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Abstract

Load frequency contrdbrms an essential component éfutomatic Generation Controlwhich helps to
maintain the power system frequency constant while maintaining thindiepower flow with
neighbouringareas at scheduled valuis an interconnected power systenWith deregulation, the
structure of electric power industry is changed thoroughly with multiple bilateral transactions taking place
in a competitive market environment. In the changed seerthe conventional corollers are no more
capable of satisfying theontrol requirements. Hencebust controllers are suggested for load frequency
controlwhich can handle the uncertainties that are rampant in the system. In this paper, agtbost H
shaping controller is used as load frequency controller for a two area 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 sgsbehaviour towards different cost functions is also investigated to

demonstratéhe robustness of the controller.
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1. Introduction

The frequency of an electric pewsystem is a significant indicator of the health of the system
since it symbolizes the loagkeneration balance. Load Frequency Control (LFC) forms an
essential component of Automatic Generation Control (AGC) in power systems [1]. The

functions of LFC m an interconnected power system include maintaining power system
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frequency at nominal value and also maintainingitie power flow with neighbouring control

areas as per scheduled values. With restructuring taking place globally in power indusséry, focu
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 smeiccomprises 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 structuréy@Es 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 (ISCseveral 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
deregulationare 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/Hb 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 sysnh 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 controlle

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 acertamty 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 fame 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 ofnetweat thermal generators [21]. The method

of design is that of H 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 Hnfinity controller design based on loghaping for the system, Sination
Results, Discussions and conclusions are given in Sections 2, 3, 4 and 5 respectively.

2. Modelling of a two area Deregulated Power System

Modelof a two area deregulated power systemmalesuch that all possible transactions
in the electric powemarketare taken into accounthe transactions include unilateral, bilateral
and a combination of theg2]. Unilateral orPoolco type transactions are used to sigtiifg
situation where LFC of a control area is done by GENCOs within the same @etolBilateral
transactions signify the power contracts made by DISCOs with GENCOs in any control area.
Contract violation is aermidentified withthe situation whre a demand is made by a DIS@O
excess of the contraat value This situation is take careof by GENCOs in the area in which
excess demand occurs [4The modelling is done as per the guidelines giveDonde et al [4].
The contracts are represented using a matri X
which thenumber of rowss equal to the number of GENCOs and thenber of columns is
equal to the number of DI SCOs. cplf, 15 balled hse me n |
contract participation factor and its value is computed as the fraction of the totabldeatcted
by thel™ DISCOwith thek” GENCO. The sum of all elements in a column of the DPM is unity.
For a two area systemith two GENCOs (GENCO 1 and GENCO 2) and two DISCOs (DISCO
1 and DI SCO 2) in O0Area 16 and t wovo@ERNEOs (
(DI'sSCO 3 and DI SCO 4) in 6Area 26, the struc

Cpfn Cpflz Cpﬂa Cpfm
Cple Cpfzz Cpfza Cpfm

1
cpfz1  oPfzz ol Pfas @
Cpﬁu Cpﬁu Cpﬁm C-"Pf44
where
TN epf=1;forl=1,2,...N (2)

Where AN g & the otal number of GENCOs andNq6 the total number of DISCOsThe
schematic block diagram for load frequency control of such a power system is diigeh.ilThe
generation of each GENCO must track the contracted demands of DISCOs in steady state. The
expression for contracted power df IGENCO with DISCOs is given by

AP, . = X% epf AP, fork=1,2,...Ng (3)
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Where AP __, is the contracted power of'"GENCO andAP,, is the total load demand ¢f

DISCO. The scheduled steady state power flow on tHen&ds expressed as the difference of
total power exported from GENCOs in control area 1 to DISCOs in coateal 2 and total

power imported by DISCOs in control area 1 from GENCOs in controlzarea
APtiey; cheduted — Yic1 23 pfu AP, — %=3 Zi=1Pfi AP, (4)
APtie, — APtiey; . pegutea (5)

At steady state, titne power error,APtie,,

LETTOT = ﬁpn’eii,ﬂcrual

vanishes as the actual -tire power flow

ST

reaches the scheduled power flowhisT error signal is used to generate thspective Area

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

}1(_,'51 = Blﬂ"fl + &Ptielz,srrﬂr (6)
ACE, = ByAf; + a,APtie ;.o (7)
wherea,, = — ;:1 where B, P2 are the rated area capacities of area 1 and area 2 respectively.

The total load of the " control areaAP,, is expressed as the sum of tbentracted and
uncontracted load demand of the DISCOs of thedatrol area.

AP, = fgi APy, + APy, (8)

where AP, , is the contracted load demaraf the K" DISCO and APy, , represents the
uncontracted load demands of DISCOs'irakea.
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Fig. 1. Schematic block diagram of a deregulated power system

3. Load frequency control in deregulated environment

The deregulatedoower system opates in a free market environmenit is the DISCOs who

make contract for power with the GENCOs. There are several market structures in deregulated
power systemthroughout 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 area. Bilateral transactions are the transaeioeei DISCOs and

GENCOs in any control area.

3.1. Design oHp LoopshapingController

The design of load frequency controller in a deregulated environment should be such as to
accommodate different kinds of transactionssibs. Thuspractically, we can see that a
conventional controller may not be able to handle the risks associated with the large @blume

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 ledeimamn combination. Hence weee the necessity of a
robust controller which would take care of the uncertainties in the plant model considering the

nature of bilateral transactions.

Objectives ofrobustcontroller synthesis include ensuring the stabilitysggtems 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 teénl eschpapi ngdé refers to adjust me
whole system within certain bounds so as to ensure sufficient robust performance and robust
stability [19].

Consider @&s) as a linear time invariant model for a given control area i

X, = AX;+Byw, +Byu, (9.1)
z; = CyX; + Dyyu, (9.2)
¥ = Ok, (9:3)

Where X is the state variable vector; & the disturbance vector,ig the controlled outputector
and y is the measured output vector perfodi®y ACE signal. The bicontroller for the linear
time invariant system (&) with the state space realization given in{®.3) is to find a matrix K,
given by u = Ky, such that the resulting closed loop system is internally stable and theri

fromwtozissmallertham, a speci fied positive number, i
IT..llb" 2 (10)

Solution to obtain H infinity controller through Riccati equasaare found in Zhoet al [19].

These methods suggest weights to be suitably inserted along with the plant model to get a
predefined performanceFig. 2 shows the generalized closed loop model of a plant P(s) with
controller K(s), the weights W W, are used to specify the closed loop transfer function; W
indicates the restriction on u, iYW\, Wi are usedo model disturbances and nqi$®: models

the reference.
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Fig. 2. Framework of ConventionabHController Design

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

Hp norm is defined as the supremum of the largest singular value over all frequéncies.

stable matrix transfer function G(s), thie norm of G(s) can be regarded as the largest possible
amplification factor of the systemds steady
appears as the peak value on the Bode magnitude (! j@)|. Graphically, the infinite norm

of a ransfer function is obtained as the peak value of a Bode singular valuénplobp-shaping

method of h controller synthesis [f], closedloop objectives are specified in terms of
requirements on opdoop singular values. This method is different from conventionakH
design in that robust stabilization is done without frequency weighting. Alsossluamg is

done here without explicitly considering nominal plant phase informailesired closedoop
performance is achieved by selecting a controller which provides sufficiently hégHamp gain

at low frequency(where modelling error is lowand robug stability is ensured by having a
controller which provides sufficiently low opdoop gain athigh frequency Wwhere modelling

error is high).

For a given plant G and controller K, the closedp performance objectives are given by

A. o(I+ GK) ' termedSensitivity, 86 whi ch is the gain from ou
input, or the gain from reference signal to tracking error.

B. ((I + GK)~*), which is the transfer function from input disturbance to plant output. The
reciprocal of this term indi¢es the maximum permissible additive controller perturbation for

closedloop stability.
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C. a(K(I + GK)~Y)which is the transfer function from output disturbance to controller output.
The reciprocal of this term represents the maximum allowable additive geattrbation for
closedloop stability.
D.g(GK(I+GK)™ )t er med O6Compl ementary Sensitivity,
controller input disturbance to plant output and also the same as transfer function from control
input to output. The recipeal of this term represents the maximum permissible multiplicative
plant perturbation for closeldop stability. A. and Bare closedoop performance objectives and
are particularly significant at low frequency while C. and D. are robust stabilitytiegevhich
are required to be small at high frequency. According to the mentioned properties, open loop
singular value shaping is done. This can be illustrated &g.i8. Here a targetdop-shape is
selected (thickine infig. 3) based on the foNang criteria.
1. For stability robustness, the target lesippe
should have low gain at high frequencies
2. For performance, the desired lespape should
have high loogyain at low frequencies to ensure good control accuracy and disturbance
attenuation
3. Desred loopgain should have its 0 dB crossover
frequency,¥e, bet ween the above t wo itfsmoeldjralefihcy r
with a negative slope betweeB0 dB/decade ane40 dB/decade which helps to keep
phase lag to less thah8(®insidecontrb | oop bandwi dt h (0<¥y<<¥
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 represgnigng coprime factor perturbations.
If the nominal plant is given by
G=M1N (11)
then a perturbed plant is written as
Gy = (3 + ﬁ;w)_ltﬁ‘?"'ﬁﬁ) (12)
whereM, N is a left coprime factorization of G and

A, A, are stable, unknown transfer functions representing uncertainty and satisfying

| (Ap b )l < E>0.
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The design objective is then to design a feedbaokraiter K which stabilizes all suc, for a
given €. The same can be expressed in terms @fndrm optimization.ie., to find a stabilizing

controller K which satisfies

(1 + 6K)(#1)

Y | (13)
K(I + GK)™*(M)

= =)

It is seen from [17] that the maximum value=ofis given by Emax

— 1 - (A " (14

Where the suffix H for the above norm indicates Hankel norm agpgkis called the maximum

stability margin. A stabilizing controller which achieviess Emaxis called an optimal controller
and a cotroller which achieveis <emaxis called suboptimal controller.
The loopshaping design procedure is listed below:

1. Choose a desired loghape whose transfer function is given hyv@hose performance

bound and robustness bound asanfig. 3.

4

|L(iw)|

Performance bound

Robustness bound

odB

Wy

e

Fig. 3. Desired loojshape in Loogshaping

2. Conversion of @to the form in which the singular
values of the nominal plant are shaped to give the desiredlopershape. The shaped
plant can be expressed ag=®/>.GW1, where W is a precompensator and Ys a post
compensator. Here Would be assumed unity for simplificatioMethodsfor achieving

the samare given in [6] and [18.
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3. Calculateemaxusing

— inf
max — K stabilizing

I —175-1
|| @ + 6.0 ”m (15)
whereifs andNs define the normalized coprime factors of G

If Emax<< 1, return to 1 and adjustMdnd Ws. Selecte =emaxand synthesise controller which

satisfies

< elay (16)

==

I —
H [KJ (I+ 6,K.) il

The final feedback controller is constructed by combiningddntroller Ko with the shaping
functionsWiand Wssuch that K = Wk_W->.

The value ofy directly determines the frequency range over which{&logping is valid. So a
small ¥ indicates that the achieved loopshape differs from the specified loopshape by only a
limited amount. It can be shown 7lthat for any € < &myx there will be a minimum

deterioration in the desired loghape at frequencies of high or low leggin.

For the twearea deregulated power system having two GENCOs and two DISCOs in eath area
Fig. 1) in which the GENCOs are assumed to benebeatthermal typewhose parameters are
mentioned in Appendix A, the above lespaping method was applied using the Robust Control
Toolbox in Matlab [2]. The state space model of the two area deregulated power system is
given in Appendix B. The target loogshape was selected as=G/s for both the areas and

controller design was done.

4. Simulation results
Area l
Fig. 4 shows the singular value plot Area 1 with controller. It shows that the legpinenables

good performance as far as reference trackind disturbanceejection areconcerned. In the

lower half of fig. 4, thesingular value ot of openloop gain is approximately the same as
reciprocal ofsingular valuglot of sensitivity function and in the lower half (below 0 dB line) the
singular véue dot of complementary sensitivity function matches that of the -¢épem gain with
controller. This is expected because sensitivity function becomes approximately equal to the
inverse of opetloop gain with controllefor values of maximum singular ke of operloop
gainwith controller>> 1. Also, if minimum singular value of opémop gain with controllers

<< 1, the complementary sensitivity function approximately equals the-loppngain with
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controller. The controller transfer function desdrfor Area 1 is given in . Fig.5 shows the

open loop and closed logpep responseof 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 )

30 : Singular values : Area 1l

=—==1/x(8) performance
#*  #*0(T) robustness —
o(L) open loop

— — - o(Gd) target loop shape
"""""" o(Gd) + GAM(dB)

-10

-20

Singular Values (dB)

-30

-40

(17) Frequency (rad/s)

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

Step response : Area 1
T \ T u !
----closed loop
——open loop

Amplitude

Time(seconds)

Fig. 5. Step response of Area 1

The value ofy for this controller was 1.4149. This shows the accuracy factbinvvhich 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 thegaiops

sufficientto give good performance as far as reference tracking and distunte@ctors are
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concerned. It shows that the performance is good for low frequencies (indicated by inverse
Singular ValuePlot of sensitivity function) and offers good robustness at high frequencies as is
indicated by the singular value plot of complementaensitivity function. The controller
transfer function designed for Area 2 is givenlB)( Fig. 7 shows theopen loop and closed loop

step respons®f Area2. The controller transfer function for Area 2 is given below.

1.061€09 s"9 + 1.307e13 s"854379e16 s'7 + 7.451e19 s"6 + 2.2e21 s"5 + 2.118e22 s +
8.009e22 s"3 + 2.016e23 s"2 + 3.137€23 s + 1.331e23 /(s"10 + 2.459e04 s + 2.521e08 s"8 +
1.379e12 s'7 + 4.246€15 s76 + 6.991e18 S5 + 4.838e21 s™M + 7.475e22 "3 + 2.125e23 "2 +
1.333e23 s) (19)

Singular Values: Area 2
30 T T

=—==1/c(S) performance
|*  *¢(T) robustness -
o(L) open loop

| == —o(Gd) target loop shape|
"""""" o(Gd) + GAM(dB)

20 K

10 +
o ——
Of- % % % % % * % # % % i e e
* ¥ * v*..‘*’ e,
-10

-20 -

Singular Values (dB)

-30 -

40

750 1 1
10" 10° 10! 102
Frequency (rad/s)

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

Step response :Area 2

T T T T -
---closed loop

\\_7‘ ’’’’ == |—openloop ||

Amplitude

| | | | | | | |
2 3 4 5 6 7 8 9 10

Time (seconds)

Fig. 7 Step response of Area 2

The value o for thiscontroller was 1.44. 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 ifig. 1. The system parameters are given in AppendixThe GENCOs

are asumed to be of nereheat 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-%0% uncertainty for the significantly varying pareters like Kz,

Kp2, Tp1, Tp2, B1, B2and Ti2 The DPM used in the simulations for the three contract cases of
operation is given in Appendi€. 6 A6 corresponds to uncertaint
nominal pl ant per f or mauncergaintyaafi-®% & Gld thecsonulatiens p o n
results. AGC is considered to have a time range from seconds to a few minutes, hence a time

scale of 3G is used for simulation.
Case 1 Unilateral contract (Poolco type)

In this type, DISCOs in an area have traat 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 dation for the two areas is shown in F&jand deviation in power
generation of GENCO 1 and GENCO 2 are givefign9 and that of GENCO 3 and GENCO 4

are given irfig. 10.

Frequency deviation : Area 1 (Unilateral case) Frequency deviation : Area 2 ( Unilateral )

0.2

0.1

01-g0 c

df in pu Hz
dfin pu Hz

03 \ | 01 s | ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time in sec Time in sec

Fig. 8. Frequency deviation corresponding to Unilateral contract (a) Afl@eArea 2[ Case A
. Uncertainty +50%; Case B : Nominal Plant; Case C : Uncerteb086]
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Change in generated power of GENCO 1 ( Unilateral )

Change in power generation of GENCO 2 (Unilateral case)
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Fig. 9. Deviation in power generation corresponding to Unilateral contra@ER)CO1
(b) GENCOZ2;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Cas&ertainty-50%]

003 Change in generated power of GENCO 3 (Unilateral)

Change in generated power of GENCO 4 (Unilateral case)

S 0.03 Y
I —8B I —B
002 ............ C 002 ............ C
2 001+
2 : § 0.01
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% 001~ % 0,01+
-0.02F -002¢
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Time in sec Time in sec

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 : Uncerta0t

Case 2 Bilateral contract

In this type of contracta DISCO makes contract for power with GENCOs in any control area.
Referring to the DPM mentioned in Appendlx 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 ard of GENCO 4 i9.055 pu MW. The corresponding frequency deviation for the two
areas is shown in Fid.1l and deviation in power generation of GENCO 1 and GENCO 2 are
given in Fig. 2 and that of GENCO 3 and GENCO 4 are given in F&. 1
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0.2

df in pu Hz

Frequency deviation : Area 1 ( Bilateral case )
T

Frequency Deviation : Area 2 ( Bilateral case)
T ¥ T

df in pu Hz

0 5 10 15 20 25 30 10 15 20 3 30
Time in sec Time in sec
Fig. 11 Frequency deviation correspondinghitateral contract (a) Area 1 (b) Ared 2
Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncerta0]
0.2 Change in power generation of GENCO 1 (Bilateral case) Change in power generation of GENCO 2 ( Bilateral case )
. —— )
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Fig. 12. Deviation in power generation correspondingitateral contract (a) GENCO 1 (b)
GENCOZ2;[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertaii

Change in generated power of GENCO 3 ( Bilateral case )

Change in generated power of GENCO 4 ( Bilateral case )
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2015}
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Fig. 13. Deviation in power generation correspondingitateral contract (a) GENCO 3 (b)
GENCO 4[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : UnugrtaD%]

Case 3 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 cep@nding 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 ad 4 remain the same as in Casd@l2e corresponding frequency deviation for the two
areas is shown ifig. 14 and deviation in power generation of GENCO 1 and GENCO 2 are
given infig. 15 and that of GENCO 3 and GENCO 4 are givefign 16.

The changén tie-line power error corresponding to the three contract cases is gifign 17.

Frequency deviation : Area 1 ( Contract violation ) Frequency deviation : Area 2 ( Contract violation case )
: ¢ - -

— 0.15
---A n --=-A
0.1 ¥ —sB — B
........... C verann
ol C
N
T N
5-0.1 T
a a
£.02 £
= =
el i=l
-0.3 IJ
04}
0.5 : ' ’ : ' y ‘
5 10 15 20 25 30 10 15 20 25 30
Time in sec Time in sec

Fig. 14. Frequency deviation corresponding to contract violation (a) Area 1 (b) Ar€ase A :
Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertehdgg

Change in generated power of GENCO 1 (Contract violation case ) Change in generated power of GENCO 2 ( Contract violation case )
T T T T

0.2

--=-A
--=-A
0.25r B
........... c ‘ 5
oolfb el e
= Foe 2
S 015 W -
[=% (=%
£ 01 =
o o
® 005 ©
0
0.05 : - . ! -0.05 ! ! .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time in sec Time in sec

Fig. 15. Deviation in power generation correspondingdntractviolation (a) GENCO 1 (b)
GENCO 2| Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncertaitgj
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Fig. 16. Deviation in power generation corresponding to contriatation (a) GENCO 3 (b)
GENCO 4[ Case A : Uncertainty +50%; Case B : Nominal Plant; Case C : Uncerta0t]

Fig. 17. Deviation in tieline power error corresponding to (a) Unilateral (b) Bilateral (c)
Contract violatior] Case A : Uncertainty +50%;aSe B : Nominal Plant; Case C : Uncertainty
50%]

System behaviour towards cost functions

To compare the performance of the simulation results obtaineg, performance indices of

IAE (IntegralAbsolute Erro), ISE (Integral Square Error) and ITAEfegral Time Absolute

Error) of the two control areas were computed for the three contract cases of unilateral,
bilateral and coméact violation cases. Hereteer r or used is OArea Cor
the two areas and the observations are tabulatecdbie L. The DPM used for the three

contract cases is given in Appendix

IAE = (19
ISE = (20)
ITAE = (21)
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