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ABSTRACT

This paper proposes proportional integral (PI) controller to
modulate the performance of a superconducting generator
(SCG) according to its speed variation. The control design
procedure is simple and the proposed controller is also relatively
simple for practical implementation. Eigenvalue analysis of the
controlled system reveals that the PI coniroller is quite effective.
Digital simulation studies using detailed nonlinear system model
are also performed in order to show the effectiveness of the
proposed controller over a wide range of operating conditions.

1. INTROD UCTION

The flexability and effectiveness of the control methods in
generating plants are of great importance. The availability of
electro-hydraulic governors with fast valving and modern
thyristor exciters has made it possible to obtain rapid control
schemes for turbo-generators. Considerable attention has been
directed to the application - of integrated control to improve the
performance of generating units [1-4].

Manuscript received from Dr. G.A. Morsy on : 16 /11/1999

Accepted on : 31/11/1999

Engineering Research Bulletin, Vol 23,No 1, 2000 Minufiya University, Fazulty of
Engineering , Shebien Ei-Kom , Egypt, ISSN 1110-1130

61



Superconducting generators are expected to replace conventional
machines in modern turbogenerators, this is because of their
capability to supply greater .base load, smaller size and weight,
high efficiency and possible generation at bus votlages.
However, these machines have low per-unit reactance, low
inherent damping and high hunting frequency which affects the
system stability [5,6]. Furthermore, the SCG has almost zero
resistance of field winding consequently an extremly long field
circuit time constant (750 Sec.) which made it necessary to
consider only the governor-control loop to enhance the machine
performance.  Several arrangements have been previously
proposed to improve the performance and to provide extra
damping for the SCGs [7-11].

The purpose of this paper is to design a PI controller in the
governor feedback loop using the speed error sigmal. The
proposed PI controller is relatively simple for practical
implementation and can effectively enhance the system
performance, particularly to minimize post fault oscillations.
Eigenvalue analysis and time domain nonlinear simulation are
performed in order to demonstrate the effectiveness of the
proposed controliler.

2. SYSTEM DESCRIPTION

The system considered is a superconducting generator unit
connected to a large power system via a transformer and a
double circuit transmission line., The generator is driven by a
three-stage  reheat steam  turbine with fast acting
electrohydraulic governor and interceptor valve: [1-3]. A
schematic diagram of this system is shown in Fig. (1).

3. NON-LINEAR MATHEMATICAL MODEL

3-1 Superconducting Generator
The following non-linear equations based on Park’s d-q axes,
together with the mechanical equations of motion, are used to
represent the SCG [12]. For simplicity, each of the rotor screens
are represented by one fixed coil in each axis,
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PY, =, (V¢- Ryip 1)

PY, = 0, (vq- Ryigt¥ ) + 0¥, (2)
PY, = 0, (g~ Ry Py - 0¥, | 3)
P¥kp = ©, Rypyixp (4)
P \PKQI = O, RKQI il;él (5
P¥xp, = ®, Rgp; ixpa {6)
P¥xe = ®, Rkqz ikoz | (7)
P = o (8)
Po = (0, /2H) [T,, - T,} 9)
where,

T, = Wyiq- Wiy (10)

3.2 Transformer and Transmission Line

Va =V, sin 5+ R, - X, I (11)

Vg =V,cos 6+ R 1 + X, I, (12)
where, X = X3+ X
Re = RT + RL

3.3 Turbine and Governor System

The turbine and governor are represented by six-order model
with appropriate limits on valve position and velocity.

PYyp = (Gy Py - Yyp) / Typ (13)

PYpy = (Yyp - Yry) / TRH (14)
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PYp = (Gy Ypu - Yip) / Tip (15)
PYip = (Yip- Yip) / Typ (16)

T

m

=Fyp Yyp t Fip Yip+ Fip Yip a7y

The electro-hydraulic governor and interceptor valve
mechanisms equations are:

PGy = (ugm - Gm) / Tam (18)

PGy = (ug - Gy / Tg (19)
where, the position and rate limits are,

0 <Gy,G, <1 and -6.7 < PGy, , PG, < 6.7
Yyp is the output of the high pressure stage in per-unit, and Fyp
Yyp is the contribution of the high pressure stage to the total
shaft torque, etc. All the SCG, transmission system, turbine and

governor parameters are given in Appendix (A). Fig. (2) shows
the representation of turbine and governor system.

4. CONTROLLER DESIGN

4.1 Linearized Model
The non-linear model presented in the previous section is
essential to investigate the transient performance of the SCG..
However, to design controllers for the machine a linear model is
required.  So, the non-linear equations (1-19) are perturbed
about a steady state operating point. This provides a linearized
model of the system.

The eigenvalues of the system without controller and with speed
governor at different operating conditions are listed in Tables (1)
and (2). The results shown in the tables illustrate that the
dominant eigenvalues of the system are those corresponding to
the rotor and field modes, and which affect directly the system
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stability. . Any control system may concentrate to move these

roots towards the left hand side of the S-plane.

TABLE (1) Eigenvalues of the open l()(-)ps’-s’;ffstem (P=0.8 p.u.)

System a + jo
Modes 0.8 lead p.f. unity p.f. 0.8 lag. p.f.
Stator | -6.576+j313.91 | -6.578 + ] 313.91 -6.58 ] 313.91
Rotor | -0.388+76.47| -0.3 + j9.05 | -0.276 + j 10.58
Field -0.000505 -0.000642 -0.000658
Screens -30.431 -30.379 -30.373
-30.773 -30.841 -30.858
-2.838 -3.007 -3.0341
-1.0362 -1.004 -1.0293
Turbine -3.333 -3.333 -3.33
and -3.333 -3.333 -3.333
Governor -0.100 -0.100 -0.100
-10.00 -10.00 -10.00 :
-10.00 -10.00 -10.00
-10.00 -10.00 -10.00

TABLE (2) Eigenvalues of system with speed goverribr (SG).

Domainant 0.8 Lead p.f. unity p.f. 0.8 Lag, p.f.
Modes Open with Open With SG | Open | With 8SG
foop SG Loop Loop |
Rotor -0.388 | -0.34 -0.31 -0.174 -0.276 -0.11
+j6.47 | £j7.25| +j9.05 +j9.59 | £j10.58 ) +j1l
Field -0.0005 | -0.0005 | -0.00064 | -0.00064 | -0.00066 | -0.00066

4.2 Design Procedure .
PI controller is introduced to enhance the system performance

In order to determine the
parameters of this controller, the state equations of the linearized
system are written as,

and to add positive damping.
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[X] = [A] [X] + [B] [u] (20)
[Y] = [C] [X] - o (21)

where, [X] is a 15th order state vector.
[X]t = (0, o, le‘; Y \qu Yxpi1s \P]KQD Yxp2s LP]Kst Yup,
Yras Y, Yip, G, Gy)
and,
[u] = the control signal (P1 output)

[Y] = Aw is the output signal (P1 input).

A schematic diagram of the control system is shown in
Fig. (3).

Taking the Laplace transform of eqns. (20) and (21), we have the
state equations in frequency domain.

SX(S) = AX(8) + BU(S) (22)
Y(S) = CX(S) (23)

Equation (22) can written as,
X (S) = (SI-A)' BU(S) (24)

The control signal can be expressed as,
U(S) = H(S) Y(8)

= [S/ A+STw)] (Kp + Ki/S) Y (S) (25)
Where the washout time constant T,, and the gains K, and K, are
the controller parameters to be determined. Combining =qns.

(23), (24) and (25) we get,

X(S) = (SI-A)"BH(S) C X(S) (26)
The characteristic equation of the system is then given by:

I-C(SI-A)'BH(S) = 0 27)
Substituting by the desired values of the dominant eigenvalues A;,

i=1,2,3 into equation (27) we have,
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HO)=I/COT-A'B
= (M /1444 T,) (K, + Kq / 45) (28)

Thus, we have a set of algebriac equations with three
unknowns T,, K, and K,. Solving the above set of equations the
controller parameters can be obtained as:

T, =0.412 Sec. , K,=0.0744 and K,=2.667

The eigenvalues for the system with PI controller are listed in
Table (3). It is illustrated that the dominant modes has been
shifted to the left to the new desired position.

otjo
Domainant 0.8 Lead p.f. unity p.f. - 0.8 Lag. p.f.
Modes | Open | with | Open With Open | With PI
loop | Loop Pl Loop
Rotor -0.388 | -53 -0.31 . -3.8 -0.276 -2.95

£j6.47 1 £5105) £j9.05 | +j12.0 | +j10.58 | +j13.6

Field -0.0005 | -0.6005 | -0.00064 | -0.00064 | -0.00066 -0.00046

Table (3) Eigenvalues with PI controller.

S. TIME DOMAIN SIMULATION

To illustrate the effectiveness of the previously designed PI
controller, digital computer simulation using the non-linear
model is performed for the system subject to symmetrical three
phase short circuit of 120 ms duration at the high voltage
busbars of the generator transformer. In the digital simulation
the system non-linear equations were solved using the Runge-
Kutta integration technique. The system response with and
without controllers are plotted in Figs.(4) and (5), at a lagging
and leading power factors respectively. The results clearly shows
a significant improvement in the system performance via a well
designed PI controller, since the speed deviation, the rotor angle
and the terminal voltage oscillations die away more quickly with
the prevention of steam valve excessive movements. Also, figures
(6) and (7) illustrates the effectiveness of the designed PI
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controller compared with the previously designed phase advance
circuit [11] which has a transfer functlon of the form G, ,(s) =
K (1+S T,) / (1+S T,), with' T; = 0.5 Sec., T, = 0. 01 Sec., and K=
0.1.

6. CONCLUSIONS

PI controller have been designed and implemented for a SCG
connected to an infinit power system. The controller parameters
are determined by shifting the system dominant eigenvalues to
desirable locations. The eigenvalue analysis indicate that the
designed PI controller yield a satisfactory damping for the
system under various operating conditions.

Time domain simulation using the system non-linear model is
also performed to show the validity of the designed controller.
The results illustrate a well damped response which substantiates
the proposed controller. :

Appendix - A
* SCG parameters

2000 MVA, 1700 MW, 3000 rpm

Xeg =Xy =0.0453 p.u. , X; =0.541 p.u.

Xkp1 = Xgo1 =0.2567 p.u. , Xpgp, =0.3398 p.u.

Xar = Xkor = Xaar Xadz XKD] kp2 = 0.237 p.u.
Xaqt =Xaqz = Xko1 kg2 = 0.237 p.u.

Rkpi = Rgqr = 0.01008 p.u.

R, = 0.003 - ; RKD2 = RKQ2 = 0. 00134
H = 3KWS/KVA

* Transmission Syvstem Parameters

Xr=015 pu. , Ry = 0.003 p.u.
Xy = 0.05 p.u. , R, = 0.005 p.u.

.

* Parameters of Governor and Turbine

Tup = 0.1 sec. ,  Fyp = 0.26, T,p = 0.3 Sec.,
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TLP = 0.3 sec 9 FLP = 0‘,3“2, TRH = 10 sec.
Tom = T = 0.1 sec. , P, = 1.2 p.u.
Nomenclature

H inertia constant (kWs/kVA)

I current (p.u.)

P differential operator

R resistance (p.u.).

T torque

\% voltage (p.u.)

X reactance (p.u.)

Greek letters

) rotor angle

\/ flux linkage (p.u.)

® angular speed (rad/s)

Subscripts

a armature :

d,q dand q components of stator winding

e,m electrical, mechanical

f field

0 steady state

fKD,fKQ; d and q mutual components between outer screen
and field winding SCG

fKD,,fKQ, d and q mutual components between inner screen
and field winding SCG

KD;,;KQ; dandq components of outer screen

KD,,KQ, dandq components of inner screen
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Fig.(2) Representation of turbine and governor system.
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Fig. (3) Schematic diagram of the control system.
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