Design of Decentralized Neuron Based LFC in a Deregulated Power System
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Abstract: - This paper presents a new decentralized Artificial Neural Network (ANN) controller based on the mixed
H>/H,, control technique for Load Frequency Control (LFC) in a deregulated power system. To achieve decentralization,
the effects of possible contracted scenarios and interfaces between control areas are treated as a set of new input disturba-
nce signals. In order to account modeling uncertainties, cover practical constraints on control action and minimize the effe-
cts of area load disturbances, the idea of mixed H,/H., control technique is being used for training ANN based controller.
This newly developed design strategy combines advantage of the ANN and mixed H,/H.,, control techniques for improve-
ing robust performance and leads to a flexible controller with simple structure, which can be useful in real world complex
power systems. The proposed method is tested on a two-area power system to demonstrate its robust performance with
possible contracted scenarios under large load demands and modeling uncertainties. The results of proposed controller are

compared with mixed H»/H,, and PI controllers in the presence of Generation Rate Constraints (GRC).

Key-Words: LFC, Decentralized Control, Deregulated Power System, ANN, Mixed H,/H., control, Robust Control.

1 Introduction

In the restructured power system, Load Frequency Con-
trol (LFC) will serve as ancillary service and acquires a
principal role to enable power exchanges and to provide
better condition for electricity trading [1]. In an open
energy market a DISCO has the freedom to have a contr-
act with any GENCO for power transaction in its area or
other areas. Currently, all transactions have to be cleared
through Independent System Operator (ISO) or other
responsible organizations.

In a real world deregulated power system, each control
area contains different kinds of uncertainties and various
disturbances due to increasing the complexity, system mo-
deling errors and changing power system structure. As a
result, a fixed controller based on classical theory is certa-
inly not suitable for LFC problem. Thus, it is required that
a flexible controller is developed. Recently, several optim-
al and robust control strategies have been developed for
LFC synthesis according to change of environment in po-
wer system operation under deregulation [2-6]. The pro-
posed methods show good dynamical response, but robus-
tness in the presence of modeling uncertainties and system
nonlinearities were not considered. Also, some authors
suggest complex state feedback or high order dynamical
controllers, which are not practical for industry practices.

In this paper, a new decentralized Artificial Neural Net-
work (ANN) controller is developed based on the mixed
H>/H,, control technique for LFC problem in an open ene-
rgy market. Following the idea presented in Ref. [7] a
generalized model for LFC scheme is developed based on
the possible contracted scenarios in deregulated environm-
ents. To achieve decentralization, the effects of possible

contracted scenarios and interface between areas is treated
as a set of new input disturbance signals in each control
area. LFC goals, i.e. frequency regulation and tracking the
load demands, maintaining the tie-line power interchanges
to specified values in the presence of model uncertainties
and Generation Rate Constraints (GRC) determines the
LFC synthesis as a multi-objective optimization problem.
Thus, first the LFC problem is formulated as a multi obje-
ctive optimization problem via a mixed H»/H,, control
technique and solved by linear Matrix Inequalities (LMI)
approach to obtain optimal controllers. Then, these contro-
llers are reconstructed by using learning capability of neu-
ral networks to obtain the desired level of robust perform-
ance in different operating conditions. The main feature of
ANN based controller is that it provides a non-model ba-
sed control system and do not require the accurate model
of the plant. The proposed strategy is tested on a two-area
power system for two scenarios in the presence of model
uncertainties and GRC under various load changes. The
results show that the proposed method guarantees the rob-
ust performance for various operating conditions and sup-
erior to the mixed H»/H,and conventional PI controllers.

2 Generalized LFC Scheme Model

The deregulated power system consists of three company-
ies, GENCOs, TRANCOs and DISCOs with an open
access policy. In this environment, GENCOs may or may
not participate in the LFC task and DISCOs have the lib-
erty to contract with any available GENCOs in their own
or other areas. This makes various combinations of possi-
ble contracted scenarios between DISCOs and GENCOs.



All the transactions have to be cleared by the ISO or the
other responsible organizations. Thus, it is desirable that a
new model for LFC scheme is developed in order to acc-
ount effects of possible contracts on dynamics. Here, we
introduce the concept of an ‘Augmented Generation Parti-
cipation Matrix’ (AGPM) to express these possible cont-
racts following the idea presented in Ref. [7]. The AGPM
shows the participation factor of a GENCO in the load
following contract with a DISCO. The rows and columns
of AGPM matrix is equal with the total number of
GENCOs and DISCOs in the overall power system,
respectively. Consider the number of GENCOs and DIS-
COs in area i be n; and m; in a large scale power system
with NV control area. The structure of AGPM is given by:
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Which in gpf; refer to ‘generation participation factor’
and shows the participation factor GENCO i in total load
following requirement of DISCO j based on the possible
contract. The sum of all entries in each column of AG-
PM is unity. The diagonal sub-matrices of AGPM corr-
espond to local demands and off-diagonal sub-matrices
correspond to demands of DISCOs in one area to GEN-
COs in another area. Fig. 1 shows the block diagram of
generalized LFC scheme for control area i in a restrict-
ured structure. The nomenclature used is given in App-
endix A. Dashed-dot lines show interfaces between areas
and the demand signals based on the possible contracts.
These new information signals were absent in the traditi-
onal LFC scheme. As there are many GENCOs in each
area, ACE signal has to be distributed among them acc-
ording to their ACE participation factor in the LFC task
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Fig. 1. Generalized LFC scheme for area i in the deregulated environment

From Fig.1, it can see that d;, {;, #; and p, as four input

disturbance channels are considered for decentralized
LFC design and defined as follows:
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AP, ;s is the desired total power generation of a
GENCO £ in area i and must track the demand of the
DISCOs in contract with it in the steady state. Due to
Fig.1, the state space model for area i can be obtained as:

X, =A;x; +B,u+B,w,' (9)

y;=C;x; +D, w,'

where,

T
x; =[x, XX "'xn,i]’ x, =8, APu‘e,[]

Xy =[AP,, AR, 1, k=1,...,n>u, =AP, , y, = ACE,

¢

W::[df n & p‘]rspi:[pﬁ“'pki“'pn,i]

P 7 IiT"’ Ko Ty o [(KniTa 0
" Ay Ay S ZT/’ 0 P 0 o)

j=1&ji

Ky /Ty 0
0 0
n;blocks

Ay, =[DP]...DP] ...DP}], 4,,, = diag(TG,,,...,TG,...,TG,,)

0 0 —1/T,, 1/Ty,
DF, = TG, =
-1 /(RkiTHki) 0 0 - I/THki

Bl =[0. Bjy.--Biy.By1 By =10 apfi/ Ty Y B, =By, Bly... B By]

B L= 7KI':/TI’r 0 olx(rr‘+l) ,B — le} 0 0 0 R b — 71/THA» j:k
0 -10 " N0y byby by [T 0 J#i

G =I[C, lezu,] ,C,=[8, 11,D,,=[0,, -1 leu,]

Ix(n+1)

3 Mixed H,/H,, Based LFC Formulation
In the real world LFC problem, we are simultaneously
following multi objectives such as stability, disturbance at-
tention and reference tracking under model uncertainties
and practical constraints. Meeting all LFC design object-
ives by single control approach due to increasing the
complexity and change of the power system structure is
difficult. Thus, the idea of mixed H,/H., control technique
is being used to solve of LFC problem, which gives a
powerful multi-objectives design addressed by the LMI
techniques [8]. Fig. 2 shows the main synthesis frame-
work for formulation LFC problem as a mixed H»yH.,
control design for a given control area (Fig. 1).
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Fig. 2. The proposed synthesis framework



In restructured power systems, each control area contains
different kinds of uncertainties because of plant parameter
variations, load changes and system modeling errors due
to some approximations in model linearization and un-
modeled dynamics. Usually, the uncertainties in power
system can be modeled as multiplicative and/or additive
uncertainties [9]. In Fig. 2 the Au; block models the stru-
ctured uncertainties as a multiplicative type and Wu; is the
associated weighting function.

The output channels z.;; and z,,;, are associated with H,,
performance. The first channel is used to meet robustness
against uncertainties and reduce their impacts on close
loop system performance. In the second channel (z.,;,) W
sets a limit on the allowed control signal to penalize fast
change and large overshoot in the control action signal
with regard to practical constraints. The output channel z;
is associated with the /1, performance and W), sets the per-
formance goal i.e. zero tracking error and minimizing the
effects of disturbances on the area control error (ACE)).
We can redraw the Fig. 2 as a mixed H»/H, general
framework synthesis as shown in Fig. 3, where P,(s) and
Ki(s) denote the nominal area model as given by Eq. (9)
and controller, respectively. Also, y; is the measured
output (performed by ACE)), u; is the control output and
w; includes the perturbed, disturbance and reference sign-
als in the control area.
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Fig. 3. The formulation of mixed H, /H.,, based control design problem
In Fig. 3, Py(s) is the augmented plant (AP) that includes
nominal model of control area i and associated weighting
functions. The state-space model of AP can be obtained
as:

Xypr = AupiXap; + By + By,
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Now, due to Fig. 3 the synthesis problem can be
expressed by the following optimization problem:
design a controller Kj(s) that minimize a trade off criteri-

on of the form:

VLG e @, &y, 20) (11)

Where T..(s) and T5(s) are the transfer functions from w;
to z.; and z. An efficient algorithm for solving this probl-
em is available in LMI control toolbox of MATLAB [10].

4 ANN Based Controller Design

Nowadays artificial neural networks with their mass-
ive parallelism and ability to learn any type of non-
linearity are widely used in different branches of sci-
ence and industry, especially in designing of the very
practical control problems [16]. Here, we address a
new ANN controller based on the mixed H,/H,, con-
trol technique for solution LFC problem. This new
hybrid structure is being used to take both the advan-
tages of neural networks and mixed H»/H,, control
technique. Fig. 4 shows the main framework formul-
ation of the ANN design problem for a given control
area.

The ANN controller architecture employed here is a
Multi Layer Perceptron (MLP) neural network,
which is a three layer perceptorn with two inputs, 5
neurons in the hidden layer and one output. This
architecture provides best performance and has chos-
en after a series of trial-error and modifications. The
ACE; and the rate of change of ACE; are chosen as
the ANN-based controller inputs. The controller out-
put is the control signal and applies to the governor
load set point in each area. The main advantages of
this controller are: providing a model free descrip-
tion of control system and not requiring an accurate
model of the plant. Thus, it is very suitable to control
of the deregulated power systems which their models
are unknown or have uncertainties.
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Fig. 4. The proposed ANN based LFC design problem
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For training the proposed controller, first the LFC
problem is formulated as a decentralized mixed
H,/H,, optimization control problem and designed in
different operation conditions. Then, the training and
test data are obtained with applying these controllers
to power system in the presence of GRC in different
operating conditions under possible contracts and va-
rious load changes. The back propagation algorithm
and root mean square (RMS) error criterion are being
used for training the proposed network and to evalu-
ate the learning performance. In summary, the desi-
gning steps of the ANN controllers are follows as:

Step I: Formulation LFC problem as a decentralized
mixed H,/H, optimization control problem
and designing mixed H,/H, controllers in
different operating conditions.

Step 2: Applying mixed H,/H., controllers to real po-
wer system for obtaining training and test



data in the presence of GRC in different
operating points.

Step 3: Training the neural networks by using BPP
algorithms due to Fig. 4 and testing it.

The design strategy includes enough flexibility to
set the desired robust performance and gives flexible
controller with simple structure. Due to its practical
merit, the proposed method is a decentralized LFC
scheme and requires only the ACE. Thus, its constru-
ction and implementation are fairly easy and can be
used in the real world power systems.

5 Case Study

A two control area power system, shown in Fig. 5 is
considered as a test system to illustrate effectiveness
of the proposed control strategy. It is assumed that
each control area includes two GENCOs and DIS-
COs. The power systems parameters are considered
the same as Ref. [6].

Fig. 5. Two area power system

Uncertainty weights selection: simulation results and
eigenvalue analysis show that the open loop system
performance is affected by changing in the K, 7,,;, B;
and Tj; more significantly than changes of other para-
meters. Thus, it is assumed that these parameters
have uncertain values in each area and variation ran-
ge is considered as +50%. These uncertainties are
modeled as an unstructured multiplicative uncertain-
nty (Wu;) block (Fig. 2) that contains all the infor-
mation available about the K,,;, T}, B; and T}; variat-
ions. Let p(5) denote the transfer function from the

control input u#; to control output y; at operating
points other than the nominal point. Following a
practice common in robust control, we will represent
this transfer function as:

|8t (5, () = (B (5) = P (5))/ P ()3 Py(s) %0 (12)

|Au, (), =sup|Au, (s)| <1

Au;(s) shows the uncertainty block corresponding to
the uncertain parameters and P,(s) is the nominal
transfer function model. Thus, W,(s) is such that its
respective magnitude Bode plot covers the Bode plot
of all possible plants. Using Eq. (12) some sample
uncertainties corresponding to different values of K,,;,
Ty, B; and T}; are shown in Fig. 6 for one area. Based
on this figure, the following multiplicative uncertain-
ty weight was chosen for control design:

_5.355* +36.325+2.87 (13)
5°+0.575+45.40
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Fig. 6. Uncertainty plot due to change of K,,;, T, B; and T; and W(s)
Using the same method the weighting function of
area 2 is obtained which is identical with area 1.

Performance weights selection: The selection of per-
formance weights W¢; and Wp; entails a trade off am-
ong different performance requirements, particularly
good area control error minimization versus peak
control action. The W; must be chosen close to a di-
fferentiator to penalize fast change and large oversh-
oots in the control input due to corresponding practi-
cal constraints and the Wp; must be chosen close to
an integrator at low frequency in order to get distur-
bance rejection and zero steady state error. Based on
the above discussion, a suitable set of performance
weighting functions for each two areas is chosen as:

_0.035+0.75 (14)
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Mixed Hy/H,, based control design: according to the
problem formulation and synthesis methodologies as
given in Sec. 3, a set of two decentralized robust
controller is designed using the Ainfinix function in
the LMI control toolbox with optimization problem
Eq. (11) which in y; and y, is fixed in unity. The
resulting controllers are dynamic type and whose
orders are the same as the size of the AP model (here
8). It should be noted, although via the mixed H,/H.,
technique the uncertainty and performance objecti-
ves can be introduce in the control synthesis, but due
to large model order of real world power systems,
these methods yield complex controllers whose size
will be very large in general.

As the next step, according to the synthesis proce-
dure described in Sec. 4, a set of two decentralized
ANN controller based on the mixed H,/H,, technique
designed. This control strategy that has modern ada-
ptive control structure is simple and suitable for LFC
applications. The main feature of the proposed meth-
od is to use the learning capability and advantage of
mixed H,/H,, control technique for achieving robust
performance against uncertainties and disturbances.

6 Simulation Result
In the simulation study, the linear model of a turbine
APygi/APrg; in Fig. 1 is replaced by a nonlinear



model of Fig. 7 (with £0.015 limit). This is to take
GRC into account, i.e. the practical limit on the rate
of change in the generating power of each GENCO.
Simulations are carried out for two scenarios of poss-
ible contracts under uncertainties and large load
demands. The performance of proposed ANN-based
controllers is compared with the mixed H,/H,, and
conventional PI controllers which is widely used for
LFC system in practical industry.
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Fig. 7. A nonlinear turbine model with GRC

Scenario 1: Combination of Poolco Based and Bila-
teral Transactions

In this case, DISCOs have the freedom to have a co-
ntract with any GENCO in their and other areas. It is
assumed that each DISCO demands 0.1 puMw pow-
er from GENCOs and ACE participation factor of
each GENCO in LFC is defined as follows: apf;=
0.75, apf,=0.25, apf;=0.5, apf;=0.5. Consider the all
the DISCOs contract with the available GENCOs for
power as per the following AGPM:

05 025 0 0.3
02 025 0 0
AGPM =
0 025 1 07

03 025 0 0

The power system responses are shown in Fig. 8,
whereas the uncertain parameters Kp;, Tp;, B; and T}
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in each area increase 50% from nominal values.
Using the proposed method the frequency deviation
of two areas are quickly driven back to zero and the
tie-line power flow properly converge to the
specified value Eq. (5) in the steady state. i.e.:
APy 125cn=-0.05pu The actual generated powers of
GENCOs reach the desired values in the steady state
as given by Eq. (8). i.e.:

AP, 1.,=0.105, AP,, ./ =0.095, pu MW

AP, 1,=0.195, AP,, ,,=0.055, pu MW

Scenario 2: Contract Violation

In this case, it may happen that a DISCO violates a con-
tract by demanding more power than that specified in the
contract. This excess power must be reflected as a local
load of the area but not as the contract demand and taken
up by the GENCOs in the same area. Consider scenario 2
again with a modification that DISCO 1 of area 1 dema-
nds 0.1 pu MW of excess power. Due to Eq. (2), the total
local load in areas 1 and 2 is computed as:

AP ;=APL; AP, APy /APy = 0.1+0.1+0.1+0= 0.3 pu MW

AP ;=APL; AP APy 5 APy 7= 0.140.1+0+0= 0.2 pu MW

The power system responses in this case are depicted in
Fig. 9, whereas the uncertain parameters Kp;, 7p;, B;
and T} in each area increase 50% from nominal val-
ues. Using the proposed method, the frequency deviation
of area 1 is quickly driven back to zero and the tie-line
power flow properly converges to the specified value Eq.
(5) in the steady state. i.e.: APy 1250,=-0.05pu.
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Fig. 8. Power system responses to scenario 1: Soiled (ANN), Dashed-dotted (H,/H..) and Dotted (PI)
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Fig. 9. Power system responses to scenario 2: Soiled (ANN), Dashed-dotted (H,/H.,) and Dotted (PI)
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As AGPM is the same as in scenario 2 and the excess
power is taken up by the GENCOs in the same area, the
tie-line power is the same as in scenario 2 in the steady st-
ate (Fig. 9-b). Also, the generated power of GENCOs in
area 2 is not affected by the excess load of DISCO, (refer
to scenario 2). The un-contracted load of DISCO,, is tak-
en up by the GENCO:s in area 1 according to ACE partic-
ipation factors in the steady state. Due to Eq. (8) the actual
generated powers of GENCOs in area 1 are given by:

AP, 1.,=0.18, AP, , ,=0.07 pu MW

Fig. 9-c shows the actual generated powers of GEN-
COs in area 1 properly reach the desired values using the
proposed strategy.

7 Conclusion

In this paper, a new decentralized ANN based contr-
oller has been proposed based on the robust mixed
H,/H,, control technique for LFC in a deregulated
power system. This control strategy was chosen in
order to account for large parametric uncertainties,
system nonlinearities and because of large model or-
der and complexity real world power systems. It uses
both the learning capability of ANN and advantage
of mixed H,/H,, control technique for achieving the
desired level of robust performance. The robustness
of the proposed method has been tested on a two area
power system and results compared with the mixed
and PI controllers for possible contracts under large
load demands and specified uncertainties. The simu-
lation results show that it is effective and gives good
robust performance against parametric uncertainties
and load disturbances even in the presence of GRC.
Moreover, it dose not require an accurate model of
the LFC problem and has relatively simple structure.
Thus its construction and implementation are fairly
easy, which can be useful in real world deregulated
power system.

Appendix A: Nomenclature

F area frequency

Pr. net tie-line power flow turbine power
Pr turbine power

Py governor valve position

Pc governor set point

ACE  area control error

apf ACE participation factor

A deviation from nominal value

Kp subsystem equivalent gain

Tp subsystem equivalent time constant
Tr turbine time constant

Ty governor time constant

R droop characteristic

B frequency bias
tie line synchronizing coefficient between

areaiand j
P, area load disturbance
P contracted demand of Disco j in area i
Puyi.;  un-contracted demand of Disco j in area i
P, power generation of GENCO j in area i
P;,.  total local demand
n area interface
¢ scheduled tie line power flow deviation
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