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Robust Stabilization of AVR Loop through
Extended Reduced-Order Observer

Rittu Angu, R. K. Mehta

Abstract: An Extended Reduced Order Observer (EROO) based
design approach has been presented for an Automatic Voltage
Regulation (AVR) loop of the synchronous generator. The design
approach utilizes the full state feedback to stabilize the AVR loop
in the face of parameter uncertainty. The EROO-based design
approach is capable of robust trajectory tracking in presence of
parameter uncertainty and disturbances due to load demand
changes. The design ensures specified stability margins at
different speeds of response. An illustrative example has been
provided to demonstrate the effectiveness of the methodol ogy.

Keywords. Automatic voltage regulator, Control area, extended
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I. INTRODUCTION

Power systems are large and complex electrical or&ty
The users of electrical power desire a reliabléyterrupted
and stable supply. However, it is not possiblesf@ystem to
remain in steady state, since the load demandsskenp
changing all the time [8] with rising or fallingeind. The
excitation system must contribute for the voltagetml and
enhancement of system stability. It must be ableespond
quickly at any occurrence of disturbances enhanthey
transient stability and the small signal stabilithe function
of the AVR is to provide constancy of the generagominal
voltage during normal, small and slow changes altad.
The regulation of system voltage magnitude autarabyi
using AVR is also known a Reactive Power controplgl,
6] and influence the reactive power balances inpbeer
system network. The AVR is achieved by the exdaitati
mechanism. The excitation system can control tledd fi

The objective of this work is to regulate the extidn of the
system and deliver power in an interconnected sysis
stable as possible so that the voltages at vametsorks
should not fall below or beyond permissible limifEhe
control strategy in this work attempts to utilizell fstate
feedback for single area AVR controller design dogiven
plant conditions, the specifications set as [10]:

(i) No deviation in magnitude of voltage in steadigte for

a step change in load demand.

(ii) Critical gain and phase margins must be great equal

to the specified GM and PM.

It is assumed that the AVR model parameters (ig.TE,

T 4o Ka, Keand Kg) are given, outputA]V|) is available for
feedback [1]. State feedback has potential to imprthe
performance of the AVR by judicious choice of cldsdeop
pole locations. An extended observer has been
constructed to meet the performance requiresnearid
iterative design steps are required to ensuresfaatory
operation. The AVR model enhances disturbance tiefec
capability for the proposed control scheme. Morepwe
realistic AVR system having uncertain variations
parameters from their nominal values will be chtmazed
by deviations in the nominal values of AVR paramgtén
this paper, the parametric model uncertainty [4§ baen
considered, which represents imprecision of thapaters
within the model. The extended observer-based disep
plant stability robustness studies have been chrdat
assigning a bound on the deviations in AVR system.
Numerical results are presented to demonstrateffieacy

of the proposed control design procedure and tluatathe
performance and robustness qualities of the cdetrol

in

current of the synchronous generator. Hence théd fie

current is controlled so as to regulate the termindiage of
a generator [5, 7]. The voltage of the generator
proportional to the speed and excitation of theegator. If
we maintain a speed at constant level, then thé&ation

system can control the terminal voltage of the g=tioe.

The voltage control is also called as an excitatontrol

system. For the generator, the excitation is pexitdy the
main exciter. In present days, the exciter is ageaerator
driven by either steam turbine or an induction motn

modern vast interconnected power system manuataldat
not feasible, hence automatic equipments are ledtain
each generator.
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II. PLANT MODEL

¥he AVR state model is based upon the open-loapstea
function model [1] as shown in Figure (1). Wherg(s3,
Ge(s) and G(s) are amplifier, exciter and generator transfer
functions. The state variables are chosen as

Xq AVg
X =| Xy | =| AV
X3 | [AV]

The state model of open-loop AVR system with outpsit
terminal voltage\|V | is

a, O 0 b,
x=la, &, 0 |x+|0fL
0 a, a, 0
y=[0 0 1x
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Where to provide estimated variableX,,%,and d .The state
1 feedback gains (k k, and 1) are determined by pole-
a,=—— placement technique. The controller poles (cl-loop)
Ta have been decided considering the stability masa] X
K Figure 2).
a‘21:-|—_E (Fig )
E d
o= L e b 7
T at il
Ke 6
o= v _J L1 L1 !
1 J
a33 Tldo
KA
bl:f EROD
The AVR model in the open loop has three real p
(,i’,i andf—ll)determinedby the time constan
TA TE do

Figure 2: Closedoop control scheme with EROO in

of amplifier, exciter and generator transfer fuoc models feedback loo

The system (AB) is completely controllabl
The proposed closddop control scheme for achievil

. ) - IV. EXTENDED REDUCED ORDER OBSERVER
desired transient and steady-stpgformance is discuss:

. . X DESIGN
in the preceding section.
The extended reduceadder observer (EROQO) des [9]
G G G has been carried out assuming a constant unki
4 ' : ] d ' disturbance appearing at the control output. Thide
Ly K, M-L, K, ﬂ_, K. A disturbance dynamic can be givbyd=0, resulting in

o 1+<T.'. —* A;=0 and G=1. Combining the plant with disturban
1+5T, E o generator, the augmented plant in the -space model is
LRI
Figure 1: Block diagram of an openloop AVR model
Figure 1 shows the block diagram of an uncontrodiedle > A
area power system. The state variable model fosyisten a
[2]1s .| Ba
X =Ax +Bu -
(1) r -_"L : }_‘
y= Cx :
x
L Bas
Where, > -
L 0 o K, =
Ty T i,
K., 1 Ta B )
A=| =& -=— 0 |,B=|0 |(andCH0 0 I (2) » e
TE TE
0 K. 1 0 Figure 3: 3rd order extended observe
Tow T X,=AX,+Bu
- 3)
y - Caxa

[ll. EROO BASED CONTROL SCHEME

_ T i
Figure 2 shows the full state feedback scheme basesh Wherex, = [d X ] - The matrices a
extended reducedrder observer (EROOQO). The of-loop 0 0O 0 O 0
AVR static model with terminal voltageA|V|) as output is

a, 0 0 h b
. : T . A, = B.=| ',C,=[001(
given by Equatl-on (1). Wher::l:[x1 X, X énd rr?atnces *“la, a, 0 o PT|g|Cs
A, B and C defined by Equation (ZJhe static variable 3 0 a, a, O 0

(AlV]) is measurable through a voltage sensor and
assumed that;XA|Vg|) and % (A|V]) are to be estimated ) ) ,
eliminate the need for two sensors. So, the extd If the pair (A, CJ is obse_rvable ar_1d if system,, By, C)
observer in Figure (2) is to be desigl as third order syste does not have a zerogé#ation (3) will be observable and
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observer (or reduced-order observer) can be cartsttuhat Here x.=x3 is available for measurement and
will corrlpute the estimates for, and » of plant and d. If xr:[d X, X2]T is to be estimated. The estimation ofcan

form (-d) is added to the control (Figure 2), then it willg, ocovere
cancel out the effects of the real disturbance cdwostruct
third-order observer, the compatible transformatioatrix

d from Equation (7) according to:

! ; X,=Mz—Hx,, (8)

on the basis of the augmented system (Equations3) i
introduced by m, M, Mgy

t, b, ty ty, M :T:l =My My My, )
z=Tx, =1, t,, t,; T, /X, (4) My My Mgy

t31 t32 t33 t 34 hll
Where T is the 3x4 matrix and z is the 3x1 matfike H=T, T, =|h, (10)
third-order observer driven by and u, but the control has h

additional forn(fa) .
z=Dz+ Fx,+ Gu
u= 7(klkl+ I(2;(27L ksxz)* aJF Yy

Where
2=z z, 7]
0 1 0
D=| 0 0 1
_do - d1 - dz
0 0 0
F=|0 0 0
0 0 0
0
G= 9,
O;

The Luenberger’s compatibility conditions to beisfad [4]
in the design of the observer are
TA-DT =F ©)
G=TB, (6)
As a rule of thumb, the observer poles can be chusde
faster than the controller poles by a factor 06 5410], the
third pole (real) of the observer due to disturteadgnamic
has been placed such that the stability marginsatisfied.
Thus, for known values for A and D matrices, T-nixats
obtained from Equation (5) using MATLAB program.
Using Equation (6),

t12bl
G=TB,=|t,b,

ty,b,
The estimation of x X, and d are denoted b¥,%,andd
respectively can be obtained by rewriting the Eiqua{4)

13

~ T
And %,=[d %, %

{ A
| PR e
N
~ B,
Mk
| )

Figure 4: Closed-loop system with EROO in transfer
function models

V. CLOSED-LOOP POLE LOCATIONS

The main objective of optimal regulator or conteoltiesign
known as linear quadratic regulator (LQR) is toinkefthe
performance index (cost function) J and searchufe:x

that minimizes this index to stabilize the systeime. (to

transfer the system from its initial state to firsdéhte such
that a given performance index is minimized). Cdesithe
system

X =Ax+Bu

with partitioning between measured and observede stal he objective is to find the feedback K cdntrol law

variables as

Z= TrXr+Tme (7)
tll l:12 tl3 t14

WhereT, =|t,, t,, t,|, T,=|t,
t31 l:32 t33 t34

such that the performance index
J= jpy2 )+ @ (t)dt
0

is minimized for the system (A, B). Here the optinialue
of K is that which places the closed poles at table roots
of the symmetric root locus equation [3]

1+pG(-s)G(sF ( (11)

In standard form
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N(=s)N(s) _
D(-s)D(s)
Where G(s) is the open loop transfer function

YO _NE)_ sk Ay
G(s)= ERCE C(Sk A)'B

1+p

where,

aq, =(-h), ag, =(-h ), ag =(-h )

ag, =(m,-d,h), ag, =(m, -4 h ), ag =(m -d h)
ag, =(d,m, -4 m,-dh)

aoy,

0, =(d,my, -G ms-d by )

and p represent weighting penalties on the state vam'ﬂblm1 =(d,m, -d,m, -d h,)

and control inputs and is chosen by the designée Tbol =(m
2 1

controller's performance highly depends on the chobf

the weighting factop. Wrong choice of this may result to

the frequency and power oscillating during distad®s. In
reality, choosing different values pfcan provide us with
pole locations that achieve varying balances betveeéast
response and a low control effort. In practice, allgpua

t, +hm,t, +hmst;,)
D0, =(by Myt;, + bimy,t,, +bmysts,)
bo, =(bmyt, +hm,t, +hmst;,)
bo, =(bm,t, +Bm,t, -bdmst, +hdmt, -Rdmst, +hd ),
b021 :(b1 m,t, + berEZ L, - QQJ mst, + de m, b, - qmzstzz + bldzmzztzz)
b%lz(blrrbltzz"' blmsztsz - bldo myt, + de m,t, - qq myt, + q(% n!z)tzz

value ofp corresponding to a point close to the knee of the?.=d:+ba, +bg, k +bg, k

trade-off curve is chosen. This is because it phewvia
reasonable compromise between the use of contrbltian
speed of response.

Gain H

In order to achieve unity steady-state gain H (VEROO
implemented in the loop) the overall transfer fimwct

[AV[/|AV ed=HGcL(0) has been evaluated and then H wag

found as

d,K
bo, +d, +bg, k1 +bg k +K(ag +ap k +3p Kdt )
where,
K=K KK
agq,=(-,h-gm,+dm, ), ag, =(-g h -g m, +dm )
a0, =(-¢hh,-dym, +d m, )
bo,=(bm,t, -bd,m,t, +bdm,t, -hdm,t, +hdm,t,
bozo =(bl M, s, - b1d0 my,t, + b.Ldl m,t, - sza,tzz + bld2 m21t22)
boy, =(b,m, t;, -bdym,t, +bdm,t, -Bdm,t, +hdm,t

VI. STABILITY ANALYSIS

The open loop transfer function of the proposedesysis
obtained by opening its forward path and is solhmsd
Mason’'s Gain formula for signal flow graph [2].

approach to establish the stability margin in teohepen-

loop gain responses. This is in-fact the abilitypobposed
system to deal successfully in-case of model uac#ies.

The system is stable when gain values are increbsed

may become unstable if the gain increases pastrtairce
critical limit. The transfer function of open loap X is

N’ + N,& + N,s+ N,
Ds’+D,s+D,$+ D,s+ Ré+ Rs D
N;=K(ao, +k; +ag; k +ag k)
N,=K(ao, +ag,k +ag, k +dKk
NS:K(aoll + an K + agl l§ + g K )
N,=K(ao, +agyk +ag k +dKk
Dl:RZ
D2:R20012 +R1
D3:RZCQl +R1 CQZ +R)

D4:R2 qu +F21 CQl +F% CQZ +
DS:Rquo +R) CQl +CQZ
D6:RO qu +CQ1

D7=cq,.

G, (s)= (12)

co, =d, +bq, +bg, k +bg, k
€0, =d, +bq, +bg, k +bg, k
RZ :TA TET'dU ! Rl :TA TE +TA Tclio +TET'd0’ R O:TA +TE +T‘d0

Two commonly used quantities that measure the Igtabi
margin for such system are the gain margin (GM) gimase
margin (PM). This is discussed in next section wehpect
0 Bode plots of GM and PM.

VII. SIMULATION AND RESULTS

With an objective to meet the specifications GM dB, PM
> 40 degree and no voltage deviations in the stetatg; an
extended reduced order state observer with fultesta
feedback has been designed for the AVR model. Ac&yp
operating condition has been chosen as the nomalaés
of the parameters of the AVR model are shown inl§db
A deviation of + 10% on the nominal values of the
parameters of AVR model has been considered for
investigation of stability issues of the designeahtool
scheme in Figure 4 for AVR model.

The closed-loop pole (CLP) locations have been
chosen from the SRL plot for the equation (11) lasas in
Figure 5. The closed-loop pole location is givensby p;.

X e _ W_eWith the help of three closed loop poles from SRat,p
consider the loop marked X in Figure 4 in our desigtaaqpack gain constants, ki

and kg are obtained using
augmented state model.

The third-order reduced observer has been designed
with its pole locations are at 3.5 times the cdigropole
locations (obtained from SRL plot) to determine R&trix.
The matrices T, G and M have been determined using
Equations (5), (6) and (9) respectively. The opmpl
transfer function (s) have been determined using
equations (12) for stability margins analysis. Ur& 6
indicates the variations in GM and PM at X withfor
various values ofy. It is observed that the GM and the PM
remain almost constant wighin the higher range, but they
vary appreciably witlp;. The critical PM occurs corresponds
to loop opening at X.

In this paperp=100 andy=9 have been selected to
satisfy GM> 6 dB and PM> 40 degree. Table 2 shows the
closed-loop pole locations and controller gainse Tésults
of performance studies obtained by MATLAB simulaso
for the selected operating points are providedabl& 3 and
4. The results describing the disturbance rejeqtimperty
for various load demand changes have been showigime
7.
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The wit step response for terminal voltage with ¢
disturbance applied at t= 5 sec. and under parai
uncertainties are shown in Figure 8 and 9 respalgt

Table 1: Area parameter value

Area Ta(sec.) TE(sec.) T gosec.)
Parameter
Nominal 0.1 0.4 1.0
value
Nominal 0.11 0.44 1.1
value
+10%
Nominal 0.09 0.36 0.9
value
-10%
Table 2: Closedloop pole locations and associated gai
CLP for CLP Observel Controller
locations poles gains
p=100 A=-12.17  dy=-94.1¢ k; =0.24
Pi =9 }le -5.56 dl == k2= 1.46
+7.16i 2579.35 ks= 8.05
)\,0: -5.56 - do = -
7.16i 16316.40

Table 3: Result of frequency response studies ¢
proposed system

Loop Perturbation GM GCF PM PCF

break (dB) (rad/sec) (deg) (rad/sec)
at
X Nominal 9.93 7.45 435 2.86
+10% 9.94 6.76  43.7 2.59
-10% 9.91 8.82 43.2 3.19
Table 4: Settling time at varying load demand
Load Perturbation Settling Maximum
demand time (sec variation in
frequency
(Hz)
10% Nominal 1.98 1.02
+10% 2.18 1.02
-10% 2.40 0.98
20% Nominal 1.99 0.204
+10% 2.18 0.204
-10% 2.39 0.196

Figure 5: Symmetrical root locus diagramwith selected
closed-loop poles

14

ShADED

B0

FrA{deq)
[ A I on
L] L] L] Ll

=

ISSN: 23196378, Volume¢3 Issue-2, December 2014

T
I : —
: : T pi:g

_@"w.@*"ﬁ‘ﬂﬁgwlﬂ—ﬁ e i . 0 5 B

. fp— :
L ﬁ'pI:SU

| | | |
0 50 100 150 200 240

p

| | | |

0 50 100 150 200 250

Figure 6: GM and PM of the oper-loop system (12) as a

e =2
= —

FPrA{degl
Lan
[}

P

function of p for various values o' pi

T T T T
: | norminl |
B B 11

| ——norminal

| i
0 50 100 150 200 20

Figure 7: G M and PM as a functior of p under
parameter variations

Published By: 1
Blue Eyes Intelligence Engineering \®
& Sciences Publication Pvt. Ltd.




Robust Stabilization of AVR Loop through Extended Reducec-Order Observer

g
.n =
5
2
>
o
T
>
u
£
]
3
T
)
.
w

3
Time (sec.)
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VIIl. CONCLUSION

In this paper, a reducemtder extended observer ba:
control for AVR system has been presented. Thegded
system is very effective to compensate input distoces a
well as modeling uncertainties present in the AVRpl. It
has been possible to estite states (immeasurable) and
uncertainties as well as input disturbance in aagiratec
manner using EROO. It has also been observed It
EROObased control improves tracking performance
presence of uncertainties and disturbances. Thégrd
enables to achieve desired specified stability margn
order to fully utilize the hardware resources bgligiously
choosing the optimal speed of response in thisgde
process.

IX. NOTATIONS
do, di, d2 coefficients of characteristic equon of
extended reduced obser
A0, A1, A2 roots of characteristic equation of pl
p system weighting penalty fro
SRL equation
pi weighting penalty assigned to syst
due to observer
u control force/signal/inpi
Ts settling time, sec.
TA amplifier time constant, s¢
TE exciter time constant, st
T'do direct axis short circuit generator tir

constant, sec.

11

KA gain of Amplifier, puHz/Mv

KE gain of exciter, puHz/M

KF gain of generator field, puHz/V
k1, k2, k3 feedback gair

e error signal

s Laplace variabl

K(=KAKEKF) open loop gair
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