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ABSTRACT

This paper describes an improved version of the H « control schemes to enhance
the .performance and stability of the superconducting generator (SCG). A Flexible
control structure is proposed, designed and implemented to overcome the problems
that resulting from the low inherent damping nature of the superconducting generator.
The controller is implemented using a detailed nonlinear simulation. The time-
invariant state space model is also obtained and the system oscillatory modes are
given.  The simulation results are represented in comparison with other results
which obtained using conventional control systems. The linear time response
simulation and the non-linear time response with the transient stability analysis
confirms the superiority of the proposed controller and illustrate its effectiveness in
system stabilization. ) '

1- INTRODUCTION

Power systems face instability problems or poorly damped electromechanical
modes in the range of .02 Hzto 2.5 Hz[1,2]. As oscillations of smail magnitude
and low frequency often persisted for long periods of time and in some cases
presented limitations on power transfer capability. Power system control
techniques have been implemented to improve system performance and to extend
power transfer stability limits. This accomplished via the positive damping that
sueh techniques and methodology add to the system modes of oscillation. Many
studies have been done in order to improve the dynamic and transient stability of
power systems. These include the design of conventional PSSs, static Vars
compensators, series condensers and multi-variable controllers etc [3,4].  More

Manuscript received from Dr. G. A. Morsy

Accepted on: 27 /3 /2002

Engineering Research Journal Vol 25, No 2, 2002 Minufiya University, Faculty of
Engineering, Shebien EI-Kom, Egypt, ISSN 1110-1180

187



rowout,  WiC FIW dnu ne Iuzzy rule based controllers are winning substantial
credits [5-7].  Some authers, however, thought that the range of the instability
mode should be treated very carefully via different control channels [9].
Therefore, the heuristic design approach proposed in [1] achieves the conflicting
goals of providing damping torques at both high and low frequencies. An
improved version of that control structure, called “ flexible controller “ or the Hoo
controller.  The flexible controller can be seen as anincreased order robust
controller [8], since it is a sum of differential lead-lag filters each of them aimed
at damping a specific frequency band [9]. Although many tuning procedures
have been developed for PSS and other conventional control schemes, most of
them not to be suitable for the design of the flexible controller. ~ The SCGs are
expected to be the optimum choice among ac generation systems in the future,
because of their reduced size, weight , high efficiency, higher generator terminal
voltage and its contribution to stability of power systems. However, SCGs have a
complex structure and require materials different from those normally used in
conventional machines. At the same time these machines are characterized by
their low inertia and low inherent damping owing to the interactions between their
two electrothermal and damper shields. So, the SCGs requires special attention
and consideration. Moreover, the very long field winding time constant make the
achievement of acceptable dynamic performance very difficult using excitation
control. Therefore, it is necessary to consider only the governor control loop.
Various types of controllers were developed to enhance the performance of that
complex structure machine, such as phase advance networks, self tuning
controller, proportional plus integral controller and neural networks [10,11].

This paper presents the design and implementation procedures of a flexible
control scheme to improve the performance of the SCG. After the problem
formulation; the modal performance measure were presented taking into
consideration the aamping ratios of the oscillation modes. This criteria is applied
to design a flexible controller. The linear and non-linear simulation results
illustrates the robustness of the controller structure to enhance the system
performance and stability. -

2-SYSTEM MODEL

The power system model considered in this study is shown in Fig.(1). It
consists of a superconducting generator connected to an infinite bus bar. The
generator i1s driven by a three-stage steam turbine with reheat and fast acting
electro-hydraulic governor. A selection switch has been used to consider the
control action. The dynamic behavior of this system is governed by fifteen
(15) differential equations, seven of which belong tothe SCG itself (including
two damper windings in each axes), two describe the mechanical torque and the
remaining six desciibe the turbine stages and the electro-hydraulic governor. The
system state equations and parameters are given in the appendix.
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Fig.(1) Schematic diagram of a power system under study
with different control scheme

3- CONTROL STRUCTURE AND PROBLEM FORMULATION

The control objective for SCGs is to generate a stabilizing signal , which is
added to the governor loop, in order to enhance the damping of the rotor
oscillations after disturbances and consequently improve both the transient and
dynamic performance of the system. The flexible controller is a high order
controller, whose time constants are chosen in order to damp out specific ranges
of modes. It consists of three frequency bands each of them contain two multi-
stage control channels. Considering the general definition given in [9] and the
system shown in Fig. (2), the controller can be defined as follows [12] :

H(s)=K { Kir Hy (s) + Kir Hir(s) + Kur Hunr (5) } )
Where, K is the controller overall gain . Subscripts If, if, hf stand for low-,

intermediate- and high-frequency respectively. Each compensator contributing
to H (s) is tuned to damp a specific frequency band. For each frequency band:

Hi(s)= Hin (s) - H@fz (s) ,j=Li,h ()

Previous extensive investigation revealed that for the SCG the time constants ratio is
50 for each control channel. Also, only one stage for each frequency band channel
was found enough. Therefore, each controller stage takes the form :

Hi(s)=1+sTin/1+sTn 3)
where, i is1and2 for each frequency band.
J= 1 iandf
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Fig. (2) Schematic diagram of the flexible controller
The state-space model of the controller is then :
Z =PZ+ Qo ' (4)
U =KRZ (5)
where : P, Q, R depend on the time constants
® 1s the controller input
U is the controller output

K=[Kr K Kyt ]

The non-linear model of the power system are perturbed about a steady state
operating point. This provides the open —loop linearized system model as :

X=AX +BU T )
w =CX )
where, X is a state vector

U isaninput vector =[ U, Unt 1
U. is the input from the controller o
U is the reference voltage input

w is the speed output

The control problem is to determine a matrix K so that the output oscillations of
the closed loop system will be damped out when a perturbation occurs. Then
the closed loop system state space model is :

X. = A X. + B, U (8)
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The modal performance measure J, for the closed loop system equations (8),
(9) and (10) is defind as [12]:

where:

The optimization

QC

&

J=

i=l
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Ui, Vi*

(). 0)
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b
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& C.=[C 0]

i {7 Vi) U M U (VT Xo) W o, i) )

is the order of the closed loop state matrix A,
are right and left eigen vectors corresponding to the i th mode
are the matrix transpose and complex conjugate,
is the initial state of the closed loop system,

¥(o;, ®;) isafunction ofthelth mode A=o; £ w;,
=-0; / f o + o is the damping ratio of the i th mode.

¢

rate, then the values of the controller gains are obtained .
The controller gains and time constants are given in the appendix.

4-EIGEN VALUES ANALYSIS:

€

(10)

(11)

algorithm used in [12] is implemented , with a linear convergence

Using the time -invariant state space model , a conventional PI controller is
designed as well as the flexible controller. The eigenvalues are obtained for the
system as shown in Table 1. These results show that the damping ratios of the
oscillation modes are greatly improved with the use of the flexible controller.

Critical oscillation mode

SG + Flexible

Operat- Openloop ........ SG + Conventional PI
ing Controller
point
At o;+ o Fhzy (i c;+ o Fhz I;i or £ ®;|F hz Cl
Lead pf|-0.338+j6.47(1.0310.06 | -5.3 £j10.57 | 1.68 | 0.479 | -5.954j11.2 | 1.78{0.51
Unit pf{-0.31 £j9.05 | 1.44|.033 | -3.8 +12.05 }1.91]0.303 |-4.41 4§12.9/2.05]0.33
Lagpf| 276410.6 1.68.025|-2.95%j13.69/2.18| 0.21 |-3.51414.02.2310.24

Table 1
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5- SIMULATION RESULTS AND DISCUSSIONS

To indicate the effectiveness of the proposed flexible controller, results
simulation for the system are obtained under different operating conditions and the
modal performance measure was evaluated in response to a 120 ms duration short
circuit at the transformer high'voltage side. The system detailed non-linear equations
including all control loops are solved by using the Rung-Kutta technique. Figures (3)
to (5) depicts the system performance in case of three-phase short circuit fault with
the proposed controller for different operating conditions. The simulation results
illustrate that the proposed controller achieve a significant improvement in the system
behavior , a considerable reduction in the valve movements and a high damping to the
rotor oscillations. The results thus demonstrate clearly the effectiveness of the
proposed schemie in damping the system oscillations and improving its performance.

6- CONCLUSIONS

The paper described a _new proposed flexible controller to enhance the
performance and extend the “Hability limits of SCGs.. The proposed scheme is
validated and verified via eigenvalues analysis and simulated non-linear time
response of the new controller in comparison with other control systems. It is clear
that the new strategy is significant in damping the system oscillations and enhancing
its dynamic performance for a wide range of operating conditions. The system
behavior with the proposed control scheme is compared with the behavior when it’s
equipped with speed governor accompanied with  proportional plus integral
controller. The paper demonstrated that the proposed controller can provide
significant performance improvements to power system oscillations and can bea
useful substitute to other conventional schemes, in damping the system low
frequency oscillations.
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APPENDIX

A- THE STATE EQUATIONS REPRESENTED THE POWER SYSTEM ARE

pyr= o (Vi— iy S (1)
pWa= @ (Va+ ia(Ra+ Ro) + w)+ oy, 2
PYy = o (Vg + ig (Ra + Re) - wy)- oy - (3)
PWp; = - W ip; Rp; 4)
PWor = - @, ig; Ro; (5)
PWp2 = - @, ip2 Rp2 ' © o (6)
PWo2 = - @ ig2 Ro> ' (7)
po=o (8)
@,
po H (T, - T.) %
Te = waiy - Wola ' (10)

The transmission system is includeed in the model, replacmg R by (Ra+Re) and X4
and X, by (X4 + X.) and (X, + X.) respectively. i

The model of the three-stage steam turbine with reheat and the electro-hydraulic
governor considered in this study follows the IEEE standard representation and the
special IEEE recommendations for the turbine of the SCG. Their state equations may
be written as:

PYup = (GriPo -~ Yup)/ Thp (11)
DYre = (Yup — Yre) Trer : (12)
pYw = (GiYrg - Yip)'Tip (13)
pYip = (Gip-- Yip)Tpp - (14)
Ty = FupYup + FipYip + FipYip (15)
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The electro-hydraulic governor equations are :

PGy = (Uorv — G/ Tom
PG = (Ugi - G1)/Tgy

Where the position and rate limits are,

(16)
a7

0< Gy G <10 and -6.7 < pGu, pGi < 6.7 p.u/sec

B -THE SYSTM PARAMETERS

e SCG parameters
2000 MVA, 1700 MW, 3000 rpm
X4=X4=0453 pu. , Xr=0.541 pu.
XKD! = XKQ1 F"0.2567 p.u. XFKD2 =(.3398 p.u
Xar = X1 = Xaar = Xat2 = Xkp1 kn2 = 0.237 p.u.
Xaqt = Xagz = Xkq1 Koz =0.237 p.u.
Rkpi = Rkor = 0.01008 p.u.
Ra =0.003 R RKDZ = RKQZ = 0.00134,
H=3 KWS/KVA

Transmission System Parameters

Xr=0.15pu. , Rt =0.0003 p.u.
XL =0.05 p-u , RL =(0.005 p.u.

[ J

o Parameters of Governor and Turbine
THp = 0.1 sec. . FHP =026 R
F]_p =.0.3 sec N FL.p =0.32
TGM = TG.I =0.1] sec. , Po =12 p.u.

[ ]

o Parameters of Flexible Controller
T =0.01 sec. , Trp=0.5 sec
T = 0.4 sec R T hl = 0.004 sec
K]f: 0.1, 5 K,'f=0.02
Nomenclature

H Inertia constant (kWs/kVA)

I Current (p.u.)

P Differential operator
R Resistance (p.u.)

T  Torque

Vv Voltage (p.u.)

X Reactance (p.u.)

Greek letters

0 Rotor angle
w  Flux linkage (p.u.)
@ Angular speed (rad/s)

194

Tlp =03 sec.,
TRH = 10 sec.

T;=0.008 sec.,
T =0.2 sec.
K W = 0.05



Subscripts
a

q

eM

f
0

FKD;y,
fKQ,
FKD,,fQ

KD, KQi
KDZaKQ2

Armature
d and q componenets of stator winding

Electrical, mechanical
Field

Steady state v .
d and q mutual components between outer screen and field
winding SCG

d and q mutual components between inner screen and field
winding SCG

d and q componenets of outer screen

" d and q components of inner screen
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