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Abstract  

The major transformation the power system is undergoing at a rapid phase is the conversion from use of 

conventional resources to renewable energy resources due to various environmental issues. Increased level of usage 

of renewable energy resources might satisfy the increasing demand on the load end but puts the system into stressed 

conditions at the generation end in the form of reduced inertia of the system which is the key factor for maintaining 

synchronism. This reduced inertia reflects in the form of change in frequency. In this paper, the artificial intelligence 

technique fuzzy logic control is proposed as a means of deciding factor in the smart load which in turn controls the 

frequency from the load end. A comparative study has been made between the normal load and fuzzy based smart 

load in regulating the primary frequency of the system. Simulation results show that, using this approach, the demand 

side can make a significant and reliable contribution to primary frequency response. 
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Introduction 

With increasing environmental concerns over 

the use of conventional energy resources, the 

installed capacity of renewable energy sources (RES) 

is expected to increase even further. This projected 

increase of electric power coming from renewable 

energy sources will put an even higher stress to the 

already highly loaded power system. From a power 

system perspective, this dispersed renewable 

electricity generation behaves quite different from 

traditional, centralized generation facilities. Apart 

from their intermittent nature, most of these sources 

do not contribute to system reserves and to the total 

system inertia. This system inertia is often considered 

as one of the vital system parameters upon which the 

synchronized operation of current day power systems 

is based. When a frequency event occurs, the 

synchronous machines will inject or absorb kinetic 

energy into or from the grid to counteract the 

frequency deviation. The lower this system inertia, 

the more nervous the grid frequency reacts on abrupt 

changes in generation and load patterns. Wind 

turbines are generally equipped with back-to-back 

converters, which electrically decouple the generator 

from the grid. Therefore no inertial response is 

delivered during a frequency event, although a lot of 

kinetic energy is stored into the blades and the 

generator. Unlike wind turbines where there is 

actually some kinetic energy available, solar panels 

virtually do not possess inertia. Several papers have 
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been published on contribution of wind farms on 

frequency control (Erlich, 2010; Chowdhury et al., 

2010). On the load end, the focus has primarily been 

on load scheduling (Mohsenian-Rad, 2010) and grid 

frequency control (Short, 2007) through on/off 

control of loads which has been collectively referred 

to as demand-side management (DSM) (Palensky, 

2011). As the loads are connected in parallel across 

the mains, the easiest way to exercise any sizeable 

variation in their average power consumption is to 

operate them in on/off mode. The main drawback is, 

if the load is operating at its rated capacity, the 

average power consumption of the load can only be 

reduced, not increased through on/off control. This 

paper focuses on the particular aspect of control of 

primary frequency from the load end with the help of 

fuzzy based smart loads for keeping the system 

operating within safe limits preventing blackouts due 

to cascading trip of generating units. With this focus 

in mind, the objectives of this work are to simulate 

and analyze the effectiveness of smart load to control 

the primary frequency response of the grid following 

a disturbance or loss of generation. From these 

simulations, the level of contribution of smart loads 

and normal loads to the primary frequency response 

action to keep the grid frequency within the 

acceptable range is determined as the key measure. 

Impact of renewable energy on frequency control 

The frequency control in a power system can be 

split up into two phases. In the first phase, the 

frequency controllers of the power plants have not yet 

been activated. The generators will absorb or release 

their kinetic energy to arrest the change in frequency. 

This phase is called inertial response, because the 

inertia dampens the frequency changes. In the second 

phase, the frequency is first stabilized and then 

restored to the nominal frequency by respectively the 

primary control (governor action), secondary control, 

tertiary and time frequency control (Kundur, 1994). 

Additional measures, like automatic load shedding, 

can be taken in case of severe frequency deviations. 

Inertial response 

The rate of change of frequency (RoCoF) is 

mainly determined by the magnitude of the power 

imbalance and the system inertia. This system inertia 

depends mainly on two factors: the number of 

operating generators and the inertia of each of these 

generators. Synchronous generators in classical 

power plants can contribute to this inertia, because of 

the strong coupling between their rotational speed 

and electrical frequency. Whereas the wind turbines 

and photovoltaic (PV) units are equipped with 

converters which decouple electrically the motion of 

generator from the grid frequency, and typically 

deliver no inertial response. Replacing conventional 

generation by wind and solar power will thus result in 

a lower system inertia, which in case of a frequency 

event can lead to a high RoCoF and aggravate the 

original frequency event (Ghoshal, 2012).  

Primary and secondary frequency control 

Primary frequency control is the fastest 

deployed type of frequency control. It is generally 

deployed within a few seconds for duration of up to 

several minutes. This type of response is achieved 

through different mechanisms such as load control 

and turbine governor action. Once primary frequency 

control has stabilized the frequency, secondary 

frequency is implemented to start bringing the 
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frequency back to its target value. Turbine governor 

action happens in conventional thermal or hydro 

power generation. The frequency is automatically 

regulated using a device called governor which 

regulates the power input of the turbine (e.g. steam 

flow) according to the rotational speed in order to 

ensure stable operation of the generator (Machowski, 

2008). Whereas, wind turbines and other forms of 

renewable energy sources are generally exempt from 

delivering primary or secondary control (Skrotzki et 

al., 1954). Together with their lack of inertia, 

replacing conventional generation with renewables 

will highly influence the frequency response. Due to 

the lower system inertia, the remaining synchronous 

generators have now less time to react. Together with 

a smaller amount of generators delivering primary 

control, this will result in a lower minimum or higher 

maximum frequency when a comparable grid event 

occurs. This paper mainly focuses on primary 

frequency control.  

Smart Load (SL) 

Loads could be categorized into two types: 1) 

critical or sensitive loads, which require a tightly 

regulated supply voltage and 2) non-critical (NC) 

loads which can tolerate a wider fluctuation in supply 

voltage without causing perceivable disruption to the 

consumers. Some of these NC loads (e.g.) air-

conditioners draw a constant power from the supply 

over a wide range of voltage (e.g.) water/space 

heater, lighting systems (especially, LEDs), small 

motors (in fans, ovens, dishwashers and dryers) 

consume power according to their terminal voltages. 

Such voltage-dependent NC loads are candidates for 

SLs. 

Fig. 1. SL Configuration 

 

A SL is formed by inserting a voltage 

compensator in series between the supply/mains and 

the load itself as shown in figure 1. By controlling the 

injected voltage (VES), the voltage across the NC 

loads (VNC) and hence, its power consumption can be 

controlled. Collective action of many such SLs could 

contribute to regulating the frequency of the mains. 

At times of generation shortfall (excess), the voltage 

across the NC loads is reduced (increased). 

Depending on the type of compensation used, there 

could be two types of SLs. For a SL with reactive 

compensation (SLQ), the voltage injected by the 

compensator has to be in phase quadrature with the 

current. This implies only the magnitude of the 

injected voltage can be controlled while maintaining 

the phase angle at ±90o. On the other hand, a SL with 

both active and reactive compensation (SLPQ) does 

not have any restriction on the phase angle. Hence, 

both the magnitude and phase angle of the voltage 

injected by the compensator can be controlled 

independently. This allows control of both active and 

reactive power of the SL, enabling voltage, and 

frequency regulation at the same time. However, 

energy storage (e.g., battery or super-capacitor) or a 

back-to-back converter arrangement is required by 

the compensator to support the active power 
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exchanged. The scope of this paper is restricted to 

SLQ only. 

Fuzzy logic controller 

Analytical solution methods exist for power 

system problems. However, the mathematical 

formulations of power systems problems are derived 

under certain restrictive assumptions and even with 

these assumptions, the solution of large-scale power 

system problems is not simple. On the other hand, 

there are many uncertainties in power system 

problems, because power systems are large, complex, 

geographically widely distributed, and influenced by 

unexpected events. These facts make it difficult to 

effectively deal with many power systems problems 

through strict mathematical formulations alone. 

Therefore, fuzzy set theory based approach has 

emerged as a complement tool to mathematical 

approaches for solving power system problems. The 

use of fuzzy sets provides a basis for a systematic 

way for application of uncertain and indefinite 

models. Fuzzy control is based on a logical system 

called fuzzy logic. Fuzzy set theory and fuzzy logic 

establish the rules of a non-linear mapping. Fuzzy set 

theory can be considered as a generalization of the 

classical set theory. In classical set theory an element 

of the universe either belongs to or does not belong to 

the set. Thus the degree of association of an element 

is crisp. In a fuzzy set theory the association of an 

element can be continuously varying. 

Mathematically, a fuzzy set is a mapping (known as 

membership function) from the universe of discourse 

to the closed interval {0,1}. The membership 

function is usually designed by taking into 

consideration the requirement and constraints of the 

problem. Fuzzy logic is much closer in spirit to 

human thinking and natural language than classical 

logical systems. It implements human experiences 

and preferences via membership functions and fuzzy 

rules. Due to the use of fuzzy variables, the system 

can be made understandable to a non-expert operator. 

Human experts prepare linguistic descriptions as 

fuzzy rules. Basically, fuzzy rules provide a 

convenient way for expressing control policy and 

domain knowledge. A fuzzy logic system mainly 

consists of three steps: fuzzification, fuzzy inference 

and defuzzification. In the fuzzification step, the real 

variables are translated into linguistic variables by 

using fuzzy set theory. In the fuzzy inference step, 

‘If–Then’ rules that define the system behavior are 

evaluated. The defuzzification step translates the 

linguistic result obtained from the fuzzy inference 

into a real value by using the rule base provided (Kurt 

et al., 2004). 

Fig. 2. Control loop for frequency regulation using R-

L- type fuzzy based SLQ 

 

Control of SL 

In this paper, simple impedance-type load 

representation is used for the NC loads. Frequency 

dependance of the loads is neglected to isolate the 

contribution to primary frequency response from 

voltage dependance alone. As most impedance type 
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loads are of resistive-inductive (R-L) nature, the 

discussion throughout the rest of this paper assumes 

R-L-type loads only. Control of primary frequency 

with smart load with analytical solution has been 

given in (Zohaib et al., 2015). This paper focuses on 

the intelligent fuzzy based control of smart load. The 

control objective is to vary the active power 

consumption of the SL within the capability of the 

smart load with reactive compensation (SLQ) in 

order to regulate the supply frequency. Variation in 

active power is achieved by controlling the 

magnitude of the voltage injected by the compensator 

which causes the voltage across the NC load to vary 

within the acceptable limits. The control loop is 

shown in figure 2. An ideal phase-lock-loop (PLL) 

was assumed for frequency measurement. Any 

difference (Δf) between the reference (fref) and 

measured (fm) frequency is filtered through a dead 

band (±0.01 Hz) and multiplied by a droop gain 

D=(0.215/PSL0) to calculate the required change in 

active power (ΔPSL) consumed by the SL about its 

nominal value (PSL0). The value of ΔPSL is limited 

based on the maximum and minimum possible values 

calculated from the supply voltage (VC), and the NC 

load impedance (ZNC ∠φNC). The active power to be 

consumed by the SL at a given instant (PSL) is 

obtained by adding up the nominal power (PSL0) and 

the desired change (ΔPSL). As the compensator 

exchanges only reactive power, the current (I) 

through the SL is obtained by calculating square root 

of PSL divided by RNC. The current magnitude is 

limited based on the acceptable limits (VNC−max-

VNC−min) on the voltage across the NC load using its 

impedance (ZNC). The current magnitude I, is given to 

the fuzzy logic controller which decides the type of 

compensation (i.e.) whether inductive or capacitive 

depending on the type of disturbance the system has 

encountered. The fuzzy control consists of a rule base 

that process this current magnitude to determine the 

magnitude of the injected voltage (VES) and phase 

angle of the injected voltage (θES). These values are 

then fed to the inverter control present in the source, 

thereby controlling the primary frequency response of 

the system. 

Case study 

A case study is carried out based on the 

following considerations: the supply frequency is a 

global variable which is influenced by the combined 

action of several generators and loads connected at 

the bulk power transmission and distribution 

networks, respectively. The entire network is 

modeled in MATLAB/SIMULINK. The fuzzy 

control block is used within the control loop of smart 

load with the triangular membership function. In this 

paper, results of the simulation studies with detailed 

representation of a distribution network are presented 

with an equivalent model with same capacity as the 

load capacity. As a standard distribution system, the 

IEEE 37-bus test system, shown in figure 3 is 

considered for this paper. It is a three-phase medium 

voltage radial distribution system with both single 

phase and unbalanced three phase loads. 32 static 

loads are present in this system with a mix of 

constant impedance (Z), constant current (I), and 

constant power (P) (i.e.) ZIP characteristics. About 

50% of these loads are noncritical (Luo et al., 2015) 

and purely impedance type while the other loads 

(connected to the supply/mains) are represented by 
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the ZIP model. The SLs are located at the same 

position as the location of original loads in the 

standard system. The effective contribution of SLs 

depends on the actual percentage of the voltage 

dependent NC load. The voltage variation range 

allowable across different loads would differ widely 

which affects the above percentage. 

Fig. 3. IEEE 37-bus test system with equivalent 

dynamic representation of source at bus 799 

 

In order to have comparison of the proposed 

technique with load control by variation of the supply 

voltage, STATCOM with current source is placed 

that is capable of injecting inductive or capacitive 

reactive power in the system, in case of a under/over-

frequency event. To have a better comparison with 

SLQs, distributed STATCOMs were considered to be 

connected in parallel with all SLs. The system is 

connected at bus 799 and modeled as a variable 

frequency voltage source with appropriate P-f droop 

and time-constants to resemble the typical power-

frequency variation of the grid. A variable series 

impedance is used to simulate the network. 

 

 

Results 

Time domain simulations have been carried out 

in MATLAB SIMULINK with a time step of 20 μs. 

Frequency disturbances were created by applying 

15% step changes in the equivalent source power 

reference. Simulation results are shown at bus 738, 

separately for under-frequency (Fig. 4) and over-

frequency (Fig. 5) events. The bus considered above 

is located at the far end of the distribution system. So 

the voltage regulation at this bus is relatively poor 

compared to the buses which are close to the source. 

A small increase in voltage is observed for a 

reduction in the supply frequency. This is mainly due 

to decrease in network reactance with a decrease in 

the frequency. There are no frequency dependant 

loads in the standard IEEE 37 test feeder. 

Fig. 4. Dynamic variation of (a) supply frequency, 

(b) supply voltage at bus 738, (c) voltage across NC 

load, and (d) voltage injected by compensator 

following an under-frequency event at t = 2.0 s 

 

                      (a)                                      (b) 

 

                      (c)                                       (d) 
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Fig. 5. Dynamic variation of (a) supply frequency, 

(b) supply voltage at bus 738, (c) voltage across NC 

load, and (d) voltage injected by compenastor 

following an over-frequency event at t = 2.0 s. 

      

                       (a)                                    (b) 

       

                       (c)                                    (d) 

In both cases (Figs. 4 and 5), the SL ensures 

much improved frequency regulation compared to a 

normal load i.e., a NC load without a series 

compensator. The mains voltage regulation turns out 

to be slightly worse but still lies within the acceptable 

(5%) limits. In this case, the compensator is required 

to inject about 10% of the rated voltage while the 

variation in voltage across the NC load is limited to 

±10%.  This variation in the transient voltage will not 

cause perceivable change in the performance of NC 

loads like heating, lighting (especially, LED lighting, 

and small motors with no stalling problems (e.g. fans, 

ovens, dish washers, dryers) (Zohaib et al., 2015). 

With normal loads (red traces), the mains voltage 

would increase (decrease) in the under- (over-) 

frequency case which aggravates the situation 

resulting in the poor frequency regulation. All the 

node voltages remained within the allowable (5%) 

limits. Improvement in frequency regulation is 

achieved through a wider variation in voltage (and 

hence power) across the NC load. Nonetheless, this 

variation was limited to less than 10% which can be 

tolerated in short-term by most NC loads. In this 

case, the performance of frequency regulation could 

be achieved with reactive compensation which is 

only a fraction (less than 6%) of the total capacity of 

SL. This is advantageous from view of cost and size. 

It can be observed that the STATCOMs required 

nearly twice as much reactive power compared to the 

fuzzy based SLs for achieving a relatively same 

frequency regulation. This is because changing 

supply voltage requires more reactive power than 

controlling the voltage across the NC loads, which 

are decoupled from the supply through the 

compensator, even for moderately stiff systems. 

Conclusion 

A robust fuzzy control method was presented 

in this paper to mitigate the impact of integrating 

renewable energy sources on primary frequency 

control. The proposed method was examined on a 

IEEE 37 bus test system network which consists of 

non critical loads. The simulation results 

demonstrated that the proposed fuzzy based smart 

load provides desirable performance against 

disturbances and effective in controlling the primary 

frequency of the system. A better performance is 

achieved when compared with the normal load on the 

system. Without considering any primary frequency 

response contribution from frequency dependence of 

loads, the fuzzy based SLs are shown to achieve 

much improved frequency regulation with little 

relaxation in voltage tolerance for the NC loads and a 

small reactive compensation which is a fraction of the 

load rating. With SL using reactive compensation 

only (SLQ), the mains voltage regulation deviated 
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slightly but still lies within the limits. The range of 

voltage variation can be limited to 10% without any 

perceivable impact on the consumers. 
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