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Abstract- In this paper, load frequency control 
(LFC) of a realistic power system with multi-
source power generation is presented. The single 
area power system includes dynamics of thermal 
with reheat turbine, hydro and gas power plants. 
Appropriate generation rate constraints (GRCs) 
are considered for the thermal and hydro plants. 
In practice, access to all the state variables of a 
system is not possible and also their measurement 
is costly and difficult. Usually only a reduced 
number of state variables or linear combinations 
thereof, are available. To resolve this difficulty, 
optimal output feedback controller which uses 
only the output state variables is proposed. The 
performances of the proposed controller are 
compared with the full state feedback controller. 
The action of this proposed controller provides 
satisfactory balance between frequency 
overshoot and transient oscillations with zero 
steady state error in the multi-source power 
system environment. The effect of regulation 
parameter (R) on the frequency deviation 
response is examined. The sensitivity analysis 
reveals that the proposed controller is quite 
robust and optimum controller gains once set for 
nominal condition need not to be changed for 
±25% variations in the system parameters and 
operating load condition from their nominal 
values. To show the effectiveness of the proposed 
controller on the actual power system, the LFC 
of hydro power plants operational in 
KHOZESTAN (a province in southwest of Iran) 
has also been presented. 
 

I. INTRODUCTION 
 
The function of a power system is to 

provide customers with an electricity supply of 
acceptable reliability, where reliability signifies “the 
ability to supply adequate electric service on a 
nearly continuous basis with few interruptions over 
an extended period of time”. Therefore, to design 
and operate a power system within adequate 
reliability margins such that overall costs are 
minimized is a key objective for all system 
operators. 

Power system security is an indication of 
the level of robustness of the power system at any 
instant in time to a disturbance. When operating in a 

secure state, a power system can withstand most 
severe disturbances without interruption to customer 
supply. However, if operating in a state with reduced 
security margins, a power system will be more 
susceptible to disturbance, resulting in a higher 
likelihood of customer supply disruption. To 
maintain adequate reliability it is desirable to 
maximize the time the power system is operating in 
a secure state, with frequency and voltage levels 
within acceptable standards. In order for a power 
system to be secure, the power system must be 
operating in a stable state. Stability indicates the 
ability of the system to return to an equilibrium 
operating state subsequent to a disturbance, and is 
dependent on both the type of disturbance and the 
initial power system operating conditions. Although 
the electricity industry is undergoing regulatory and 
organizational changes, the basic concepts and rules 
for reliable, secure and stable system operation 
remain unchanged. 

Ancillary services can be broadly defined 
as the range of technical services required by the 
system operators to maintain both secure and stable 
operation of the power system. These include 
operating reserves for frequency control, voltage 
control and also system restoration/black start 
capability. While the methods by which these 
services are procured may vary and evolve with 
regulatory structure, the necessity of ancillary 
services is unquestionable. This is highlighted by a 
number of recent contingencies worldwide resulting 
in severe lapses in the security of power systems 
including blackouts. The control of system 
frequency is a vital aspect of secure and stable power 
system operation. A continuous balance between 
active power generated and active power consumed 
by the load and losses is required to maintain 
frequency constant at nominal system frequency. 
Any imbalance in active power will result in a 
frequency deviation. While precise instantaneous 
balancing of active power is not viable, frequency 
control ensures that the system frequency remains 
within acceptable frequency limits. Frequency 
control can be called upon for a variety of conditions 
ranging from a gradual change in load levels over 
time to a sudden loss of generation or step increase 
in demand. 
 A range of power system characteristics 
including system size, individual generator and load 
frequency response characteristics and plant mix on 
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the system influence frequency control. The size and 
speed of a frequency deviation depends on the 
magnitude of the power imbalance and the power 
system size. Power system inertia is the resistance of 
the individual rotating masses of the generator and 
load components synchronized to the system to a 
change in system speed. The greater the inertia of 
the system, the slower the rate of change of 
frequency in the event of a power imbalance of 
given magnitude. Large interconnected power 
systems have high system inertia, due to the large 
number of components synchronized to the system. 
In addition, the size of individual components, such 
as generators, tends to be small in comparison with 
total system size. As such, large frequency 
excursions from nominal are uncommon, and the 
rate of change of frequency is relatively slow due to 
high inertia. Small isolated power systems, in 
contrast, have much lower system inertia. Combined 
with the fact that a single generator can comprise a 
sizeable proportion of total generation, large power 
imbalances relative to the system size are more 
frequent and frequency changes are faster. 
 

II. STATE SPACE ANALYSIS OF 
REALISTIC POWER SYSTEM 

 
It is very necessary to obtain the suitable 

models of the power systems for LFC studies. The 
following basic requirements are to be fulfilled for 
successful operation of the system: The generation 
must be adequate to meet all the load demand. The 
system frequency must be maintained within narrow 
and rigid limits. The system voltage profile must be 
maintained within reasonable limits and In case of 
interconnected operation, the tie line power flows 
must be maintained at the specified values.  When 
real power balance between generation and demand 
is achieved the frequency specification is 
automatically satisfied. Similarly, with a balance 
between reactive power generation and demand, 
voltage profile is also maintained within the 
prescribed limits. Under steady state conditions, the 
total real power generation in the system equals the 
total MW demand plus real power losses. Any 
difference is immediately indicated by a change in 
speed or frequency. Generators are fitted with speed 
governors which will have varying characteristics: 
different sensitivities, dead bands response times 
and droops. They adjust the input to match the 
demand within their limits. Any change in local 
demand within permissible limits is absorbed by 
generators in the system in a random fashion. 

An independent aim of the automatic 
generation control is to reschedule the generation 
changes to preselected machines in the system after 
the governors have accommodated the load change 
in a random manner. Thus, additional or 
supplementary regulation devices are needed along 
with governors for proper regulation. 

The control of generation in this manner is 
termed load-frequency control. For interconnected 
operation, the last of the four requirements 
mentioned earlier is fulfilled by deriving an error 
signal from the deviations in the specified tie-line 
power flows to the neighboring utilities and adding 
this signal to the control signal of the load-frequency 
control system.  

Should the generation be not adequate to 
balance the load demand, it is imperative that one of 
the following alternatives be considered for keeping 
the system in operating condition: Starting fast 
peaking units, Load shedding for unimportant loads, 
and Generation rescheduling. 

It is apparent from the above that since the 
voltage specifications are not stringent. Load 
frequency control is by far the most important in 
power system control. In order to understand the 
mechanism of frequency control, consider a small 
step increase in load. The initial distribution of the 
load increment is determined by the system 
impedance; and the instantaneous relative generator 
rotor positions. The energy required to supply the 
load increment is drawn from the kinetic energy of 
the rotating machines. As a result, the system 
frequency drops. The distribution of load during this 
period among the various machines is determined by 
the interties of the rotors of the generators partaking 
in the process. This problem is studied in stability 
analysis of the system. 

After the speed or frequency fall due to 
reduction in stored energy in the rotors has taken 
place, the drop is sensed by the governors and they 
divide the load increment between the machines as 
determined by the droops of the respective governor 
characteristics. Subsequently, secondary control 
restores the system frequency to its normal value by 
readjusting the governor characteristics. 

The realistic power system load frequency 
control is discussed in this chapter which consists 
the thermal, hydro and gas units for a single power 
system. State space model is developed with respect 
to realistic power system. 

The Power system proposed for study is a 
realistic system comprising Reheat thermal, hydro 
and gas generating units. The linearized models of 
governors, reheat-turbines, Hydro turbines, Gas 
turbines are taken to study the power system as 
shown in Fig. 1. The model mentioned here is the 
integral control scheme of an interconnected 
realistic power system. This chapter dealt with the 
state space modeling of the mentioned power system 
which is designed for the implementation of optimal 
controllers and their stability studies. 
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FIG:1. Block diagram of the single area power 
system comprising reheat-thermal, hydro and gas 
generating units. 
 

The state equations of the system are 
produced with the help of the transfer function of the 
blocks named 1 to 12. From the block diagram 
model it is clearly seen that there are three control 
inputs named u1, u2and u3.The block diagram below 
which represents a realistic power system model is 
having control area connected to its own dynamics.  

From the figure it is clearly seen that the 
control area are made-up with three blocks each with 
an integral controller block. The three blocks are 
namely governor block, turbine block, and the 
power system block which is actually the load block. 
Therefore total 9 blocks are present for the whole 
system. Explaining about the block diagram, it is 
constructed by the combination of two control areas 
through tie line. Both areas consist of four blocks 
each and another one block (block 7) represents the 
tie line power. So there are total nine blocks present, 
which says that there is nine state equations for a two 
area power system (thermal non reheat) with integral 
controller. 
 

III. CASE STUDY & ANALYSIS 
 
A. Realistic Power System Case Study 

The Power system proposed for study is a 
realistic system comprising Reheat thermal, hydro 
and gas generating units. The linearized models of 
governors, reheat-turbines, Hydro turbines, Gas 
turbines are taken to study the power system as 
shown in Fig. 2. The typical system parameters 
reported in literature are taken. The system has n = 
12 state variables where �� = ∆� and ��� =

∫ ��� �� = ∫ ∆� ��. The optimum gains of full 
state feedback controller and optimal output 
feedback controller have been obtained by running 
the MATLAB codes generated on the basis of 
methods described in the controller design chapter 
4. The computer simulations are carried out with the 
optimum controller gains. MATLAB control system 
toolbox has been used to simulate the power system 
and to obtain dynamic responses of 
∆�, ∆����, ∆���� and ∆���  for 1% step load 

perturbation in the area at 1750MW load.The 
simulation diagram is given in the Appendix D as 
Fig. D.1 and related programs are summarized to get 
the results. 
 
B. Simulation Results and Analysis 

The optimum values of controller gains for 
full state feedback and optimal output feedback are 
obtained by minimizing the performance indices. 
Dynamic responses of the system are obtained for 
1% step load perturbation in the area through 
computer simulation. The frequency deviation 
responses are depicted in Fig. 2. It has been observed 
that the output feedback controller gives better 
frequency deviation response having relatively 
smaller peak overshoot and lesser settling time with 
zero steady state error as compared to the full state 
feedback controller. The output power deviation 
responses of thermal, hydro and gas units to 1% load 
perturbation are shown in Figs. 2–5, respectively. 

Fig. 2 Frequency deviation response to 1% step load 
perturbation in the area 
 

 
 

Fig. 3 Thermal unit power output deviation response 
to 1% step load perturbation in the area 

 
Fig.4 Hydro unit power output deviation response to 
1% step load perturbation in the area 
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Fig. 5 Gas unit power output deviation response to 
1% step load perturbation in the area 
 
1. Generation Rate Constraint (GRC) 

In most of the research papers, the effect of 
restriction on the rate of change of power generation 
is not considered. In power systems having steam 
plants and hydro plants, power generation can 
change only at a specified maximum rate. Most of 
the reheat units have a generation rate around 
3%/min. Some have a GRC between 5% and 
10%/min. If these constraints are not considered, 
system is likely to chase large momentary 
disturbances. For testing further the effectiveness of 
the proposed controller, the GRC for thermal and 
hydro units is taken into account in the computer 
simulation model.  

 
 

Fig. 6 Frequency deviation response to 1% step load 
perturbation in the area considering GRC (full state 
feedback controller) 

 
Fig. 7 Frequency deviation response to 1% step load 
perturbation in the area considering GRC (optimal 
output feedback controller) 

 
GRC for hydro unit: for raise 270%/min 

(0.045 pu/s) and for lower 360%/min (0.06 pu/s) is 
considered and GRC for reheat turbine thermal unit: 
for raise and lower 10%/min (0.0017 pu/s) is 
considered for study. The proposed power system is 
simulated with and without the above GRC limits in 

thermal and hydro power generating units. The 
effect of GRC on the frequency deviation response 
of the area obtained with full state feedback 
controller and optimal output controller at nominal 
load is shown in Figs. 6 and 7 respectively. It has 
been observed that GRC results in larger peek 
overshoot and longer settling time for both the 
controllers with controller gains optimized for linear 
system. However in this particular case, dynamic 
response of the system with GRC satisfies LFC 
problem requirement. It has been observed if we 
consider GRC lower than 10 percent/minute for 
reheat thermal unit, the dynamic performance of the 
system deteriorates. Therefore GRC must be 
incorporated for realistic study of the system. 
 
2. Governor Speed Regulation Parameter (R) 

Fig. 8 shows the frequency deviation 
response to 1% load perturbation in the area at 
nominal load with R varying from 1% to 8%. It has 
been observed that for higher values of R, i.e. 6% 
and 8%, the peak overshoot and settling time 
increases; if we further increase the value of R, the 
system gives larger frequency deviation oscillations 
and tends towards instability. The system frequency 
deviation oscillations are minimum at 4% value of 
R. For lower values of R, i.e. 1% and 2% the system 
becomes more oscillatory. Findings reveal that there 
is no need of going for the lower values and the 
higher values of R, since medium value of R (3–4%) 
with corresponding optimum controller gains can be 
preferred to provide better dynamic response of 
AGC for the proposed system. 

 
 

Fig. 8 Frequency deviation response to 1% step 
load perturbation in the area with varying R from 1% 
to 8% 

 
3. Sensitivity Analysis 
 Lesser attention has been paid to this aspect 
of AGC problem. Investigations carried out to study 
the effect of variation in the system parameters and 
operating conditions on the optimum controller gain 
settings and the system dynamic performances. The 
system parameters and operating load condition are 
varied by ±25% from their nominal values, taking 
one at a time. The optimum controller gain settings 
for varied system parameters and operating load 
condition using optimal output feedback controller. 
Investigations reveal that the dynamic responses 
hardly change when system parameters and 
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operating load condition are changed by ±25% from 
their nominal values with their corresponding 
optimum controller gains. As an example frequency 
deviation responses for varied load condition and 
Speed governor time constant (TSG) are shown in 
Figs. 9 and 10, respectively. It is evident that there 
is negligible effect of the variation of Speed 
governor time constant and operating load condition 
on the frequency deviation responses obtained at 
nominal values. 

 
 

Fig. 9 Frequency deviation response to 1% step 
load perturbation in the area with varying load 
conditions 

 
Fig. 10 Frequency deviation response to 1% step 
load perturbation in the area with varying Speed 
Governing Time Constant 
 

 
Fig. 11 Frequency deviation response with load 
disturbance perturbation in the area  

 
System dynamic responses are obtained 

with full state feedback and optimal output feedback 
controller gains for the situations based on the one 
types of the present disturbances in the system. In 
this situation, the effects of load disturbances in the 
area itself are examined, the effects of disturbances 
due to neighboring interconnected control areas are 
examined which affect the area under control. 

Fig. 11 shows the frequency deviation 
responses obtained using proposed controllers. As 
compared, the trajectories of deviation and settling 
time are more and less same whereas overshoots in 
frequency deviations observed at each time instant 
of load changes are improved remarkably and 
reduction is becoming more than 80%. Further, it is 
observed from extensive simulation studies that 
improvement in the responses of power and ACE 
deviations can be achieved with the help of the 
proposed controller.  

Like full state feedback controller, the 
proposed controller also guarantees the good 
performance, such as frequency deviation 
elimination and disturbance attenuation as well as 
robustness under area load changes or frequency 
variation of interconnected areas scenarios. As 
compared, the overshoots in frequency deviation 
responses obtained with proposed controller are 
very less resulting in remarkable improvement in the 
frequency deviation response which is the most 
important parameter. 
 

IV. CONCLUSION 
 
 There is a need to study of the multi-source 
power system due to the future needs where lot of 
renewable energy sources available with 
combination of the fossil fuel energy systems. In this 
thesis an optimal output feedback controller design 
method is proposed for the LFC of a realistic power 
system. The performance of the proposed controller 
is demonstrated on the multi-source power system 
and its dynamic responses are compared with full 
state feedback controller. The effect of GRC on 
frequency deviation response is discussed. The 
dynamic performance of the system deteriorates if 
GRC is not incorporated for realistic study of the 
system. Frequency deviation response of the area 
and generator output power deviation response to 
1% step load perturbations have been obtained.  

The output feedback controller gives better 
frequency deviation response having relatively 
smaller peak overshoot and lesser settling time with 
zero steady state error as compared to full state 
feedback controller response. The effect of varying 
the regulation parameter has been examined. It is 
better to prefer the value of R between 3% and 4% 
with corresponding optimum controller gains to 
provide better dynamic response of AGC for the 
proposed system. The sensitivity analysis reveals 
that ±25% change in system parameters and 
operating load condition from their nominal values 
considering their optimum controller gains do not 
affect the system responses appreciably. Thus the 
optimum values of controller gains obtained for 
nominal system parameters and load condition are 
quite insensitive to wide parameter variation ±25%. 
The LFC of hydro power plants operational has also 
been studied. The proposed controller performs well 
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on this system and improves the frequency deviation 
responses remarkably. Hence for all practical 
purposes, the controller is quite robust. Application 
of optimal output feedback controller is more simple 
and economic as lesser no. of sensors/information is 
required and satisfies the LFC problem 
requirements.  
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