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Abstract  

Load frequency control forms an essential component of  Automatic Generation Control,  which helps to 

maintain the power system frequency constant while maintaining the tie-line power flow with 

neighbouring áreas at  scheduled values for an interconnected power system.  With deregulation, the 

structure of electric power industry is changed thoroughly with multiple bilateral transactions taking place 

in a competitive market environment.  In the changed scenario, the conventional controllers are no more 

capable of satisfying the control requirements. Hence, robust controllers are suggested for load frequency 

control which can handle the uncertainties that are rampant in the system. In this paper, a robust HÐ loop 

shaping controller is used as load frequency controller for a two área deregulated power system with non-

reheat thermal power plants.  Analysis of the system performance is done for all contract cases relevant to 

deregulated power systems.  The system behaviour towards different cost functions is also investigated to 

demonstrate the robustness of the controller.  
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1. Introduction 

The frequency of an electric power system is a significant indicator of the health of the system 

since it symbolizes the load-generation balance.  Load Frequency Control (LFC) forms an 

essential component of Automatic Generation Control (AGC) in power systems [1].  The 

functions of LFC in an interconnected power system include maintaining power system 
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frequency at nominal value and also maintaining tie-line power flow with neighbouring control 

areas as per scheduled values.  With restructuring taking place globally in power industry, focus 

has shifted to the challenges facing LFC in the changed situation.  Deregulation brings about a 

horizontally integrated architecture for electric power industry in comparison with the previous 

vertically integrated one.  A deregulated power system structure comprises of GENCOs 

(Generation Companies), TRANSCOs (Transmission Companies) and DISCOs (Distribution 

Companies) performing the functions of generation, transmission and distribution respectively 

with  open access policy.  In the changed structure, GENCOs may or may not participate in LFC 

and it is the DISCOs who make contract for power with GENCOs [2].  To ensure power system 

stability and reliability, the transactions between the GENCOs and DISCOs are monitored by the 

Independent System Operator (ISO).  Several ancillary services including AGC, are controlled by 

the ISO.   Literature survey on LFC in deregulated power system shows that several research 

works have been done in this area.  The different operational structures resulting from 

deregulation are described in [3] while in [4], a ramp following controller in a deregulated 

environment is given.  A successful method of modelling the several contracts taking place is 

given in [5] while a robust controller through mixed H2/HÐ is described in [6].  A controller based 

on neural networks is suggested through [7] and an integral controller whose gains are tuned 

through genetic algorithm optimization is given in [8].  A fuzzy load frequency controller for a 

restructured power system is given in [9].  Genetic algorithm optimization technique finds 

application in tuning the PID controller gains in [10].  Optimal output feedback and reduced order 

techniques are used for LFC in [11].  Internal model control method is used for tuning 

decentralized PID controller parameters in [12].  Structured singular value analysis of a 

deregulated system with LFC is given in [13].  Fractional order PID controller for LFC is given 

in [14] while [15] gives the design of optimal output feedback controller.   

A review of the literature pertaining to LFC of deregulated power system shows that the 

work on robust controllers is minimal. The dynamics of the system indicate that the practical 

deregulated power system is highly complex with nonlinearities and uncertainty due to multiple 

bilateral transactions.  Hence LFC demands the application of robust controllers rather than 

conventional controllers which are fixed controllers.   The authors have designed an integral 

controller based on genetic algorithm for a two area deregulated thermal power system [20].  This 

paper is a work aimed at the design of robust controller for load frequency control of a two area 

deregulated thermal power system consisting of non-reheat thermal generators [21].  The method 

of design is that of  HÐ robust loopshaping type controller which is based on the method of 
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normalized coprime factors [17].  Details of Modelling of the deregulated power system, design 

and application of  H-infinity controller design based on loop-shaping for the system, Simulation 

Results, Discussions and conclusions are given in Sections 2, 3, 4 and 5 respectively.  

2. Modelling of a two area Deregulated Power System 

 Model of a two area deregulated power system is made such that all possible transactions 

in the electric power market are taken into account. The transactions include unilateral, bilateral 

and a combination of these [2].  Unilateral or Poolco type transactions are used to signify the 

situation where LFC of a control area is done by GENCOs within the same control area.  Bilateral 

transactions signify the power contracts made by DISCOs with GENCOs in any control area. 

Contract violation is a term identified with the situation where a demand is made by a DISCO in 

excess of the contracted value. This situation is taken care of by GENCOs in the area in which 

excess demand occurs [4].  The modelling is done as per the guidelines given by Donde et al [4].  

The contracts are represented using a matrix termed as óDISCO Participation Matrixô (DPM) in 

which the number of rows is equal to the number of GENCOs and the number of columns is 

equal to the number of DISCOs.  Each element of the matrix designated as óô is called as 

contract participation factor and its value is computed as the fraction of the total load contracted 

by the l th DISCO with the kth GENCO.  The sum of all elements in a column of the DPM is unity.  

For a two area system with two GENCOs (GENCO 1 and GENCO 2) and two DISCOs (DISCO 

1 and DISCO 2) in óArea 1ô and two GENCOs (GENCO 3 and GENCO 4) and two DISCOs 

(DISCO 3 and DISCO 4) in óArea 2ô, the structure of the DPM is given below. 

                                                                                                   (1) 

     where                                                                                         

      = 1; for l = 1,2,.....Nd                                                                                                                                             (2) 

Where, óNgô is the total number of GENCOs and óNdô the total number of DISCOs. The 

schematic block diagram for load frequency control of such a power system is given in fig.1.  The 

generation of each GENCO must track the contracted demands of DISCOs in steady state.  The 

expression for contracted power of kth GENCO with DISCOs is given by 

; for k = 1,2,.....Ng                                               (3) 
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Where  is the contracted power of kth GENCO and  is the total load demand of lth 

DISCO.  The scheduled steady state power flow on the tie-line is expressed as the difference of 

total power exported from GENCOs in control area 1 to DISCOs in control area 2 and total 

power imported by DISCOs in control area 1 from GENCOs in control area 2. 

                                        (4) 

                                               (5) 

At steady state, tie-line power error,  vanishes as the actual tie-line power flow 

reaches the scheduled power flow.  This error signal is used to generate the respective Area 

Control Error (ACE) signal as in the conventional power system.   

                                                                                            (6) 

                                                                                (7) 

where  where Pr1, Pr2 are the rated area capacities of area 1 and area 2 respectively. 

The total load of the kth control area  is expressed as the sum of the contracted and 

uncontracted load demand of the DISCOs of the kth control area. 

                                                                                                    (8)            

where  is the contracted load demand of the kth DISCO and represents the 

uncontracted load demands of DISCOs in kth area.     



43 

 

 

Fig. 1.  Schematic block diagram of a deregulated power system 

 

 

3.  Load frequency control in deregulated environment 

The deregulated power system operates in a free market environment.  It is the DISCOs who 

make contract for power with the GENCOs.  There are several market structures in deregulated 

power systems throughout the world, but the salient features of the transactions involved include 

(1) Unilateral or Poolco type transactions (2) Bilateral transactions or a combination of (1) and 

(2) [3].  Unilateral type of transactions are the transactions existing between DISCOs and 

GENCOs within the same área.  Bilateral transactions are the transactions between DISCOs and 

GENCOs in any control área.    

3.1.  Design of HÐ Loopshaping Control ler 

The design of load frequency controller in a deregulated environment should be such as to 

accommodate different kinds of transactions possible.  Thus practically, we can see  that a 

conventional controller may not be able to handle the risks associated with the large volume of 

transactions taking place.  This is because a fixed controller design is done based on the plant 
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model corresponding to a particular load-demand combination.  Hence we  see the necessity of a 

robust controller which would take care of the uncertainties in the plant model considering the 

nature of bilateral transactions.   

Objectives of robust controller synthesis include ensuring the stability of systems in the face of 

uncertainties in the system referred to as robust stability.  In the control design for uncertain 

systems, it is necessary to know the level of performance once stability is ensured.  This is called 

as robust performance.  The term óloop-shapingô refers to adjustment of frequency response of 

whole system within certain bounds so as to ensure sufficient robust performance and robust 

stability [19].   

Consider Gi(s) as a linear time invariant model for a given control area i 

   =   +  +                (9.1) 

 +    (9.2) 

                       (9.3)     

Where Xi is the state variable vector, wi is the disturbance vector, zi is the controlled output vector 

and yi is the measured output vector performed by ACE signal.  The HÐ controller for the linear 

time invariant system Gi(s) with the state space realization given in (9.1-9.3) is to find a matrix K, 

given by u = Kyi, such that the resulting closed loop system is internally stable and the HÐ norm 

from w to z is smaller than ɔ, a specified positive number, ie., 

Ð̓ ɔ                                                                                                                                     (10) 

Solution to obtain H infinity controller through Riccati equations are found in Zhou et. al [19].  

These methods suggest weights to be suitably inserted along with the plant model to get a 

predefined performance.  Fig. 2 shows the generalized closed loop model of a plant P(s) with 

controller K(s), the weights We, Wp are used to specify the closed loop transfer function; Wu 

indicates the restriction on u, Wi, Wo, Wn are used to model disturbances and noise; Wr models 

the reference. 
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Fig. 2. Framework of Conventional HÐ Controller Design 

Above method is cumbersome because the weights have to be adjusted by a trial and error 

process.   

HÐ norm is defined as the supremum of the largest singular value over all frequencies. For a 

stable matrix transfer function G(s), the HÐ norm of G(s) can be regarded as the largest possible 

amplification factor of the systemôs steady state response to sinusoidal excitations.  It also 

appears as the peak value on the Bode magnitude plot of  Graphically, the infinite norm 

of a transfer function is obtained as the peak value of a Bode singular value plot.  In loop-shaping 

method of HÐ controller synthesis [17], closed-loop objectives are specified in terms of 

requirements on open-loop singular values.  This method is different from conventional HÐ 

design in that robust stabilization is done without frequency weighting. Also, loop-shaping is 

done here without explicitly considering nominal plant phase information. Desired closed-loop 

performance is achieved by selecting a controller which provides sufficiently high open-loop gain 

at low frequency (where modelling error is low) and robust stability is ensured by having a 

controller which provides sufficiently low open-loop gain at high frequency (where modelling 

error is high).  

 

For a given plant G and controller K, the closed-loop performance objectives are given by 

termed Sensitivity, óSô which is the gain from output disturbance to controller 

input, or the gain from reference signal to tracking error.  

B. which is the transfer function from input disturbance to plant output.  The 

reciprocal of this term indicates the maximum permissible additive controller perturbation for 

closed-loop stability.  
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which is the transfer function from output disturbance to controller output.  

The reciprocal of this term represents the maximum allowable additive plant perturbation for 

closed-loop stability. 

D. termed óComplementary Sensitivity, Tô which is the transfer function from 

controller input disturbance to plant output and also the same as transfer function from control 

input to output.  The reciprocal of this term represents the maximum permissible multiplicative 

plant perturbation for closed-loop stability.  A. and B. are closed-loop performance objectives and 

are particularly significant at low frequency while C. and D. are robust stability objectives which 

are required to be small at high frequency.  According to the mentioned properties, open loop 

singular value shaping is done.  This can be illustrated as in fig. 3.  Here a target loop-shape is 

selected (thick line in fig. 3) based on the following criteria. 

1.  For stability robustness, the target loop-shape 

should have low gain at high frequencies 

2. For performance, the desired loop-shape should 

have high loop-gain at low frequencies to ensure good control accuracy and disturbance 

attenuation. 

3. Desired loop-gain should have its 0 dB crossover 

frequency, ɤc, between the above two frequency ranges and below ɤc, it should roll-off 

with a negative slope between -20 dB/decade and -40 dB/decade which helps to keep 

phase lag to less than -1800 inside control loop bandwidth (0<ɤ<ɤc) 

4. The 0 dB crossover frequency should be more than 

the magnitude of any right half plane poles of the plant and less than the magnitude of any 

right half plane zeroes of the plant. 

Unstructured uncertainty in the plant is represented using coprime factor perturbations. 

If the nominal plant is given by  

                                                                                                                                (11) 

then a perturbed plant is written as 

(12) 

where  is a left coprime factorization of G and  

are stable, unknown transfer functions representing uncertainty and satisfying 

< > 0.   
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The design objective is then to design a feedback controller K which stabilizes all such   for a 

given  The same can be expressed in terms of HÐ  norm optimization.ie., to find a stabilizing 

controller K which satisfies   

 

                                                                                              (13) 

It is seen from [17] that the maximum value of    is given by max 

 

                                                                                                                (14) 

Where, the suffix H for the above norm indicates Hankel norm and max is called the maximum 

stability margin.  A stabilizing controller which achieves  = max is called an optimal controller 

and a controller which achieves < max is called suboptimal controller. 

The loop-shaping design procedure is listed below: 

1. Choose a desired loop-shape whose transfer function is given by Gd whose performance 

bound and robustness bound are as in fig. 3. 

 
 

Fig. 3.  Desired loop-shape in Loop-shaping 

2. Conversion of Gd to the form in which the singular 

values of the nominal plant are shaped to give the desired open-loop shape.  The shaped 

plant can be expressed as Gd=W2GW1, where W1 is a pre-compensator and W2 is a post-

compensator.  Here W1 could be assumed unity for simplification.  Methods for achieving 

the same are given in [16] and [18]. 
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3. Calculate max using 

                                                         (15) 

  where s and s   define the normalized coprime factors of Gd  

 If max << 1, return to 1 and adjust W1 and W2.  Select max and synthesise controller which 

satisfies 

                                                                                  (16) 

The final feedback controller is constructed by combining HÐ controller KÐ with the shaping 

functions W1 and W2 such that K = W1 W2.  

The value of  directly determines the frequency range over which loop-shaping is valid.  So a 

small   indicates that the achieved loopshape differs from the specified loopshape by only a 

limited amount.  It can be shown [17] that for any max, there will be a minimum 

deterioration in the desired loop-shape at frequencies of high or low loop-gain. 

For the two-area deregulated power system having two GENCOs and two DISCOs in each area ( 

Fig. 1) in which the GENCOs are assumed to be non-reheat thermal type, whose parameters are  

mentioned in Appendix A, the above loop-shaping method was applied using the Robust Control 

Toolbox in Matlab [22].  The state space model of the two area deregulated power system is 

given in Appendix B.  The target loop-shape was selected as Gd=1/s for both the areas and 

controller design was done.  

4. Simulation results 
Area 1 

Fig. 4 shows the singular value plot of Area 1 with controller.  It shows that the loop-gain enables 

good performance as far as reference tracking and disturbance rejection are concerned. In the 

lower half of fig. 4, the singular value plot of open-loop gain is approximately the same as 

reciprocal of singular value plot of sensitivity function and in the lower half (below 0 dB line) the 

singular value plot of complementary sensitivity function matches that of the open-loop gain with 

controller.  This is expected because sensitivity function becomes approximately equal to the 

inverse of open-loop gain with controller for values of maximum singular value of open-loop 

gain with controller >> 1.  Also, if minimum singular value of open-loop gain with controller is 

<< 1, the complementary sensitivity function approximately equals the open-loop gain with 
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controller.  The controller transfer function designed for Area 1 is given in (17).  Fig. 5 shows the 

open loop and closed loop step responses of  area 1.  The controller transfer function for Area 1 is 

given below. 

8.002e08 s^9 + 9.856e12 s^8 + 4.056e16 s^7 + 5.614e19 s^6 + 1.58e21 s^5 + 1.456e22 s^4 + 

5.618e22 s^3 + 1.605e23 s^2 + 2.693e23 s + 1.098e23   /  (s^10 + 2.459e04 s^9 + 2.521e08 s^8 + 

1.378e12 s^7 + 4.244e15 s^6 + 6.984e18 s^5 + 4.828e21 s^4 + 6.725e22 s^3 + 1.852e23 s^2 + 

1.099e23 s  )                                                                                                                               

(17)  

Fig. 4.  Singular value plot of Area 1 with controller 

 

 

Fig. 5.  Step response of Area 1 

The value of  for this controller was 1.4149.  This shows the accuracy factor within which the 

designed controller has approached the desired loop gain. 

Area 2 

Fig. 6 shows the singular value plot of Area 2 with controller.  It shows that the loop-gain is 

sufficient to give good performance as far as reference tracking and disturbance rejections are 
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concerned. It shows that the performance is good for low frequencies (indicated by inverse 

Singular Value Plot of sensitivity function) and offers good robustness at high frequencies as is 

indicated by the singular value plot of complementary sensitivity function.  The controller 

transfer function designed for Area 2 is given in (18). Fig. 7 shows the open loop and closed loop 

step responses of Area 2. The controller transfer function for Area 2 is given below. 

 

1.061e09 s^9 + 1.307e13 s^8 + 5.379e16 s^7 + 7.451e19 s^6 + 2.2e21 s^5 + 2.118e22 s^4 + 

8.009e22 s^3  + 2.016e23 s^2 + 3.137e23 s + 1.331e23 /(s^10 + 2.459e04 s^9 + 2.521e08 s^8 + 

1.379e12 s^7 + 4.246e15 s^6 + 6.991e18 s^5 + 4.838e21 s^4 + 7.475e22 s^3 + 2.125e23 s^2 + 

1.333e23 s)                                                                                                                                  (18) 

 

Fig. 6:  Singular value plot of Area 2 with controller 

 

Fig. 7 Step response of Area 2 

The value of  for this controller was 1.414.  This shows the accuracy factor within which the 

loop-gain using the designed controller has approached the desired loop gain.  The tracking 
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performance of the system was observed using unit step command and the response showed good 

performance. 

Dynamic performance of the system : 3 contract cases 

The loop shaping controllers designed for the two areas were applied for LFC in a deregulated 

power system shown in fig. 1.  The system parameters are given in Appendix A.  The GENCOs 

are assumed to be of non-reheat thermal type. The three contract cases of operation in a 

deregulated power system were analyzed for the nominal plant and compared with the cases of 

uncertain plants which have +/-50% uncertainty for the significantly varying parameters like Kp1, 

Kp2, Tp1, Tp2, B1, B2 and  T12.  The DPM used in the simulations for the three contract cases of 

operation is given in Appendix C.  óAô corresponds to uncertainty of +50%, óBô corresponds to 

nominal plant performance and óCô corresponds to uncertainty of -50% in all the simulation 

results.  AGC is considered to have a time range from seconds to a few minutes, hence a time 

scale of 30 s is used for simulation. 

Case 1- Unilateral contract (Poolco type) 

In this type, DISCOs in an area have contract of power with GENCOs of the same area only.  The 

computed values of steady state value of deviation in power generation of GENCO 1 and 

GENCO 2 are 0.1 pu MW each while that of GENCO 3 and GENCO 4 are zero as per (3).  The 

corresponding frequency deviation for the two areas is shown in Fig. 8 and deviation in power 

generation of GENCO 1 and GENCO 2 are given in fig. 9 and that of GENCO 3 and GENCO 4 

are given in fig. 10.   

 

Fig. 8.  Frequency deviation corresponding to   Unilateral contract (a) Area 1 (b) Area 2;[ Case A 

: Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 
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 Fig. 9.  Deviation in power generation corresponding to Unilateral contract (a) GENCO 1 

(b) GENCO 2;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

  

Fig. 10.  Deviation in power generation corresponding to Unilateral contract (a) GENCO 3 (b) 

GENCO 4;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

Case 2 ï Bilateral contract 

In this type of contract, a DISCO makes contract for power with GENCOs in any control area.  

Referring to the DPM mentioned in Appendix C, the steady state values of deviation in power 

generation of GENCO 1 is 0.105 pu MW, that of GENCO 2 is 0.045 pu MW, GENCO 3 is 0.195 

pu MW and of GENCO 4 is 0.055 pu MW.  The corresponding frequency deviation for the two 

areas is shown in Fig. 11 and deviation in power generation of GENCO 1 and GENCO 2 are 

given in Fig. 12 and that of GENCO 3 and GENCO 4 are given in Fig. 13.   
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 Fig. 11.  Frequency deviation corresponding to bilateral contract (a) Area 1 (b) Area 2;[ 

Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

 

 

Fig. 12.  Deviation in power generation corresponding to bilateral contract (a) GENCO 1 (b) 

GENCO 2;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

 

 

Fig. 13.  Deviation in power generation corresponding to bilateral contract (a) GENCO 3 (b) 

GENCO 4;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

 

Case 3 ï Contract violation 
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In certain situations, a DISCO may violate a contract by demanding excess power. This 

uncontracted power must be supplied by the GENCOs belonging to the same area where there is 

excess demand.  In the simulation corresponding to contract violation, an excess of 0.1 pu MW is 

assumed occurring in the first area.  Thus the computed steady state values of deviation in power 

generation of GENCO 1 becomes 0.18 pu MW, that of GENCO 2 is 0.07 pu MW, while that of G  

ENCOs 3 and 4 remain the same as in Case 2. The corresponding frequency deviation for the two 

areas is shown in fig. 14 and deviation in power generation of GENCO 1 and GENCO 2 are 

given in fig. 15 and that of GENCO 3 and GENCO 4 are given in fig. 16.   

 The change in tie-line power error corresponding to the three contract cases is given in fig. 17.  

 

Fig. 14.  Frequency deviation corresponding to contract violation (a) Area 1 (b) Area 2;[ Case A : 

Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

 

 

Fig. 15.  Deviation in power generation corresponding to contract violation (a) GENCO 1 (b) 

GENCO 2;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 
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Fig. 16.  Deviation in power generation corresponding to contract violation (a) GENCO 3 (b) 

GENCO 4;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -50%] 

 

Fig. 17.  Deviation in tie-line power error corresponding to (a) Unilateral (b) Bilateral (c) 

Contract violation;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertainty -

50%] 

 

System behaviour towards cost functions 

To compare the performance of the simulation results obtained, three performance indices of 

IAE (Integral Absolute Error), ISE (Integral Square Error) and ITAE (Integral Time Absolute 

Error) of the two control areas were computed for the three contract cases of unilateral, 

bilateral and contract violation cases.  Here the error used is óArea Control Error (ACE)ô of 

the two areas and the observations are tabulated in Table 1.  The DPM used for the three 

contract cases is given in Appendix C. 

IAE =                                                                                                                     (19) 

ISE =                                                                                                                   (20) 

ITAE =                                                                                                           (21) 


