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ABSTRACT

This paper describes a new design strategy for a multiarea Automatic Generation
Control (AGC) system and a procedure for solving it using the method of inequalities. In this
strategy, electricity market constraints are taken into consideration in order to increase
technical and economical reliability of the system. The design problem is formulated as a set
of inequalities in accordance with the multiobjective nature of the problem. As a result, the
design can be carried out in an effective way.

KEYWORDS

Automatic generation control, Ancillary service, Method of inequalities, Control systems design



N13ANTANENANNY TR0 2T UN3 (Fueneu — §uanAN) 2556

1. Introduction

Nowadays, electricity market criteria have significant impact in power system operation. The
violation of these criteria should be firstly prevented by a proper design of the AGC controller
system taking into account the required criteria as constraints. With this design concept, we

can increase technical and economical reliability compliance to the power system.

In the past, methods for designing an AGC controller are generally based on optimal control
[1-3], fuzzy control [4], and state feedback control concepts. However, the mathematical
formulation employed by these methods does not easily enable the designers to fulfill all the
design requirements. When the design process has been finished, they need to perform
simulations on the obtained system so as to check whether the results satisfy all the design
criteria. If the system does not satisfy all the criteria, they have to conduct a trial and error
process in redesigning the system again. As a result, the design process can be time-

consuming.

The method of inequalities [5] gives rise to a formulation in the form of a set of inequalities
that represent all the design requirements. After the design process, provided the formulation
is accurate and realistic, the designer can see whether the obtained design satisfies all the
requirements without having to perform a number of unnecessary simulations for verification.

For this reason, we employ the method of inequalities in designing the AGC system.

2. Mathematical Model of AGC System

In this paper, we consider an interconnected power system with two identical control areas.
Each area consists of thermal and hydro power generating units. The block diagrams of the
system are shown in Figures 1-4 [6-8]. The values of the system parameters are given in
Table 1.
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Figure 1 Two area interconnected AGC model.
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Figure 3 Thermal generating unit model (IEEEG1 model) of area i .
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Figure 4 Hydro generating unit model (IEEEG3 model) of area i .
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Table 1 Model Parameters

Parameters of all | PF,, =0.75 PF;; =0.25

generating unit | e = 500/400 BC,, = 500/70

Twoarea AGC | H, = H, =4.1526 D, = D, =0.9760

parameters B, = B, =27.3 T =2

|IEEEG1 K =20 K, =03 K, =0 K, =0.4

parameters K, =0 K, =0.3 Ky =0 K,=0
Ky =0 T, =0.25 T, =0 T,=0.1
T, =0.3 T, =10 T, =04 T, =0
Py =-0.1 Pun =0 Pux =0.1 Puax =1

|IEEEG3 T, =02 T, =0.04 T, =5 Ty =1

parameters a, =05 a, =1 a, =15 a, =1
o =0.04 5 =04 P,y =-0.1 Puy =0
P =01 P =1

3. Electricity Markets

Ancillary services [9] generally consist of voltage support, regulation and frequency, energy
imbalance, operating reserve and black start capacity services, etc. The energy imbalance
service which service balances the interconnection system frequency, called as Direct
Frequency Control (DFC). The DFC which is one of the most essential services consists of

regulation and load following services.

The primary difference between the regulation and load following service is the time frame of
consideration. Regulation service is defined to be the higher frequency of power service
following the minute-to-minute load variation, whereas the load following service is intended
to follow the lower frequency component of load variation, the time scale of which normally

covers period of hours [9].

In this paper, we consider only regulation service as a constraint in the design process of the
AGC controller.
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3.1 Regulation Components
In hourly generation scheduling, the boundary between regulation and load following
occurs at a frequency with a period length of twice the scheduling period, i.e. two hours
[9]. All variation in load with full cycle period less than two hours is considered as part
of the regulation service and all variations in load with full cycle periods equal to or

greater than two hours are considered as load following service.
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Figure 5 The regulation component of total load.

A regulation example is shown in Figure 5, comprising total load, smoothed load, and
regulation. The regulation component is calculated by using Fourier transforms to
decompose the total load into the regulation component and the smoothed load
component. With the decomposition in this manner, the regulation component of the
load has a net integrated energy of zero. In other words, there is no energy or energy
imbalance associated with the regulation component. The root mean square (RMS)
value for regulation is also calculated. In this case, since the net integrated energy of the
regulation (X ) is zero, then the standard deviation (o) for regulation has the same value
as the RMS. The equations for the standard deviation (o) and the RMS values can be
written as (1) and (2).
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O'2=12Xi2—i2 Q)
n

RMS? =% +X? 2)

3.2 Real energy service measurement
The measurement standard presented in [10-12] called Control Performance Standard 1
(CPS1) uses compliance factor (CF ) to measure controller performance of each area.
The CF is defined as:

1 5y ACE *AF

CF==
n B

©)

where ACE is the one minute average ACE and AF is average standard error of
frequency in one minute. A positive CF means the control area is acting as a burden to
the interconnection regulation requirement. On the other hand, a negative CF indicates

that the area is supporting the interconnection regulation requirement.

The CPSL1 is a standard reference for defining capacity and measurement of regulation
and load following services. Illiam and Hoffman [10] showed the importance of
coincidence between scheduled errors of interconnection systems. Regulation and load
following service measurement should use the RMS value combined with coincidence

factor as follows:
CZ, = %ZA_T*E (4)
where AT is the schedule error over one minute period.
4. The method of inequalities

The method of inequalities [5, 13] requires that a design problem be formulated as a set of

inequalities:

®,(p)<C, i=12...,m (5)
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where peR" is a design parameter, ®,(p) is a real number representing an aspect of the

behaviors of the system, and the bound C, is the maximum tolerable value of ®,(p). Any
value of p that satisfies (5) is called a solution of the inequalities (5) and characterizes an

acceptable design.

One can solve inequalities (5) either by analytical or numerical method. But, in general, it is
necessary and practical to use numerical methods. In this work, an algorithm called the
moving boundaries process (MBP) is used to solve inequalities (5). The details of the MBP
algorithm can be found in Zakian's original article [5], and also in chapters 1 and 6 of Zakian's
recent book [13].

The inequalities (5) include two principal subsets. One is the subset that represents required
performance. Whereas constraints have traditionally been represented by inequalities, the
representation of desired performance by a set of inequalities is a significant departure from

the traditional that requires that performance be represented by a single number

®(p)= ZLWiCDi (p) (the w; are weights chosen by the designer), which is to be minimized.

The method of inequalities recognizes that desired performance is appropriately stated by

means of several distinct criteria, thus allowing greater insight into the design process.

Over the last thirty years or more, it has been shown that a wide range of practical design
problems can be formulated in the form of (5). See [5, 13-14] and the references therein.

5. AGC controller system design
We apply the method of inequalities to the design of a multiarea AGC system. The following

assumptions are used in our design formulation.

e We consider only Load Frequency Control (LFC) in the AGC system and discard the
coupling effects of automatic voltage regulator.

e Load disturbance, which is demand change, is a step function.

e We consider only small signal dynamic of the system. Therefore, the magnitude of the
disturbance is 0.01 p.u.

e We discard the time delay of system.
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When a small step disturbance occurs, the AGC system is normally required to fulfil the

following objectives.

o Keep frequency deviations A, equal to zero in steady state.

o Keep the tie-line power flow deviation AP, equal to zero in steady state.

According to the concept of tie-line bias control, the area control error in area i (ACE,) is

given by

ACE, = AP, + BA®, (6)
ACE, = AP, + B,Aw, ©)

where B, is the frequency bias factor in area i. In order that the control system can drive Aw.
and AP, to zero in steady state, it is necessary that the controller employ the integral

feedback of ACE; (see (11) and (13)).

In addition to the above design objectives, we also include some significant electricity market
constraints (as described in section Il1) in the formulation so as to increase the technical and

economical reliability of the power system. The details of the design are given below.

5.1 Design Formulation
Since both areas are identical, it suffices to assume further that only a 0.01 p.u. load

disturbance occurs in area 1 (i.e. AP, =0.01 p.u. and AR, =0 p.u.). See Figure 1. For

the system to have good dynamic responses, it is required that (A) the maximum

overshoot (OS), the rise time (T,) and the settling time (T,) of the total mechanical
power deviation (APR,,) are sufficiently small; (B) the maximum values of |AP, |,
|Aw,|, |Aw,|, the total mechanical power deviations of thermal generating unit
(IEEEG3 model) in area 1 and 2 (APR,s,, and APR,s;,) are sufficiently small. The

requirement (A) leads to the following design inequalities:
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@, =0S of AR, <C,
@, =T, of AR, <C, (8)
®, =T, of AR, <C,

whereas the requirement (B) leads to

,=max{|AR,(t)[:t>=0}  <C,

O, =max{|Amy(t):t>0}  <C,

{
{
O, =max{|Aw,(t)[:t>0}  <C, 9)
=max{AP,q,, (1) :t=0} <C,
{

D, =max {AP,q,,(t) :t =0} <C,

In order to increase the system's economical reliability, it is required that (C) the

regulation service quality of area 1 (C,) and the compliance factor of each area (CF,
and CF,) are in the acceptable range described in the market agreement. Since there is

no disturbance in area 2, i.e. C,, =0, we do not consider C,,. The requirement (C)

leads to the following design inequalities.

q)9 = Cregl < C9
d,, =CF, <C, (10)
D, = CFz = C11

Since the two control areas are identical, the transfer functions of both area controllers

(see Figure 1) are chosen to be the same; that is, G,(s)=G,(s).

In solving the inequalities given in (8), (9) and (10) for an acceptable design solution,

various forms of G,(s) and G,(s) are chosen. Usually, it is a common practice to start
with G,(s) and G,(s) with the least complexity; if a design solution is not found, then a

more complex controller structure is used.
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5.2 Numerical Results

First, choose
Gl(s)zez(s)z% (12)

After a large number of iterations, the MBP cannot locate an acceptable design specified
in Table 2. An approximate solution can be found by relaxing some design specification

in Table 2. For example, by letting C, = 0.2, C, = 41 sec. and C, = 0.51, an

approximate solution is found.

0.10816

Gy(s) =G,(s) = (12)
where the corresponding values of ®,(p) are given in Table 3.
Then, reformulate the design problem by choosing
Py St P;
G,(s)=G,(s)=—+p," 1
1(5)=Cy(8) ="+ P, [SW] (13)
After a number of iterations, the MBP locates a successful design given by
0.02148 s+1.39888
G,(s)=G,(s) = +0.03997 .| ————
1(8) =G, (6) (s+0.06939] (14)

where the corresponding values of ®,(p) are given in Table 3 and the responses of the

system are in Figures 6 and 7.

Table 2 Design specifications

Design specifications (C;) | C, =0.1 C, =2.5sec. C, =27 sec.
in (8), (9) and (10) C, =0.0045p.u. C,=0.0015p.u. C, =0.0015 p.u.
C, =0.0099 pu. C, =0.0099 p.u. C, =0.3950

C,, =6.525x10° C,, =6.525x10”
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Table 3 Design results

For AGC with @, =0.19457 ®,=244116sec. D,=40.7617 sec.
integral controller (12) | o, - 000450 pu. @, =0.00125p.u.  ®,=0.00076 p.u.
®,=0.00923 p.u. ,=0.00289 p.u. d,=0.50881

®,,=2.078x107 @ ,=7.254%x10"

For AGC with ®, =0.09248 ®,=2.33385sec. D, =26.9983 sec.
more complex

controller (14)

®,=0.00438 p.u. @.=0.00124 p.u. @, =0.00059 p.u.
®,=0.00895 p.u. ®,=0.00193 p.u.  P,=0.39338

®,,=5.38x10° @, =-3.99x10°

-
Al

power deviation (p.u.) x 10 -

'
0 10 20 0 40 S0 ()]

time (s)

Figure 6 The responses with controller (14) of AR,,,, AR, and AR, dueto AP, .
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Figure 7 The responses with controller (14) of Aw, and Aw, due to AP, .

6. Conclusion

From the numerical results, we can see that the method of inequalities can solve this kind of
design problem effectively so that the AGC system can have good dynamic responses and, at
the same time, can increase its economical reliability. Furthermore, the advantage of this
method is that new design criteria are easily incorporated into the design process in the form
of additional inequalities. When the market criteria are changed, it is easy to update the
parameters of the AGC controller in order to gain the system reliability. It is worth pointing
out here that, by using the method of inequalities, we can choose to design not only the
controller parameters but also the parameters in other parts of the power system.
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