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,Abstract-This paper presents a new simulation scheme for 
AGC studies of power system. The proposed scheme uses a 
different set of assumptions from that conventionally used. In 
this scheme, all the areas have been considered to he operat- 
ing at the same frequency. Further, the proposed approach 
can preserve the identity of each generating unit. Addition- 
ally, the computational complexity has been reduced by re- 
sorting to lower order generating unit models. In this context, 
model order reduction techniques have been used to obtain 
lower order models for AGC studies. The effectiveness of the 
new simulation approach is demonstrated by considering the 
IEEE 30 bus test system as a 3 area system. 

1. INTRODUCTION 

AGC is an important control problem encountered in inter- 
connected power systems. Most of the AGC study is con- 
cerned with the design of different types of controllers and 
validating the design using the power system models com- 
monly available in the literature.' 

The power system models that are extensively used in the 
AGC literature require : i) identitication of control areas. ii) 
aggregate model to represent the area generator unit dynam- 
ics. iii) computatioA of the tie line constant, in order to com- 
pute the tie line flows. The above three modelling steps can 
be adopted where in'the control area consists of a group of 
coherent generators. This situation is however not commonly 
encountered in practice. The control area boundaries get de- 
tined from the commercial boundaries. If the units within the 
area are not coherent then it is difficult to identify each.com 
trol area with a set of coherent generators. Hence, obtaining 
an aggregate,model to represent the area dynamics will also 
be difficult. Additionally, the use of aggregate model causes 
the identity of each generator to be lost, which would make 
it'difficult to take into account the non-lineanties (GRC and 
dead band) of each unit. Apart from this, there are no well 
defined methods available, at present, to compute the tie line 
constant for an area with non-coherent generators and,multi- 
ple tie lines. 

The aim of this paper is to evolve an AGC simulation scheme 
that overcomes the above mentioned limitations. In the pro- 
posed scheme, it has been assumed that all the,areas of the 
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system operate at the same frequency. Though this assump- 
tion has not been made in earlier AGC studies, it has been 
recommended in [ I ]  and also by the IEEE committee (21. 
This assumption eliminates the need to identify coherent set 
of generators in order to identify the control areas. Hence. 
in this scheme of simulation the control areas are identitied 
purely by the commercial boundaries. 

The other feature of this assumption is that it eliminates the 
need to compute the tie line constant. This follows from the 
.fact that all the areas are operating at the same frequency and 
the tie line flows can no longer, be computed in the conven- 
tional method (i.e. based on the difference in area angles 
and the tie line constant). However, as the tie line flows 
are needed to compute the ACE, the use of an alternative 
approach, viz. energy balance equation, has been proposed 
here. 

Further, in  the proposed method the identity of each gener- 
ating unit can be preserved unlike in the available methods 
which. use an aggregate area model. Although this feature 
is desirable, it results in a substantial increase in the compu- 
tational effort, especially for a practical system. In order to 
over come this difficulty, the use of reduced order models for 
the generating units (prime mover) has been proposed here. 
rhe reduced order models for these prime movers have been 
obtained by using some of thr well known model order re- 
duction techniques. These reduced order models have been 
validated with that of the full order models, by comparing 
their response. Further, the utility of these lower order prime 
mover models for AGC studies has been investigated. This 
has been done by first comparing the primary responses of 
the full and reduced order models. Also the amenability of 
the reduced order models for AGC design has been demon- 
strated by designing an integral controller. 

2. PROPOSED AGC SIMULATION SCHEME 

The general struct&e of the simulation model proposed for 
AGC studies has been shown in Fig 1. The use of this type 
of simulation model for AGC studies has been justified in [ I ]  
and [Z], where in it has heen stated that AGC is, a slow process 
and any AGC simulation model must capture only the slow 
dynamics of the system. 

In [ I ]  and [2] it has also been suggested that the intermachine 
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Figure 1. AGC simulation model : general structure 

oscillations and electromechanical transients can he elimi- 
nated by the use of a single system frequency. A detailed 
investigation made in [3] also shows that such a simulation 
scheme indeed captures only the relevant,slow dynamics f i -  
tering out the intermachine oscillations and electromechani- 
cal transients. 

The main objective of any AGC simulation model is to com- 
pute the ACE defined in (I), which is a function ofthe tie line 
flow and system frequency deviations. 

ACE = B A  f sys + APtieareaa (1) 

In the present scheme the system frequency deviation is oh- 
tained by integrating the system accelerating power. The sys- 
tem accelerating power is computed from the system load and 
generation. The system generation is computed as the sum of 
individual unit generation, which is obtained by integrating 
each prime mover models (irrespective of the area in which 
they are present). The tie line flow deviation of each area is 
obtained by taking into account the area accelerating power, 
area load and area generation changes. Depending on the type 
of ACE signal (continuous or discrete) required, this can he 
computed either at every integration step or at the end of ev- 
ery AGC cycle. Based on the ACE, a suitable control action 
can he taken either continuously or discretely (at the end of 
every AGC cycle): The control action changes the set point 
ofthe governor. 

A practical system consists of a number of prime mover units 
either hydro, non-reheat thermal or reheat thermal. From 
Fig1 it is evident that for such a system, the computational 
complexity increases, since the model of each generator is to 
be integrated to get APm. Hence, an attempt is made here 
to reduce this effort by resorting to the use of the lower order 
models for these units [41. 

3 .  REDUCED ORDER PRIME MOVER MODELS 

A number of model order reduction techniques have been pro- 
posed in the control system literature. Some of these meth- 
ods have been used earlier in power system stability stud- 
ies. However, the use of model order reduction technique for 
AGC studies has not been investigsted earlier. 

One of the earliest methods proposed for model order reduc- 
tion (in the frequency domain) is the continuous fraction ex- 
pansion (CFE) method [51. This method is simple and it has 
been shown in [S] that it approximates the full order'moel 
very well in the low frequency region. In this method [GI the 
states are sorted in such a manner that the states having the 
least influence on the system response is at the end, while 
that dominant at the beginning of the state vector. Then the 
lower order model of a chosen order (r) can be obtained by 
retaining the first r state variables and discarding the others. 

Recently the balanced realization method [7] has been widely 
used to obtain lower order models. This method takes a 
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slightly different approach, because they are based on the in- 
puUoutput behavior of the system.--In this method, a realiza- 
tion is chosen for the system such that the input to state cou- 
pling and the state to output coupling are weighted equally 
so that state components which are weakly coupled to both 
the input and output are discarded. This method has the ad- 
vantage of being computationally simple using standard ma- 
trix software, and it is possible to predict the error between 
the frequency response of the full and reduced order models. 
Another closely related approach is the Hankel norm model 
reduction 181 and 191. This is the only method where in the 
reduction technique is said to he optimal. 

Table 1. Full and reduced order'prime mover models 

1 Transfer I Non-reheat I 

Balanced 

Table 2. Full and reduced order prime mover models 

Transfer 

Balanced 

Reheat 
thermal 

(~+1a.~ooo)(~+o.~ooo)(~+3.3~3~) 

(s+~.~~~o)(~+o.Iooo) 

20.833(s+0.2] 

1.2864(~+0.200) 

-0.0713(~+0.1990)(8-20.850~) 
(s+2.9348) ~+0.0999) 

-a.0356(s+0.1361)(s-34.~966) 
f8F2.19l9)(8+0.07211 

Transfer function representation of the Hydro unit model 

(2) 
-0.4(s + O.Z)(s - 1) 

(s + 0.0250)(s + 2.0000)(s,+ 1.9493) 

The effectiveness of these model order reduction techniques 
in obtaining lower order prime mover models has been in- 
vestigated here. The lower order models, for the above men- 
tioned thermal prime mover models, have been obtained us- 
ing the CFE, balanced and Hankel model order reduction 
techniques. The transfer function representation of the ther- 
mal prime mover models have been given in Table ?? and 
that of hydro has been given in (2). As the dynamics of 
the hydro unit could not be approximated satisfactorily by a 
lower model, the reduced order models for the thermal units 
alone have been obtained. The frequency responses of the 
reduced order models (obtained using the above 3 reduction 
techniques) match well with their full order models. 

In order to provide a comparison of these approaches, the 
time response plots (for a step disturbance) of the reduced 
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Figure 2.  Time response plots : full and reduced order ther- 
mal nonreheat models 
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Flgure 3. Time response plots : full and reduced order ther- 
mal reheat models 

as well as full order thermal non-reheat and reheat models 
are given in Fig 2 and 3. From these it can be seen that 
the response of the lower order models obtained using all the 
three methods (CFE balanced and Hankel) are comparable to 
that of the full order model. The time response plot of the 
lower order model (reheat as well as non-reheat) obtained us- 
ing CFE technique seems to be identical to that of the full 
order model. As the CFE method is computationally simpler 
the use of this method to obtain lower order AGC models has 
been proposed here. 

4. REDUCED ORDER AGC MODELS 

The reduced order AGC models can be obtained by using the 
lower order prime mover models obtained by CFE method 
(for thermal reheat as well as non-reheat units) in the AGC 
model (Fig 1). In the systems where the hydro units are 
present they are represented by their full order models. The 
reliability of such models, for AGC studies, has been inves- 
tigated here by considering a reasonably realistic test system 
(LEEE 30 bus test system). First, the primary response of 
the full and reduced order AGC models have been compaied. 
Later, the use of these reduced order models for the AGC 
design has been investigated by designing an integral con- 
troller considering the reduced order model and studying its 
response with the full order model. 

The IEEE 30 bus test system [lo] has been divided in to three 
areas and the corresponding details are given in Table 3. From 
this it can be seen that some of the areas have different types 
of generating units. 

Response wirhout the AGC 

A comparative study of the primary responses (without the 
AGC) of the full and reduced order AGC model for the above 
test system has been made. Fig 4 shows the variation in sysr 
tem frequency and tie line power flow of all the three areas, 
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Table 3. E E E  30 bus test system 

I Bus number 1 area number I generator bus number 
. I and type 

1-7, 11-16 I I I 1,13 -hydro ; 

17-20.24-30 2 I 8-10,21-23 

2 - non-reheat 
23 -reheat 
27 -reheat ; 

I 1, I 
0 2 1 B LI 10 12 I 4  18 ,I hi 

IlmsI.ec1 

Figure 5. Integral controller response : full order AGC mod- 
els (IEEE 30 bus system) 
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Figure.4. Variation in tie line flow and frequency : full and 
reduced order AGC models (IEEE 30 bus system) 

for a 0.01 pu step load disturbance in area-3, of the reduced 
and full order AGC model. From this it can be seen that the 
variation in~frequency and tie line power of all the three areas 
obtained using the full and reduced order models are identi- 
cal. Thus it can be seen that the lower order models for ther- 
mal units can be used and full order of the hydro units can be 
used to obtain a satisfactory response, when various types of 
prime movers are present. 

From this it can be concluded that the primary.response of 
the reduced order AGC models is comparable with that of the 
full order model. 

Response of the integral controller 

The integral controller gain has been obtained by trial and 
emor so as to reduce the peak overshoot and the response set- 

tling time. Even though various other design procedures are 
available to obtain optimal gain, they all require a quantitative 
specification of the control objective. But, there is no widely 
accepted performance specification for the AGC problem. 

For this study, it is assumed that all the 6 generators of the 
above mentioned test system (Table 3) to be under AGC with 
an equal participation factor (i.e. 1/3, 112 and 1 for each gen- 
erator of area-I, area-3 and area-2 respectively). A controller 
gain of 0.2 was found to be suitable, which is obtained by 
using the reduced order AGC model. 

The integral controller response (with a gain of 0.2) of'the 
full order AGC model for the above mentioned test system is 
shown in Fig 5.  The response of the full order AGC model 
(with the integral controller) has been obtained for a 0 . 0 1 ~ ~  
step load disturbance (Fig 5) .  From this it can be seen that 
the AGC can be designed using the reduced order simulation 
model. 

5. CONCLUSION 
In this paper a novel AGC simulation model has been pro- 
posed. This model overcomes the major limitations of the 
existing model by assuming all the areas to be operating at 
the same frequency and by preserving the identity of each 
generating unit. Although this increases the computational 
effort, it can be reduced by using lower order models for the 
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generating -units. The possibility of obtaining lower order 
models for the prime mover units has been shown by using 
CFE, balanced and Hankel model order reduction techniques 
. These reduced order prime mover models have been used 
to obtain the reduced order AGC model. The reduced order 
AGC models have been validated by comparing the primary 
response of these models with the full order models. Further, 
the amenability of these lower order models for AGC design 
has been shown by designing an integral controller. 
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