the speed of voltage change response is faster. The mechanical 

power PM is the sum of PM,0 and ΔPM, neglecting the frequency dependence of the load 

for the present. Ignoring the internal loss of generator, the difference of PM and PL is 

Pdef which will cause the speed change of generator rotor. Frequency and its change rate 

are the indicator of active power unbalance, and the degree of power deficiency in the 

system can be reflected. Reactive power of generator is Qg0 before disturbance, the 

control amount along with the voltage change is ΔQg, Qg is the post-disturbance 

reactive power. ΔQ is the difference of Qg and QL, which will be reflected through 

actual voltage change ΔU, the voltage change in reverse impact not only reactive load 

ΔQL but also active load ΔPL. 

According to the analysis of Figure 1, the drawback here is not the value we seek for 

determining the amount of required total shedding. Namely, it is not reasonable to 

presume that the system will recover stability after the load shedding is completed. And 

the remaining load, to a great extent, reaches its initial values of active and reactive 

power. Neglecting other system losses, Pdef can be written as 

def M LP P P                                                             (8) 

Inserting the load characteristics (7) into (8), we can retrieve the value of the 

required total load shedding amount in MW. 
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As we will show, the change in the frequency gradient due to voltage deviations is 

considerable, and depends also on the initial loading of the system. For this reason, 

consideration of the voltage deviations is of importance. Considering (6) and (9) , the 

rate of frequency change can be written as: 
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From (10) it is evident that dΔfCOI/dt consists of two parts, denoting as Δf1 and Δf2. 

The first part determines the rate of frequency change when the load consists of the 

constant active and reactive power. The second part, on the other hand, determines the 

contribution of the load change to dΔfCOI/dt due to the load’s voltage change. As shown 

in figure 1 and the analysis above, if constant power model is adopted in the system, 

namely α=0, β=0, then Δf2 can be ignored. It is evident that the initial system load PL0 

and voltage change ΔU play important roles on the value of Δf2. When Δf2 compared to 

Δf1 become bigger, Δf2 must be considered. 

 

3. New Load Shedding Strategy Analysis 

This paper proposes a new adaptive load shedding algorithm based on WAMS. The 

main goal of the scheme is that load shedding is carried out under emergency situations, 

the stability of system frequency can be restored, and the stability of voltage does not 

be destroyed after the load shedding is implemented. This strategy has two main steps, 

the amplitude of system disturbance is firstly assured adaptively according to the 
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disturbance situation, and then the location of load shedding and the corresponding 

quantity are determined according to the voltage sensitivity of load bus. So, rapid 

shedding of the load required can be realized, and the stability of whole system may be 

recovered feasibly. 

 

3.1. Determining the disturbance amplitude 

For an adaptive load shedding strategy, it is undoubtedly the most important to 

determine the deficiency of system power accurately. As for the actual power gaps 

between electric power and load consumption, consider the capacity of system spinning 

reserve PSR, the load power needing to be adjusted can are obtained by formula (9), 

namely, Pshed is the total removal amount of  the system required  as follow:  

shed SR def L0,i 0,i
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Pshed is the most important parameter as for input variables of the system disturbance. 

If all the capacity of generation and load power can be acquired in the system, Pshed can 

directly be determined by (8). Otherwise, inserting (6) into (11), the relationship 

between Pshed and dΔfCOI/dt   as follow: 
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Where a=g1(Seq, Heq),b=g2(Ui, αi, PL0,i, PSR), two functions defined is as follows: 
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As the analysis, formula (12) is just the accurate expression of the deficiency in the 

power system. For different PL0,i and αi , the actual power deficiency is always changed. 

The consumption of load power is connected with PL0,i and αi and Ui . Because of 

considering the voltage variation, the time of determining Pshed is quicker and accurate 

than only adopting the rate of frequency change. A certain margin is also left to 

calculate Pshed more. 

 

3.2. Determining the location of load shedding 

After Pshed is identified, the next need determine the location and corresponding 

quantity of load shedding. The change of the node voltage reflects the information 

whether the distribution of reactive power is balanced in the system [17]. 

Although the voltage amplitudes is widely used in UVLS (under voltage load 

shedding, UVLS) scheme [12], but the judge of the voltage collapse margin by the 

voltage descend is not quite accurate in general. When the system suffers a big 

disturbance, it is not reliable to determine the location of load shedding only according 

to the voltage amplitude. 
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In the system, the expression for transmission equation of active power P and 

reactive power Q [16] as follows. 
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Where Vi, Vj, Gij, Bij and θij are bus voltage and admittance between any node i and j, 

phase angle difference. With the help of Jacobi matrix, equation (15) may be expressed 

in the linear form: 
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Where ΔP is the incremental change in bus real power, ΔQ is the incremental change 

in bus reactive power injection, Δθ is the incremental change in bus voltage angle, ΔV 

is the incremental change in bus voltage magnitude. 

System voltage stability is affected by both P and Q. However, at each operation 

point we may keep P constant and evaluate voltage stability by considering the 

incremental relationships between Q and V. This is analogous to the Q-V curve 

approach. Although incremental changes in P are neglected in the formulation, the 

effects of changes in system load or power transfer level are taken into account by 

studying the incremental relationship between Q and V at different operating 

conditions. Based on the above considerations, in equation (16), let ΔP=0, then 

1

QV Qθ Pθ PV

R

Q J J J J V

J V

     

 
                                      (17) 

Where JR is the reduced Jacobian matrix of the system. From Equation (17), we may 

write: 

1

RV J Q                                                                  (18) 

The V-Q sensitivity at a bus represents the slope of the Q-V curve at the given 

operating point. A positive V-Q is indicative of stable operation, the smaller the 

sensitivity, the more stable the system. As the system stability decreases, the magnitude 

of the sensitivity increases, becoming infinite at the stability limit. Conversely, a 

negative V-Q is indicative of unstable operation [18]. V-Q sensitivity reflects the 

internal relations between the system voltage and reactive power. The load bus, which 

voltage stability is no good, should be the point of load shedding, and the more load 

should be removed. 

According to all bus voltage sensitivity (dVi/dQi) of the load, the load shedding 

position and the quantity are determined. The flow diagram of new strategy is put 

forward, as shown in Figure 2. The equation (19) expresses the quantity of load 

shedding at each load bus, Pshed,i 
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Figure 2. flow chart of load shedding scheme 
 

Table 1. setting of traditional UFLS scheme 

Round 
Operating 

frequency 

The proportion of 

the removal (%) 
Export delay(s) 

basic 1 round 49 8 0.2 

basic 2 round 48.75 8 0.2 

basic 3 round 48.5 8 0.2 

basic 4 round 48.25 8 0.2 

basic 5 round 48 8 0.2 

special 1 round 48.8 8 15 

special 2 round 48.6 8 15 
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4. The Simulation Example Analysis 

Using standard IEEE 39 nodes example in this paper, all the system power is 6150MW and 

1409MVar in normal situation. Simulation model is established in BPA, five-order model is 

adopted in generator, the governor model is the type Ⅰ, and excitation model is the IEEE 

standard DC1 model. In order to analyze conveniently, α=2 and β=2 are adopted in load 

model, every generator has 10MW real power reserve capacity, the capacity of reactive power 

has a small margin.  

Two kinds of perturbation are simulated. One is the example of dropping generator unit; 

the other is to open an important tie-line. The generator capacity of node 30 is smaller in the 

system, the generator of node 32 has more real and reactive power capacity, line 16-19 has 

the greater transmission capacity. For each of the perturbation, the system stability is 

observed and analyzed before and after the traditional UFLS and new load shedding strategy. 

In this paper, the setting of the traditional UFLS is shown in Table 1. 

 

4.1 The simulation analysis of tripping generator 

Tripping node 30 generator, 250MW real power and145MVar reactive power is removed 

at the same time. The change curves of load bus voltage and system frequency are shown 

in Figure 3. The reserve capacity of system real power is 90MW, active power gap is 

160MW. The curve of the voltage change in load bus 7, bus 16 and the generator-load bus 31 

in the system is shown in Figure 3. Bus 7 and bus 16 are just the nodes without generator, and 

the node 31 has both generator and load at the bus. 

 

     

(a) Voltage change of the load bus        (b) The change of generator frequency 

Figure 3. the change curves of load bus voltages and generator frequency 
response 

 

Observing (a) of the Figure 3, after generator 30 trips, the reactive power supply of the 

system should get reduced. This should results in a decline of load bus voltage, but the 

voltages will not descend to the point where the system will lose the stability. Observing (b) 

of the figure 3, the load bus voltage of the system will descend, real power load depending on 

the voltage become much smaller in multiples of the voltage square. This makes up the part 

of real power deficiency in the system, the steady frequency of the system may not fall after 

the disturbance, and stabilizing to a new operating point, even in the range of stable operation. 

In an emergency institution, the traditional UFLS strategy does not meet the action 

conditions, but the system has the possibility of voltage instability. 
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Therefore, when calculating the actual unbalanced power in the system, the influence of 

the voltage dependence on load power must be considered. It is proved that the actual 

quantity of load shedding should be calculated using the formula (12) in the adaptive 

emergency control strategy. 

 

4.2 The analysis of tripping an important tie-line 

The key degree of the line in the system can be judged according to its influence on the 

system. Line 16-19 is considered as the key line in this example. It will split two generator of 

node 33 and 34 due to its disconnection, and the loss capacity of the system is 1140MW, two 

islands are formed in the system. For the island lack of G33 and G34, spare reserve capacity 

is 80MW. Big power deficiency will make the system appear a serious real power imbalance, 

and the system will be in an emergency state. It is urgent to adopt load shedding control 

strategy for preventing the system stability from further damage. The transmission power is 

454MW and 454MVar before the disturbance. Under the new scheme, considering the spare 

capacity, the amount of load shedding should be 375MW. The load bus voltage sensitivity 

and corresponding load shedding distribution are shown in Table 2. 

 

Table 2. Voltage sensitivity and load shedding quantity of each load bus 

Load bus number dVi/dQi load shedding percent (%) Pshed,i(MW) Qshed,i(MVar) 

bus3 0.0037 0.06 20.29 0.15 

bus4 0.0033 0.04 18.10 6.66 

bus7 0.0021 0.05 11.52 4.14 

bus8 0.002 0.02 10.97 3.70 

bus12 0.0026 1.90 14.26 88.00 

bus15 0.0077 0.13 42.23 20.19 

bus16 0.0091 0.15 49.90 4.89 

bus18 0.0056 0.19 30.71 5.83 

bus20 0.0019 0.02 10.42 1.58 

bus21 0.0063 0.13 34.55 14.50 

bus23 0.0034 0.08 18.65 6.37 

bus24 0.0082 0.15 44.97 13.43 

bus25 0.0015 0.04 8.23 1.73 

bus26 0.0032 0.13 17.55 2.15 

bus27 0.0049 0.10 26.87 7.17 

bus28 0.0016 0.04 8.77 1.18 

bus29 0.0011 0.02 6.03 0.57 

Bus39 0.0013 0.03 6.76 1.53 

 

4.2.1 The analysis of traditional UFLS strategy: The action level of load shedding strategy 

is in 49Hz, a total of 492MW active loads are dropped, at the same time, including 

112.72MVar reactive loads. The change curves of load bus voltage and system frequency are 

shown in Figure 4. By using the traditional UFLS scheme, about 117MW more loads are 

dropped. System Frequency and bus voltage can restore to the safe and stable range, the 

deviation of system frequency is about 1 Hz, and the time for system stability recovery is 

about 60 seconds. 
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(a) Voltage change of the load bus     (b) The change of generator frequency 

Figure 4. the change curves of load bus voltage and generator frequency using 
traditional UFLS scheme 

 

4.2.2 The analysis of new load shedding strategy: New scheme considers system data’s 

collection, processing and action time delay, a total of 375MW active powers are dropped at 3 

seconds after system suffers disturbance, including 157.23MVar reactive power. The change 

curves of load bus voltage and system frequency are shown in Figure 5. Observing (b) of the 

Figure 5, under the new scheme, the system frequency can be restored to the safe and stable 

range in 15 seconds, and the maximum deviation of system frequency is only 0.1Hz. It is 

obviously better than the traditional UFLS scheme. 

The new scheme drops less 117MW load than traditional UFLS scheme, but 40MVar more 

reactive load is removed. Observed in Figure 5 and (a) of the Figure 6, obviously, the voltage 

amplitude of bus 7 and bus 16 can be restored to higher values under the new scheme. Further 

analysis, if the system is in the removal of larger capacity of real and reactive power, the load 

bus voltage will be dropping rapidly, the traditional UFLS strategy will not be able to start at 

a predetermined time, the ability to system protection should be lost. 

 

   

       (a) Voltage change of the load bus    (b) The change of generator frequency 

Figure 5. the change curves of load bus voltage and generator frequency 
using new load shedding scheme 

 

5. Conclusions 

5.1 The parameters, which influence generator rotor swing balance, are studied after the 

system suffers disturbance. It was put forward that the actual imbalance power in the system 

should be determined through two electric parameters, namely considering both the system 

frequency and the bus voltage simultaneously. And then, the accurate relationship equation 

for solving the imbalance power of disturbed power system is obtained. 
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5.2 On the basis of voltage sensitivity analysis, a new emergency control strategy is advised 

that the position and the corresponding quantity of load shedding should be determined using 

voltage sensitivity. While real power imbalance of the system is recovered effectively, the 

local reactive power distribution should be also kept balanced. Load shedding should be 

carried out at weak points of the system, where the bus voltage and system frequency drop 

more or higher reactive power be needed. And this can improve the margin of system voltage 

stability, reducing the risk of a system breakdown. 

 

5.3 The simulation examples show that the proposed new load shedding strategy has the 

stronger adaptability. The change of the system network topology can be considered, more or 

less of the load can be avoided. This scheme has more applied superiority and value. 
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