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A Modified Power System Model
for AGC Analysis

D.D. Rasolomampionon&jember, |EEE

Abstract-- AUTOMATIC generation control (AGC) has been
used for several years to meet the objective of nmaining the
system frequency at nominal value and the net tieéne power
interchange from different areas at their scheduledralues. One of
the main components of AGC is Load frequency contio(LFC),
one of the major requirements in providing reliable and quality
operation in multi-area power systems. In interconected large
power systems, variations in frequency can lead tserious large
scale stability problems.

A new model derived from [3] with substantial modifcations is
presented in this paper. One principal modificationconcerns the
turbines and consists of the creation of aggregaterbine for each
type of turbine, another important modification is the
consideration of several types of turbines participting in the
secondary control, and the final modification is tle consideration
of aggregate generation coefficient in forming therotor angle
input of the tie-line model.

Index Terms—AGC, LFC, Power System Control, Frequency
Control, Tie-Line, Power Exchage
I. NOMENCLATURE
AP - vector of node active power increments,
A9 - vector of node voltage angle increments.

H - Jacobian of the active power as function of agt
angles

APgp , APgg - vector of node active power increment

corresponding to generatdlG 5 } and{Gpg}

Adgp . Adgp - vector of node voltage angle increment?

corresponding to generatdG 5 } and{Gpg}
1ga . 1gp - unit vectors,

Il. INTRODUCTION

UTOMATIC generation control (AGC) has been used for

several years to meet the objective of maintairtimg
system frequency at nhominal value and the netiriee power
interchange from different areas at their schedut#des. One
of the main components of AGC is Load frequencytimn
(LFC), one of the major requirements in providiegjable and
quality operation in multi-area power systems. In
interconnected large power systems, variationgdquency
can lead to serious large scale stability probldfmsquency is
one of the stability criteria for large-scale slifpiof power
networks. For stable operation, constant frequemy active
power balance must be provided. Frequency is dépgrah
active power. Any change in active power demandgion
at power systems is reflected throughout the sysbgma
change in frequency. In interconnected power neksvavith
two or more areas, the load frequency control sehleas to be
with two main control loops. These are primary conand
secondary control. Primary control is achieved oy turbine
governing system. In this loop, frequency mainteeaat the
scheduled value cannot be successful. The secarnbtmop
is used to control active power at the tie line wsshn
neighboring areas. A new model derived from [3] hwit
substantial modifications is presented in this papene
Qrincipal modification concerns the turbines anadhsists of
the creation of aggregate turbine for each typetudbine,
another important modification is the consideratidrseveral
pes of turbines participating in the secondanyticd, and the
final modification is the consideration of aggreggeneration
coefficient in forming the rotor angle input of thie-line
model. The paper is divided into 3 main sectiorxti®n Il is
consecrated to a general description of AGC. Sect\d

Adp, 4og - common generator angle increments Qfescribes the aggregate turbine modeling. Sectipregents

subsystems A and B.
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the power system model, in which the modified imeImodel
is presented in details. A few conclusions are miveSection

tie-line synchronising VI.

I1l. THE AGC MODEL

Generally, the load—frequency control is accomplisiiny
two different control actions in interconnected tarea power
systems: (a) the primary speed control, accomplisbg
governors which adjust the turbine valve/gate tmdorthe
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primary speed control performs the initial vulgeadjustment
of the frequency. By its actions, the various gatwes in the
control area track a load variation and share grimportion to
their capacities. The speed of the response is lonited by

the natural time lags of the turbine and the systeeif. The

output of each unit at a given system frequencylmnaried
only by changing its load reference, which in effeoves the
speed-droop characteristic up and down. This cbngo
considerably slower and goes into action only wtba

primary speed control has done its job. Response mhay be
of the order of one minute. The speed-governindesysis

used to adjust the frequency. A block diagram &f liad-
frequency control is presented in Fig. 1.

A model of power system AGC includes a classictgral
secondary controller that sets the turbine refergmower of

each area. Power flows throughout the tie line betwareas.

Control and balance of the power flows at the tie lare
required for supplementary frequency control. Aldamping
of oscillations at the tie line is another requiesn for
successful control of frequency and active powaregation.
The easiest way of doing this is with the lineambination of
the local frequency variation in each area and ttbeline
power variations as the input of each integral dletr, which
is called the area control error (ACE).
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Fig. 1. Load—frequency control

IV. THE TURBINE MODEL

A model of power system is created considering the

phenomena which should be taken into account. Mbshe
times a model is simplified. One of the well-knomethods of
simplification of mathematical models of power syss is the
aggregation of certain power system elements, whigh a
very slight influence on the accuracy o the modatamed
[1][6]. In case of turbines the model aggregatiomcess
depends on generator aggregation, and in partioulaine type
of aggregation used for simplifying the generatatimematical
model.

The parameters of an equivalent turbine contraled the
equivalent turbine for a given group of turbinesn che
obtained by fitting the transfer function
characteristics of different turbines belonging aodefined
group to the transfer function frequency charasteriof the
equivalent turbine. More information about
characteristic fitting is given by [5][6].

Nonlinearities of the turbine and governor modeis be
neglected in case of small disturbances analysis. tiansfer

frequenc

frequen

2

function of each turbine and governor model arewated for
discrete values within the interval of frequencywieen 0.01
to 10 Hz. Then the transfer functions of differexan be
connected as it is shown on Fig. 2. The transfectfan of the
aggregated turbine is the sum of all transfer fonst of
coherent turbines of the same type.

reheat steam turbines

AP

ref

non-reheat steam turbines P

Byv)

hydraulic turbines

gas turbine

Fig. 2. An example of equivalent model of goverhobine system

V. THE POWER SYSTEM MODEL
The power system model can be replaced by'artler
transfer function Gps(S))[2,3], which represents the

equivalent model of coherent synchronous generators
described by their rotor swing equations [4]. These
assumptions make also possible the derivation of a
mathematical model of two similar systems, the pdace of
which is as follows:
e Elimination of all variables related to load nodes
except terminal nodes of tie-line transmissiondine
e Aggregation of variables related to generating g)nit
which aggregation should be performed separately fo
each subsystem
« Determination of terminal voltage angle deviatians
the ends of each tie-line using the deviations of
equivalent emf’s of the subsustems.

secondary control

primary control

Fig. 3. Block diagram of the LFC o f a Power 8ys{2]

The model of power system interconnection will leeived

)l;ased on the well-known incremental equation

AP =H 46 )

cwhich describes the power system assuming thatntue

voltage modules are constant, and the vectors a¢hwtie
equation are composed are the following:

AP - vector of node active power increments,



A9 - vector of node voltage angle increments.

251

voltage angles

H

A. Theincremental model elimination stage

Eliminating a few nodes will transforms the netwaonkdel
into a new model form composed of equivalent bhasc The
elimination of load nodes in the incremental mddats to the
formation of equivalent synchronising active powgigen by
the equation (2).

The matrix equation (1) of the power system preséiit
Fig. 4a can be written in the following form:

{Ga} AP 496
{Gg} 4Pgp o 4G
a 0 . Ad4
b 0 :{ H } Ay, @
{La} 0 S VTP
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Fig. 4. Different stages of the equivalent power system
creation

The most left side of the matrix equation contaysbols
of nodes, which the different variables of activempr and
voltage angle incremental vector refer to. The mexctd Pgp ,

APgpg correspond to the generat{iGp} and {Gpg}

A0

correspond to their rotor angle increments, resgalgt They
also represent the emf's angle increments of tHierdnt
generators.

No active power increments correspond to the loades
a,b of the tie-line terminal nodes. Their incremsearie equal to

zero, which is equivalent to say thP , =0, 4P, =0

active power increments, whereas Adgp ,

3

and 4P, = R, =0. The variables4d| p , 40 g are no
longer interesting for further analysis and careliminated.

- Jacobian of the active power as function of any amount of variables of any matrix equation dzn

eliminated using the following well-known relatidnig by
means of partial matrix inversion. The following tnita
equation

[M}{an 312}[)/1}
X2 az1 a2 || Y2

can be transformed into the following form

[ Xl} — [an - aizaz_;azl a12a2_;:| [ yl} 4)
Y, - az_;azl az_; Xz

For the particular case, in whictkko =0, the matrix

3

equation (4) can be written as follows:

— -1 5

X1 = (6111 - a1261226121))’1 ®)

The matrix a, —auaz';aﬂ is called the partially inverted
The matrices of the columns correspondimghe
of the expression given by (2)

40,5,

respectively. After having used the same transftionaas for
(5) in (2) the following form of this matrix equati is
obtained:

matrix.
eliminated vector Y,

correspond to the column matricesdd| p ,

{GA} A PGA H AA H AB H Aa H Ab A(sGA

{GB} APGB H BA H BB H Ba H Bb A(sGB
a 0 B H aA H aB Haa Hab Z’5{:\ (6)
b 0 H bA H bB H ba H bb Aéb

The square matrix of (6) is divided into the regpec
submatrices considering the necessity of perforrairfgrther
operation, which is the aggregation procedure.

B. The aggregation in the incremental model

Aggregating a group of generating nodes of the tdnde
model is equivalent to connect those nodes so #mat
equivalent node is obtained [4]. For the incremeptawer
system this consists of summing the adequate synising
active powers, resulting from the above-presentedyais.

If the coherence condition is fulfilled the angleaoges of
each subsystem are the same (co-rotation of afgaif the
same subsystem), which can be expressed as follows:

AéGA :AéA ]'GA and A&GB :AéBlGB

where 1, 1gpg are unit vectors, whereaddp , 4dg

O

are the common generator angle increments of st#rsgsA
and B. In the admittance model these incrementtharemf’s
angle variations of the equivalent generators..(#ig c).

By definition the equivalent generator active power



variation is equal to the sum of the active poweanges of all
generators belonging to the replaced group. This ba
expressed as follows:

Na
_ _aT
APy =" AR =1ga 4Pga
i=1
and (8)
nB T
APs =Y 4R =155 4Pgp
i=1

Considering (7) and (8) and after performing a f&mple
transformations of (6) the resulting matrix equatigs
expressed as follows:

>

4P, ]'\’:lE-AHAAlGA lgAHABIGB ]'GTAHAa lg;AHAb 40,
B 45, - ]'\’:lE-BHBAlGA ]'\’:lE-BHBBlGB 1GTBHBa ]'\’:EFBHBb 40
a 0 HaAlGA HaBlGB Haa Hab A(;a (9)
b 0 Hialoa Hisles Hea Hio 44,
A AP Haa Hag Haa Hap || 49a
B 4Pg | _|Hea Hes Hea Hap || 498 (10)
a 0 Haa Hag Haa Hab || 403
b 0 Hpa Hbs Hpa Hpp || 49

Where all the elements are scalar and are giverthé
following matrix expressions:

AT
Haa =1gaHaa lea
_aT
Hag =1ca Hag lcB
Haa = 16AH Aa
T
Hab =1gaHab
T
Hea =1ggHBa lga
AT
Hees = 1geHBelcB

15gHga

(11)

Hpa =

_1T
Hpp = 1GBH Bb
and

Haa =Haalca
Haplce
Hpa = Hpalca

Hps = Hpeles
Some of the matrix equation (6) elements are etuaéro

Hag =
(12)

T
Hag =Hpga =0

Hap =Hpa =0 (13)
_ul _
HBa—HaB—0

Having regard to this fact a part of the matrix aépn (10)
are equal to zero. Therefore the matrix equation be
rewritten as follows:

A APA] [Haa O Hay O ][40
B 4 0 H 0 H 40
Pe| _ BB Bb Bl (14
a 0 Haa 0 Haa Hap || 494
b 0 0 Hpg Hpa Hpp || 40y

The matrix equation (14) describes the equivaletivark
shown in Fig. 4c The Jacobian of (14) elementsesmpond to
synchronizing active power between nodes of thevatgnt
network shown in Fig. 4c.

C. Thetie-line synchronising power model

Relationships between tie-line terminal voltage, ,U

angle deviations Adg, 49,) and

equivalent emf's

Ep .Ep angle deviations o , 40g) are interesting for

further considerations (Fig. 4c). The bottom rdwhe matrix
equation (14) gives the following expression:
} (15)

0 _ 0 Adp N Hap || 494

0 Hpg || 408 Hpp || 40p

Then the following expression is derived from agidi
transformation of (15)

Haa
Hba

Haa
0

4 T ]
A0y Hpa Hop 0 Hpg|[498
or
40 Kaa K 40
e o] e
where:
+(H aaHbb ~ HpaH ab) HaaHaa
Kab = ~(HaaHbb = HbaHab) "HapHbe 18)
= ~(HaaHbb ~HbaHab) "HapHan
Kpp = +(H aaHbb = HbaHap) "HbpHbe

The tie-line active power of the system shown ig. Bic is

because not all the nodes of the system showngin4@i have in function of the angle differencé,p = 04 — Jy . If the

direct connection between one another, therefore:

power losses at both sides of the transmission &ne

neglected the active power at both line ends aesétme and



is given by the following expression: Tl
x 1
UaUp _: < AP} 08, 13,
Ry = sinJap (19) Bl 4 : :
Xab z @4 G4 (9 |#(2)—~[TURBINES , A G\ (s)}k—»%”
“ -
The tie-line active power variation can then berezped as 3 . bR i L Kol
follows: R Y 203
{Fa ]
oRy s VoAt
ARy DWl’éab = HapAd0ap = Hap(405 = 40p)  (20) é @ G @ |(~{TURBINES . §-£(z)~{G:. 3] s
ab 4 L o
where the partial derivative given by the followiexpression: NB( ?
0 Uu o
Hab R/V — a b COSJab (21) i
aéab Xab Fig. 5. The load-frequency control model for a{avea power system
is the tie-line synchronising power. It is worthsvil VI. CONCLUSION

remembering that the expression (21) appears asthe
matrix expression (2).
The matrix expression (17) can be expressed asnsll

(22)
Aéb = KbaﬁéA + KbbAéB
then:

Adgp = 404 = Ay :(Kaa_Kba)AéA +(Kab_Kbb)AéB (23)
Substituting the angle differencédd, — 49, of (20) by the
equivalent expression (23) gives:

ARy =H ab[(Kaa - Kba)AéA + (Kab - Kbb)A5B]

That means that the tie-line power deviation caeX@essed
by the emf's angle variations of both power systems

(24)

Considering the primary and secondary control,
approximate analysis of load frequency controlradtesudden
load unbalance occurring in one or two systemsbeaoarried

out. The unbalance is indicated #8;" (S) or 4P} (S) (Fig.
5). They are introduced as an additional input e sum
blocks Gfs(s) and GSS(S) , representing the power system

of areas A and B(Fig. 5).
“TURBINES A” and “TURBINES B” (Fig. 5). are compode
of different types of turbines as shown in Fig. 2.

Block elements marked as

Substantial modifications of the Kundur model [4das to
assess the real contribution of each power system new
power model presented in this paper. One principal
modification introduced in this paper concerns thebine
model - an aggregate turbine for each type of harbanother
important modification is the consideration of sevdypes of
turbines in the AGC model, and the final modifioatiis the
consideration of aggregate generation coefficienforming
the rotor angle input of the tie-line model. Thetmeanatical
model has shown more details about the procedurbeto
followed for considering the participation of aggated
models of turbines and generators on the formatibrhe
feedback signal as an input for the tie-line model.

Test results of a 3-system LFC model obtained ftbm
above-presented derivation is presented in Fig. TBe
simulated contingency is a sudden unbalance betlvaernand
generation in the system A (200MW). It could bensdeat
after a few long-period oscillations, frequency ametine

wer return to their original level due to theemvention of
the generators of System A. it can be seen thaddki@tion of
power is completely recovered by the generatorthisfarea
(Generation power A). The main problem in this tatian is
the amplitude of oscillations during the transistdte. This
could be solved by using special stabilizing desjicthe

analysis of which is presented in [7] in details.
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