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ABSTRACT

In this paper the development of a novel non-linear controller for
power system generating unit is presented. The design of the
presented controller is based on Pontryagin maximum principle
which uses the actual measurements of the synchronous
machine output state variables. The controller is designed to
overcome basic difficulties in power system controllers developed
hitherto which were based on linear deviations from the reference

values. This will enable the
disturbances and accepts change

generator to accommodate large

in system configuration. The

controller is simulated in conjunction with a hydro generating
unit using a developed computer program. Response to severe

disturbances are
enhancement in machine
controller.

computed
performance  with the proposed

which show considerable
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INTRODUCTION

wer system controllers were designed

,traditionally, using  well established
single  input/single  output techniques.
This, however, doesn't take account of
increasing complexity of power systems that
requires power system engineers to search
for methods of operation and control. The
developments of control and various kind
of digital and analogue simulation
techniques have recently opened up new
fields of application of new  control
strategies for synchronous machine. In
particular, it is most feasible to use the
recent developed thyristor exciter [1], and
electro -hydraulic ‘governor systems [2],
which -~ are capable of providing fast control.
THis *---riew application has , in tumn,
resulted in a need for new control schemes
to be used to enhance the performance of
such machines. -Modern control theory
offered an  optimal multi variable
controller that have been designed and
implemented.
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Most of these developed controllers were
only tested by computer simulation and
some of them were tested experimentally
by means of laboratory models [3,4,5], where
the problems of physical realization arise.
One of these problems is that the
measurements of some state variables are
inaccessible. Another problem in practice is
that the  generator moves from one
operating point to another due to either
changes in load or system configuration
changes. Multi variable controllers, which
were designed by the direct application of
optimal control theory, could cope with
these problems only for small deviations.
However, for large deviations, these
controllers would lead to considerable offset
in  all state variables even with integral
controls. This is mainly due to that the
design of the controllers were based on
linearization of the machine mathematical
model.

New techniques such as Fuzzy Logic [6]
and Artificial Neural Networks [7] have been
used in designing  different types of
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controllers which
conventional controllers of the automatic
voltage regulator (AVR), the power system
stabilizer (PSS), and speed governor. The
design procedure of such controllers were
also, based on linearization of the
machine mathematical model.

Due to the non-linear properties of the
generating unit, attention has been made to
use a non linear controller. Recently, a
non-linear excitation controller that
adopts non-linear state feedback and is
microprocessor-based  has been reported
[8]. In this controller Lyapunov's direct
method was used to design the feedback
gain and the control signal considering a
simplified mathematical model and
neglects the effect of the speed governor.

In this paper an improved controller which
is respomnsive to actual non linear deviations
of the state variables from reference values
is introduced. In this controller two
additional control loops are employed. One
of them for the governor and the other for
the exciter. Design of these two loops are
based on the theory of maximum
principle hypothesized by Pontryagin
[9,10], where the system behavior can be
described by first order differential
equations. The non linear current state
space mathematical model of the generator,
a non linear model of the turbine, exciter,
and governor are considered. These
mathematical models, in conjunction with
the design procedure of the proposed
controller are given in the subsequent
sections.

SYSTEM DESCRIPTION AND
REPRESENTATION
The system which is considered is of a
158 MVA hydro-generator which is directly
supplying a local load as shown in Figure .
1. The generator voltage equations are
represented by a set of first order differential
equations using Park s transformation [11].
The adopted non-linear model of the
hydro-turbine and its speed governing
system are given
as shown in Figures 2 and 3 as reported in
[2. In this model the penstock is

replace the

represented assuming an incompressible
fluid and arigid conduit. The turbine gate
is controlled by a two stage hydraulic
position servo. The permanent droop Rp
determines the speed regulation under
steady state conditions. It is defined as
the speed droop in pu required to drive the
gate from minimum to maximum opening
with change in speed reference.
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H=3.177 Lo=0.001423 H

Figure 1 Synchronous machine feeding an isolated load

Due to the peculiar  dynamic
characteristics of the hydraulic turbine, it
is necessary to increase the regulation
under fast transient conditions in order
to achieve stable speed control. This is
achieved by the parallel transient droop R
branch with washout time constant Tz as
shown in Figure 3. The values of the
employed parameters are given under the
relevant figure.

A thyristor exciter is adopted for this
generating unit. This exciter is designed as
continuously acting systems, where the
excitation voltage is obtained through
rectification of the terminal voltage [1]. This
type of excitation system has the
advantage of reversing the excitation level
during transient periods from the positive to
the negative ceilings in a negligible time.
The adopted static exciter model is as that
recommended by IEEE [12], and shown in
Figure 4.

The mathematical model of the load is
given in the Appendix.
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DESIGN OF THE PROPOSED
CONTROLLER USING PONTRYAGIN
MAX PRINCIPLE

The maximum principle is adopted to
design an  optimum controller for the
synchronous machine using its non-linear
mathematical mecdel. Pontryagin max.
principle requires that generator
mathematical model, should be formed in
the differential form and  written in
corjunction with the  quadratic
performance - index. That is to construct
the Hamu:ltenian function, in terms of the
system parameters [9,10], which is used
to derive the optimum control signals. The
procedure  followed  to design  the
proposed control loops for both the machine
exciter and the speed governor, using
Pontryagin max. principle, is presented in
the following sections:
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1+67¢ Ka |
- »| e = — —-——b{ ———
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! T.=0.2 . T2=0.015
| Kr =0.12 . Te=10
lw‘

Figure 4 Static exciler

Generator Model.

The generator differential equations
considering the currents as state space
variables are written in the following
matrix form ,with the damping factor, D, is
used to compensate for the absence of the
damper windings which yields a fifth order
model as :

iyl Ta, a. aw 0 0[i,
;r a, a. a; 0 O0}li
,-'q =layw ape a0 Ol |+
o Cly Gty CGdg Oy O0f|@
- 0 0 0 14010
_O_l - 5
—b“vd +b 3\»'Fﬂ
by vy + byyve
b;; Vi (1)
FoAT
-1

Where the value of the partioned matrix
elements, a; . bj and c¢; are given in the
Appendix, (Table A-1).

Equation 1 is rewritten in terms of the
voltages, which are controllable states
rather than currents. This is carried out
by eliminating both the stator current
components using Equations A 1 and A 2,
given in the Appendix, and the field
current from Equations 1. The non-linear
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deviations of the state variables is deduced
from Equations 1 using the following
relation:

Xe=X-Xr (2)

where;
X, Xr. Xe = actual, reference, and deviation
state vector respectively.

Consequently, Equations 1 is written in
terms of the state variable deviations as:

v

de

a) e
‘— g m(w, +©,) my, 0}
(@, @,) My ~ay ~m(o.+0,) ey, —aymy, (20, +®,) 0
S V) GV~ Gl @, T @, X28, +1,) G 0 |
0 0 1 0]

V,, 7’"’9 0 ) N cl

v -m,(w,+w,) 0 O c2

qe 2 r e
& > 4V /T 0 L | 3 i
o, “Ciz("q,“”qe) X i c
sl o 0 0 c4

Where the coefficient of each element is
given in the Appendix (Table A-1).
Equations 3 can be written in its compact
form as:

X1=Fi(Xi, Ug),fori=1,.,4,k=1,2 (4)
where

X; = the machine state variable deviations
vector;

X[=[Vcle qu ® e 66]

U, = Controller state variables vector; "

U 1 = WUioi2Uzr]
Fi = set of nonlinear functions.

Performance Index

The chosen performance index is the
quadratic which is as given in Reference 9
and can be written as:

a

J-_" [X'QX +Ut RUJdt (5)
0

or in its differential form as :

X 0=XtQX+Ut R U (5)°

where Q and R are the weighting matrices;
their element values are chosen by
engineering experience as given in the
Appendix. When Equation 5 is minimized
that is the state variable errors and the
control effort are minimized which yields an
optimum control.

The Hamiltonian and Auxiliary Function

Considering Equations 5’ the state error
of Equations 4. can be modified as:

Xi=Fi(X,Ux), fori=0,...,4, k=12 (6)
The Hamiltonian function is defined as:

4
H=Y &(1). F(X,Uy (7)

where ei(t) is defined as  the auxiliary

variables, ep(t) ,..., e4(t), and is related to

Hand Xi as:

de, JH

e ®)
di - &,

dx, ¢H

i ©)
dt e

Equations 8 and 9 are known as the
canonically conjugate form of the
Hamiltonian system [10].

Deduction of the
Signals

Assuming Uex = U; , and Ug= Uz, the
optimum control signals, Uex and U g, for
the machine exciter and speed governing
system respectively, are deduced by

Optimum Control
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equating the partial derivative of Equations
7 with respect to U'ex and U g to zero as :

Te = eo(t)(2ri1 Ued+ e1(t) (mo) e2(t)([ - mu2)
(ortoe)+oz(t)[-c \, (Vqr+Vqe)|=0 (10)

From which the exciter control signal is
given as:

Uex = (-1/2ri2 eoft)) [m, e (t)

-miz (oytod ea(t))

-¢5 (Var +V ge) s3(t))] (11)
and:

EH/8Ug =eo(t)(2r22 g )+ ea(t)(1/T5)= 0 (12)

From which the speed governing system
control signal is given as:

Ug=-g3(t)(2r22 T ; eoft)) (13)

To eliminate the auxiliary function , si(t),
from Equations. 11 and 13, substitute in
Equations 7 and 8 fori= 0 through 4
and arranging yields:

deo(t), /dt=0 (14)
dei(t)/ dt =-(fi eo(t) + f2 e1(t)+f 5 e2(t)+ fa e3(t))
(15)

dext)/ dt = - (f5¢e0(Y) +.f6 e1(t)+ £7 ex(t)

+1f s es(t) : (16)
des(t)/ dt =-( foeo(t)+f 10 e1(t) + £ 11 e2(t)

+ 112 ez(t)+ eq(t)) (17)
deo(t)/dt=-fiasot) (18)

Where f1 to fis are as given in the
Appendix.

Solving Equations 14 to 18 for  oft)
e 84(t) 5
and substituting in Equations. 11 and 13
results in :

¥,
U %I (Flw,610,-9.25-)+ 2.3V,

Vel - 5.5 Uex jdt+2 [ 72 (Ve
= 1 .750)Vde)'6. SSV(le] ( 19)

Ug=#j (2.2¢10-2 ;% -5.5 Ug) dt  (20)

Equations. 19 and 20 provide the
required exciter U and governor Ug
optimum control signals in terms of the
machine state variable errors. Expressing
these Equations. in terms of the machine
terminal voltage, Vt, yields:

Uex=1—” (0,610, -822)+ 18V,

Vie |- 55U pdt+ 1.6 [1.175 (Vie-

0.80 ¢ Vic)-3.75Ve] 21)
Similarly:
Ug=-%J (1.06*10-2 = - 5.5 Ugdt (22)

The way by which the deduced control
signals are attached to the hydro turbine
synchronous machine is illustrated in the
block diagram of Figure 5.

SIMULATION ALGORITHM.

The state space non-linear mathematical
model equations of the turbine, speed
governor and exciter are deduced from the
block diagrams of Figures 2,3 and 4
respectively. This yields nine first order
differential equations. These equations are
solved in conjunction with both the
generator 7t order mathematical models
and  the equations of the proposed
controller using Runge-Kutta integration
technique. To obtain high accuracy and
stable solution a large number of iterations
is considered and a suitable integration step
length of 0.1 ms is adopted. A flow chart of
the developed simulation algorithm is
shown in Figure 6.
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Figure 5 Connection of the proposed controller to the
hydro-generating unit

SIMULATION TESTING AND RESULTS.
Different tests are considered in the
presented  digital program to asses the
performance of the specified power
system and to examine the capability of
the proposed controller in improving that

performance.

The proposed control signals are
superimposed to the conventional
controller by switching ON sw-sw shown in
Figure 5.

Sudden load changes, symmetrical 3-¢
short circuit and 3-¢ short circuit followed
by sudden removal of load are considered
as severe disturbances and therefore,
applied one at a time to the machine. The
corresponding computed responses for 3,
®», Vi, Er, ir are given for the proposed and
conventional controllers as shown in
Figures 7 to 9. The response of the
conventional controller is plotted by a
dashed line, however, that of the proposed
one by a solid line. Comparing the
responses for all these disturbance cases
reveals that a substantial improvement
in  the responses of the five considered
variables has been achieved in the case of
the proposed controller.

In Figure 7 the response is given for a
sudden application of 100% increased in

load. It can be seen that the oscillatory
responses of the variables are
suppressed faster in case of the proposed
controller (solid lines) than conventional
controller (dashed lines).

Start.

r Read system parameters I

Calculate the initial conditions

Select the fault type

] v
D:=0.0 -
v

Solve the non-linear differential equation

v

I Calculate the system variables J

Write output data
Starting time T=0.0
DT=100*H Fault starts at time ¢

Fault remains until t;
Int. step length t,=0.1ms
Sampling interval DT
teration numbers N
Total time Ty = N*DT

Plot output data

Figure 6 Flow chart of the developed program

In Figure 8 for 3-¢ short circuit for a
period of 0.5 s, the rotor angle & displays
100 pole slipping for the conventional
controller, where this number is reduced to
84 pole slipping with the proposed
controller.

In Figure 9 the response for the
application of 3-¢ short circuit on the
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terminals of the machine for a period of 0.5 s
followed by 66% sudden load removal. It can
be seen that the number of pole slipping
is reduced from 130 with conventional
controller to 113 with  the non-linear
controller. The effectiveness of the

proposed controller can also be seen on the
steady

of
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conventional controller failed to bring the
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Comparison of the results reveals that
the proposed controller not only allows the
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CONCLUSION

A non-linear controller for the exciter and
governor of a synchronous machine has
been proposed. The design of this
controller was based on the Pontryagin
maximum  principle which used actual
non-linear mathematical model of the
machine. This controller provides control
signals in response to the actual non-linear
deviations of the machine state variables
rather than the linearized deviations used
for conventional controllers. Therefore, this
controller enables the generator to
accommodate large disturbances and
accepts changes in system configuration.

Digital simulation program has been
developed to asses the performance of the
proposed controller on an isolated hydro
generating unit. The computed responses
for different types of severe disturbances
reveal remarkable enhancements in the
system performance.

Field test of this proposed controller
will be worth examining in a future work.

APPENDIX
* Load Mathematical Model.
"A local resistive load is attached at the
machine terminal and has the following
model :

Vc1=0.5 id * RL (A—l)
Vq=0.5iq * R. (A-2)

Table A-1 Matrices Elements and Functions Coefficients

Eelement Value
an 0.007
a2 -0.002
as 1.749
az -0.005
a2 0.002
a23 ~1.372 5 Pt e
.. asi -1.849
1 aa -1.588
ass 0.004 -
bn 3.43
b2z -3.13
bss 2.01
Ti =2Haen 1995
cn=-La /3T -1.5*104
c12=- KMg/3 T -1.3%31 04
c13 = Lq/ 37T 0.85* 104
Ci1a=-D/CT -0.10 * 104

qin =22 2.0
Q33 S.0
Qaa 3.0
ri1 1.0
r22 1.0

mit=ass+bas R /2 2.014
m2 =a’s m’ R /2 3054

C’11 = ¢ -¢ 12m’a+Cis -0.804 * 104
c2=ci2m’ -0.25
c¢”12 =c12 M’ -1.07 * 104
"1 =12 m’a -0.13 * 104

my =KMr b1z + Lr b2 -1 -2.027
m2 =KMr bi1 + Lr b21 8.7 * 104
ms=KMr a1 + Lr an 4.95* 104
mae =KMFr a13+ Lr 223 1.06 *10-4
ms =rr +KMr a12 + Lr a22 1.05* 104

me =a 11 - a2 M’ 7.94* 10 -4
my =a 13 - a2 M’ 1.75
ms =b 11 -a;2 m% 3.432
mo =b 12 - a2 M’ 6.536
ot s ’ -1.103
mio =a’s1 - a’s m’
mi=m / ms -1923
m>=mz / ms 0.825
m's=ms+ msRL / 2 3.44
me=me Ry /2 6.536
m’io = mio - a2 m’ 0.207
R 2.0
Clp =cp*2/ R -0.25
€132 M2/ R | g13+104
kd . 3
cin=en(4/Rp) | o27+104

"

¢ 4512 1 Re)

The following relations of both the
constants and functions are considered:

’ )
4 =C1a -C3 Vo,

ap=ais /o a; =an /o, a, =as

/o
e /
3.32 =as ;o

C1=m6 Var + mz OJrVqr

’ ' ' gl
C2=mm or Var +my Vqr -a;, m, 0);
Vql'
. ; .
C3=¢, \(},;;\_(g;_ -Cj3 orV,, +cus or
C4 = or- 1

’

f1 =2q11 Vde, f2 =m6 ’ f3=m;,)(o)r +
0)e)

f4=C;1(Vqr+qu), fs =2q'22qu

fe

f7= mu-a;, m,(or +oe )?

m7 (or + e ),
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fs =c,, (Var +Vae)-2cy;(or +oe )(Vgr

+Vge ) - ¢,y Uex
fo =2 qas fio = m7 (Vqr + Vge )
fii =m, (Var +Vae)-2a,, m,(or
+®e ) Vgr + Vge ) -mi2 Uex
fiz =- ¢y, Voo (2Vqr + Vge J ¥ ¢y,
fis =2q44 de
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