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ABSTRACT

This paper describes the development of a multi-channel contrel scheme to enhance the
performance of a superconducting generating (SCG) unit operated in a multi-machine power
system. The proposed contro] scheme is designed and implemented in the governor control loop of
the SCG to overcome problems resulting from the low inherent damping nature of the SCG,
which has structure different from those of the conventional synchronous machines. The design of
the controller is based on developing an equivalent model of the SCG, which includes the effects
of interactions with other generators, This simplifies the design procedures and produce control
structure that use control signals measured from local generators only. The effectiveness of the
controller is demonstrated by a detailed digital computer simulation of a multi-machine power
system. The system consists of a [2-bus, 4-generators one of them is a 2000 MW SCG. The
performance of the proposed centroller is obtained and assessed in comparison with others,
obtained using controllers designed by conventional techniques. It has been clearly demonstrated
that the new controller improves the performance of the SCG, on which the controller is installed,

as well as of all other generators in the petwork. )
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I-INTRODUCTION

The electric power grid is complex in nature with
many operational levels made up of a wide range of
energy sources with many  interaction points
(operators, power consumers and producers, and
several layers including power plants, control
centers, transmission and distribution networks)[1].
Due to the increasing size and complexity of these
power systems, they often operate with a lower
stability margin [2]. This renders a poor performance
of the generators when the systemn 1s subjected to a
disturbance. In addition to the continous growing
demand of electric power and in the network size,
there has been a trend to up grade the rating of
generators. However, the physical limitation on
conventional generator design may not satisfy these

requirements. Subsequently, SCG are expected to be
a good alternative to replace conventional generators
in the future. The new machine has  several
advantages over conventional generators, including
higher efficiency, lower synchronous reactance,
reduced size and weight and the foture possibility of
generating at transmission voltages [3]. The new
machine 1s also expected to exceed the rating limits
of conventional machines design [4]. At present, unit
ratings of 300 to 1000 MVA are considered to be a
practical size as a first unit to be synchronized into
power systems[5,6].

The superconducting machine is characterized by its
low p.u. reactance which certainly improves stability
limits. However, the new machine has a low inherent
damping characteristics which makes the machine
oscillate with very poor damping when subjected to
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disturbances. Therefore, stability enmhancement is
becoming more important for reliable operation of
electric power systems. .

Large interconnected power  systems face the
problem of poorly damped modes, in the range of
0.02 to 2.5 Iz [7). These_oscillations result when the
rotors of machines oscillate with respect to each
other using the transmission lin€s between them to
exchange energy [8]. PSSs are used to. damp these
low frequency oscillations for conventional
synchronous generating units. However,
Supérconducting generators have a complex structure
and require materials different from those normally
used in conventional machines. The very long field
winding time constant of that new machine makes

the achievement of acceptable dynamic performance .

very difficult using excitation control. Therefore, it is
necessary to Conmder only the governor control loop.

the performance of that complex structure machine

[9-13].

This paper presents the design and 1mp1ementat10n of
a multichannel control scheme in the governor
control loop of a SCG operating in a multi-machine
enveronment. To achieve a higher level of accuracy
in the predicted results and draw a general conchision

Py DIZRO,
Qy = 0.05P.U.

&

from the results, detailed representation were made

- for all system components including generators,

Moreover, the machines included are of different
sizes and types with fast and slow acting excitation
systems. The results obtained illustrate  the
effectivencss of the proposed confroller in
compatison with conventional controllers and phase
advance network to enhance the overall system
performance under severe disturbances.

2- STUDIED SYSTEM

A four machine 12-bus power system without
infinite bus is considered as shown in Fig. 1. This is a
typical power system in which the generating units
are connected to four load areas through transmission
network. The transmission lines are represented nsing
the 77 -method. A 590 MVA thermal unit 1
connected to bus I; a 1300 MVA nuclear umit is
comnected to bus2; a 2000 MVA superconducting
unit is connected to bus 3 and a 615 MVA hydro-

“electric unit to bus 4. A load flow study for a full

load state of the system is shown in Fig.1. Parameters
of generators and transmission lines are given in the
Appendix.
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3- MULTI-MACHINE SYSTEM MODEL

3-1 Generators

For an accurate pridiction of the system
performance and to assess the effects of system
controllers, a detailed representation for all
generators and their control systems was made. A
seventh order nonlinear mathematical model based
on Park’s d-q axes representation [4], is used to
represent each conventional machine. However, a
nineth order nonlinear model is used to represent the
8CG. This is due to that each of the rotor double
screens is represented by one coil, of fixed
parameters, on each axis [9,10].

3-2 Conventional Control Systems

All conventional generators are equipped with
exciters, AVRs and PSSs. The block diagram of the
typical excitation system used is shown in Fig.2, and
the appropriate parameters are given in the
Appendix. To reduce the order of the system, it is
assumed that the wmechanical  input to each
conventional generator is fixed. However, due fo the
different construction of the superconducting
generator and the extremely long field winding time
constant, the governor control loop is considered as
the avilable control loop. A three-stage steam turbine
with reheat and a fast acting electro-hydraulic
governor are connected to that machine [4,10].
Turbine and governor state space equations are given
in the Appendix. The governor valves are actuated by
a speed error signal through a feedback loop
incorporating a phase advance network. The
incorporated phase advance network has ihe
following transfer function [9]:

Gphnd (S) = Kphad [1 + ST] /1t STZ] (l)

cenl Big (8) |

where, K¢ =0.1, T=0.5 sec and T,=0.01 sec.
(Ty/T:=50were recommended for best performance).
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Fig.2.Conventional machines excitation system

4- MULTI-CHANNEL CONTROLLER
4-1 Design Philosophy

In this section, the control of the SCG is improved
through replacing the phase advance network by a
multi-channel  controller.  The  multi-channel
controller is a high order controller, whose time
constants are chosen in order to damp out specific
ranges of modes [14,15]. It consists of three
frequency bands each of them contains two multi-
stage control channels. Considering the general
definition given in [15] and the schematic diagram
shown in Fig.3, the controller can be defined ag

follows [16]:
H(s)=K, [Krr Hpp(syt K Hip(s)HKyr Hip(s)] (2

where, K, is the controller overall gain. Subscripts
LF, IF, hF stand for low, intermediate and high
frequency, respectively.

s Hp® —
Hyz: (3 TN 1s
'] i s e o] /7 \\ F :
[ H‘ﬁﬁor {$) S m’/’. n.;‘ }<if ; ;(‘r/’r ] K[ E. *» 17
— Hm» (8 A/r -

Y

Fig.3 Schematic diagram of a multi-channel controller
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Each stage in the control channels is timed to damp a

specific frequency band. For each frequency band:
Hie (s} = Hp(s) - Hipo(s)  , J=L,Lh (3)

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

Hipi(s)=1+8Tip / 1+ 5T 4)
where, i is1and2 for each frequency band.
I'= 1,1 andh
The state-space model of the controller is then:
Z=PZ+Quo (5)
U.=KRZ (6)
where: P, Q, R depend on the time constants
o i the controller input

U, is the controller output
K =[ Ky Ky Kir ]

4-2 Equivalent Design Model

It is difficult to design a controller based on the
overall multimachine system model as it involves
great numerical difficulties in the design procedures.
Morever, this wend is not feasible for practical

j:;;ip_aplementatiori on a full-scalle power system, as it
‘leads to a centralized control structure in which the

ggﬁtroller for a particular generating unit depends not

nly on measurements of quantities on that unit, but
on all other units in the system as well. One approach
is to design controllers for each generating unit using
a single machine infinite bus representation. This,
however, does not take into consederation the
dynamic interaction between various umits, although

it simplefies the design procedures. Alternatively, to’

facilitate the design procedure an equivalent model
approach is developed in [17] to design controllers
for conventional generators. The equivalent model
for each generator includes the effects of
interconnections with other generators in the power
sysyem. A similar technique is used in this paper to
develop an equivalent model of the SCG. The
equivalent model is used to design the flexible
controller and the design procedures are described
subsequently.

Assuming that the SCG is connected to the ith node,
the network voliage components in the common DQ

axes, VfDQ , at this node is related to the voltage
components at the d-q axes of the SCG as
VjDQ i V;iq :

7 cos&’  ~sins’ (7):
sind’  cosd’

The equivalent model approach is based on the fact
that voltage variations at distant nodes due to a small
change of the SCG input can be neglected.
Therefore, perturbing the network voltage equations
in the commoa reference frame yields:

AV})Q =[Z :;]A Z;)Q (8)
. iyt
[z{1= [ e X }
X e
Z! is the equivalent transmission impedances

between node i and all other nodes. The equivalent
impedances Z,' can be calculated as follows:

I i
Zel= Zzy :j;ei (9)
j=1

Following the procedure in [17], the open loop
equivalent model of the SCG (ith generator) may be
written in compact form as:

where

i

X =Axt+piUt (10)

ol =Clx! (11)
where, X { is a state vector
Ul is an input vector = (U, Ul ]T
U, is the input from the conitroller output
U,er 1s the reference input

o " is the generator 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 state space equivalent model of the
SCG may be written as:

Xe=AXo+B, Uy (12)
0=C.X, . (13)
A, B B
A.=| ¢ KK JBy={ °| and
S lec, P “ Lo
c,=lc. 0] RPN ¢ £

The optimization procedure is implemented using the
MATLAR package, then values of the controller

gains are obtained, The multi-channel controller

gains and time constants are given in the Appendix.

5-SIMULATION RESULTS

To implement this controller, a fairly detailed non-
linear simulation has been built considering all non-
linearities and constraints. Since there is no infinite
bus bar in the nmlti-machine system, the rotor angle
and speed deviation for all machines are related to
those of machine 1, which is taken as a reference
unit. The effectiveness of the proposed multi-channel

“controller on the system performance is indicated
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introducing it in the governor loop of the SCG and a
detailed digital computer program is used to solve the
multi-machine system shown in Fig.l. Simulation
results for the system are obtained and studied when
subjected to a variety of disturbances such as three
phase short circuit at different locations and a step
increase of the reference mechanical input of the
SCaG.

The transient response curves of generators following
a 120 ms duration three-phase short circuit occurring

at bus5 (location F) are shown in Fig.4. From the
figure it is clear that the multi-channel controller
produces much better performance as the oscillations
are damped out faster and the system variables reach
their steady state levels quickly. Similar results are
shown in Fig3, for three phase short circuit with the
same duration at bus 8 (location F2).
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Fig. 4- Transient response for three-phase short circuit with 200ms duration at bus 5
All conventional units with PSS
w =~ =~ = SCG with phase advance
SCG with multi-channel controller
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Fig. 5- Transient response for three-phase short circuit with 200ms duration at bus 8
All conventional units with PSS
w = w & SCG with phase advance
SCG with multi-channel controlier

The system also, examined for 0.1 p.u. step increase multi-channel  conmtroller  achieves,  significant
in the reference mechanical input of the SCG, thus improvements in the system behavior, a highly faster
forces the system to a new operating point. Fig.0, damping of oscillations and all system variables
shows the system response. It is illustrated that the quickly reaches their steady state levels.
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6-CONCLUSIONS

This paper presented procedures for the design of
a multi-channel controller for a superconducting
generator in a multi-machine power system. The

controller is designed based on equivalent model
approach. This technique takes into consideration the
dynamic interaction between different generating
units and facilitates the design procedure. The
proposed controller was validated via detailed model
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nonlinear simulation. Simulation results for the
system were obtained when superconducting unit
equipped with the proposed controlier in comparison
with others for the superconducting with
conventional phase advance network under various
distwbances,

The results demonstrate clearly that the proposed
controller can improve the mulfti-machipe power
system performance as it is capable of providing
sufficient damping to system oscillations and
variables fast return to steady state levels. The results
and techniques presented in the paper are important
to power system engineers, forming a uvseful guide to
improve power system performance. :
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APPENDIX

* SCG parameters
2000 MVA, 1700 MW, 3000 rpm,’
H=3KWS/KVA
Xe=X,=0453pu. , X,=0.541 pu,
XKDI = XKQ[ =0.2567 pu, Ra =0.003 JRIN
XFKDZ =(.3398 P,
Xar = Koot = Xaat = Xz = Kot k2 = 0.237 pu.
Xaql Xaqz = XKQ1 K.Qz 0.237 Py,
RKDI = RKQ| =0.01008 p.u.,
RKDZ RKQZ =0.00124 p.u
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#*Conventional machines parameters

Steam | Nuclear | Hydro-electric
Unit Unit Unit (G4)
{(GD (G2)
X4 2.11 2.13 0.898p.u.
Xq 2.02 2.07 0,646p.u.
Xa=Xar| 1955 1.88 0.658p.u.
Xaq 1.865 1.82 0.406p.u.
X 2.089 2.12 0.724p.u.
Xp 2.07 1.97 0.668p.u.
Xo 1.3 1.88 0.457p.u
R, 0.0046 | 0.06029 | 0.0014p.u.
R; 0.00013 | 0.00092 | 0.00026p.u
Rp 0.02 0.018 | 0.012 p.u.
Rg 0.024 | 0.0212 | 0.02 p.u.
H 2.32 2.52 5.15KW/KVA
* Excitation system parameters
Parameter | Gl G2 G4
Thermal | Nuclear | Hydro.
Ka 200 4.0 200
Ta(sec) | 0.3575 | 0.02 0.02
Kg 0.0529 | 0.05 0.01
Tr (sec) 1.0 0.05 1.0
Gg 0.03 0.03 0.04
*Parameters of transmission system
Bus Ne. R( Xt By’z
1-7 0.0 0.12 0.0
7-8 0.009 0.15 0.07
8-9 0.009 0.1 0.098
2-9 0.0 0.12 0.0
9-6 0.009 0.15 0.07
6-10 0.009 .15 0.07
3-10 0.0 0.12 0.0
16-5 0.009 0.1 0.07
57 0.009 0.15 0.07
5-11 0.009 0.15 0.07
11-12 0.018 0.3 0.035
11-4 0.0 0.12 0.0

*Parameters of multi-channel Controller

T]_“ = (0.5 sec., T L2 = 0.01 sec,
T2 =001 sec., T ry=0475 sec,
Tui=04sec., Typ=0.008sec,
Tp=0008sec., Tm= 0.38 sec,

Tui=02sec, Tpe=0.004 sec.,
T 2l = 0.004 sec, T W2z = 0.18 sec,
Kig=05 , Ke=02 ,
Kgp=01 , Kr=1.0
Teens=0.02 sec.

* State space equations of turbine and governor
for SCG.

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 = (GuP,  Yup¥Tap (A-1)
PYre = (Yup  YruhTpn (A-2)
PYip={(GYry Yip¥Tip (A-3)
oY =(Gip YipMTip (A-4)

T = Fyp¥uyp + F1pY1p + Fre¥ip (A-5)

The electro-hydraulic governor equations are :
PGy = (U Gm)Tou (A-6)
pGr=(Us Gi)Tg; (A-T)

Where the position and rate limits are,
02 Gy G, 1.0
and -6.7 € pGy, pG1 £ 6

* Parameters of Governor and Turbine for SCG

Ty = 0.1 sec., Fup=0.26p.u,

Tr = 0.3 sec., Fip=042pa.

Tp = 0.3 sec., FLp=032pu.

TRH =10 sec. , TGM = TG.I = (.1 sec,,
P,=12pu..
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