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SUMMARY

This dissertation is concerned with the improvement of the
transient response of turbo-generator sets following a severe
system disturbance. The improvement in response is obtained
by the application of a single additional system state into
the relevant controllers. The system state used is that of
rotor acceleration. Theoretical studies are carried out to
obtain the feedback gains required for single machine co-ord-
inate control of excitation and governing. The study is then

extended to a multi-machine system.

The control laws obtained from the theoretical studies are
applied in the laboratory to micromachine systems. A method
of obtaining a rotor acceleration feedback control signal is
developed and applied to these laboratory micromachine systems.
The acceleration transducer forms an essential part of a
dedicated microprocessor data acquisition system, which, apart
from the functions of data collection and processing, performs
a real time simulation of the governor turbine model. The
output of this simulation is then used to control the micro-
machine prime mover torque. An essential feature of the
microprocessor system is the determination of control laws

for both the governing and excitations systems during transient

conditions.
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CHAPTER 1 INTRODUCTION
1.1 The Evolution of Modern Generating Plant

The evolution of modern power generating plant is an
interesting and varied subject. The stimuli for development
during the early phases was primarily a demand for higﬁer
outputs combined with an increasing requirement for improve-
ment in efficiency. However, latterly, additional pressures
are being brought to bear, particularly on environmental
grounds, placing restrictions on where power stations may be
placed and the amount of overhead transmission lines available.
These pressures tend to favour large thermally efficient
plant with the minimum of interconnection with the rest of
the system.

In 1888l

C.A. Parsons used a steam turbine as the prime
mover, in the first high speed a.c. generator system. The
generator was a dynamo fitted with slip rings. The rotating
armature as originally used by Parsons was soon discarded,
since it was found impractical to remove the high level of
electrical power using slip rings. Instead, the rotating
field and stationary armature configuration was taken up.
By 1912 the basic form of the turbogenerator had been
established with the construction of a 25MW set by C.A.
Parsons. Since that time the increasing unit output has
been largely achieved as a result of refinements in engin-

eering techniques and materials, rather than by fundamental

design changes. Heat extraction techniques in particular,



have played a large part in the increase in electrical output
of generating units. Hydrogen cooling of the rotor appeared
in the early 1950's and later stator cooling using water.
Improved insulation techniques, coupled with stafor cooling

has allowed significant increases in unit output.

These trends in turboalternator design have lead to
increases in unit output, without increasing the rotating
mass at the same rate, accompanied by a reduction in the
short circuit ratio. Both of these features are detrimental
to stability. A lower short circuit ratio reduces the
capability to transmit power for a given field current. The
lower values of inertia constant H indicate that less
mechanical power is required to increase the load angle

under transient conditions.
1.2 The Stability Problem

It is desirable that a system of synchronous machines should
remain in synchronism following a disturbance to the system.
The machine sysfem is an interconnected set of components
with dynamic properties, and the stability of the system

is dependent on these dynamics. For stability, oscillations
resulting from a disturbance must die away, leaving the
machines again in synchronism. A power system is never in a
true steady state since there is always some form of disturb-
ance applied, ranging from the multiplicity of small domestic
and industrial load changes during the day, to major load

and line switching activities. A pseudo steady state



stability requirement for a system can be defined such that
it remains stable during the normal load fluctuations.
Dynamic stability is then the ability to withstand significant
load changes and line switchings. A further form of
stability is described as transient stability, that is, the
ability of the system, or local generators connected to a
large system, to withstand a severe transient. Typically, a
3-phase short circuit close to the generator transformer
high voltage terminals, is taken as a standard system
transient in theoretical work. The 3-phase fault is taken
as standard in preference to single phase to ground or phase
to phase faults, which, even though more common are less

severe in the stability context.

When a 3-phase short circuit is applied close to the
generator transformer high voltage terminals, the voltage at
that point collapses and prevents electrical power flow from
the generator to the rest of thé system. During the fault
the power balance between mechanical input power and
electrical output power is disturbed. The excess input power
must be dissipated, either in increased electrical losses,
or, used to increase the angular momentum of the rotating
mass. During the transient period, the high values of
current cause excessive losses which result in a retarding
force which is evident as angular back swingz. The
magnitude of the initial back swing is small and is
generally neglected. Neglecting the back swing, the excess

input power is absorbed as additional kenetic energy in the



rotating mass, thus increasing the angular velocity of the
machine and in turn increasing the angle of the machine emf
relative to the system. When the short circuit is removed,
power transfer is resumed, at a level dependent on the new
load angle, machine emf and system voltage. The machine will
generally return to synchronism if the excess kenetic energy
can be transferred to the system as electrical power. This
leads to the definition of first swing transient stability
which may be regafded as a measure of the likelihood of the

machine not pole slipping on the first rotor swing.

First swing stability provides a reasonable means of
comparing the stability of power systems. Common techniques
available to obtain a measure of transient stability are
pre-post fault impedance curves and critical fault clearance
times3. First swing stability does not, however, give any
regard to the operation of the machine if it survives the
first swing. For a comparison of what happens after initial
swing, or for subsequent stability, it is necessary to define
some form of performance criterion which would generally

be a function of terminal voltage and load angle.

Naturally, such a criterion should regard early damping out

of oscillations as important.

First swing stability is affected most by the physical limit-
ations of the generating set. Taking the case of excitation
control systems, it is the ceiling voltage available for field
forcing which is of importance. The large terminal voltage

error is sufficient to drive the system to its limits.



Looking at governing systems the standard 4% droop
characteristic does not offer much improvement since the

speed deviations are not large enough to cause large changes
in thé ouput torque. Under these circumstances, it is readily
seen that, if the governiﬁg side is to play more of a role

in first swing stability, then the governor system must

include some form of additional signals.

For subsequent stability, however, the performance of the
system is not so much limited by the physical restraints
of the plant, but by the nature of the controls applied to

them.
1.3 Effect of Plant Items on Stability

It has been shown by many authors that fast acting, high
ceiling voltage, exciters are beneficial in the increase
of transient stability margins. During the fault the
terminal voltage error is sufficient to raise the exciter
to maximum demand, which maximises both dissipation during
the fault and power transfer after the fault. However,
simple terminal voltage feedback, though superior to
constant excitation, is not very effective in damping out
subsequent oscillations4. The general reason is that the
field voltage remains high for too long, resulting in
excessive power transfer and an over shoot in load angle
recovery. Supplementary signals can be used to provide more
control over tﬁe field voltage resulting in better damping

without degredation of terminal voltage response.



Assuming a standard 4% droop governing system, bearing in
mind the small speed deviation present during faults, there
is little change in turbine output over the fault duration
in contrast wifh the dramatic changes in main exciter field
voltage associated with A:V.R. action. However, modern
fast acting electro-hydraulic governing systems are capable
of swift control action which can significantly reduce
power output during a fault, improving first swing s£ability,
and also improving subsequent damping provided a suitable
control strategy is employed. This thesis is concerned
with the improvement of turbogenerator transient stability

by the use of additional feedback into both the governor

and exciter.
1.4 Stabilizing Signals and Control

The application of effective stabilizing signals is depend-
ent on two factors. Firstly, the control signals must be
available for feedback purposes. Secondly, the plant to

which feedback signals are applied, must be capable ofv
responding to those control signals. To provide a useful
contribution, a stabilizing signal must either describe, or
embody one of the states of the system. Practical stabilizing

6,7

signals include shaft speeds, terminal power and

frequency deviations.

Historically the advent of fast acting high ceiling
excitation systemsg, capable of a significant influence on

the generator field voltage allowed the first effective



controls. The prime mover, being very much slower in
response, was often assumed to deliver constant torque, and

as 'such, played no control role during transients.

Several methods by which control schemes may be derived,
. : 10,11,12

have been used by various authors . Most early work
used linearized system models. Optimal control methods
have been appliedl3, but techniques using the solution of
the matrix riccatti equation produce controls requiring
access to all system states. Such controls are not easily
applied in practice. Suboptimal controls have been derived

by using nonlinear methods14

15,16,17

and reduced numbers of system

states

When considering a stabilizer using a reduced set of system
states, those states which have a beneficial effect must

be chosen. It is reasonable to assume that, in a system
utilizing all states for feedback purposes, some of those
states will be dominent in control. The states that play
little contribution to the overall response can be eliminated
from the control with little penalty. If the mechanical
states of a system are considered (load angle, rotor speed
and acceleration) then differing contributions will be made
by each of these when used as feedback control signals.

These effects have been discussed by several authorsl8‘19.

. 1
Load angle has been shown to be the least useful signal 8,
being sensitive to parameter and gain variations.

Deviation of machine speed from synchronous speed has an



improved tolerance to parameter changes. .The best signal in
this group is rotor accelerationlg. It has the most

inherent phase advance and as such, can provide timely
influence on the system. .Acceleration is, however, difficult
to measure and various methods have been tried to overcome
this problem. Transient electrical power APe is an acceptable
substitute for acceleration while no control,is exercised

on the prime mover torquelg. If, however, the torque changes
significantly, APe is no longer an indication of accelerating
power and its usefulness is reduced. This has been shown

by Lu17 in theoretical co-ordinate excitation and governing

control studies for the single machine system.

With the introduction of the electro-hydraulic governor,
it became possible to produce significant changes in mechanic-
al power input under transient conditions. This has prompted

the introduction of various control schemes, from the open

20 to co-ordinate controls using both

and nonlinear methods23. Most literature deals

loop fast valving
linearzl’22
with theoretical studies but some practical results have

been reported24’25.

Some techniques used to develop co-ordinate controls on
single machine systems are also applicable to multi-machine
systems. The inverse Nygquist technique is particularly
common in this area with controls generated for single
machine systems26 and multi-machine system827. An attraction

of this technique is that interaction between machines can

be reduced by using cross coupled feedback terms. The inverse



Nyquist approach is, however, based on linear theory and
multi-variable controllers so obtained may well assume
excessive control effort, quite beyond the capability of
the actual plant. When limitations are present on control
variables the effectiveness of the control is reduced, both
in terms of individual machihe response and interactionzs.

A reduction in effectiveness is similarly obtained if cross

coupling terms are lost.

The approach used in this study, for both the single machine
co-ordinate control and the muiti—machine control, is based
on nonlinear system equations and function minimization
techniques, to obtain suboptimal controls. In all studies
the additional stabilizing signal is restricted to
acceleration of the machine in question. A suitable
transducer for determining acceleration has been developed
for a micromachine system allowing practical implementation

of the controls developed.



CHAPTER 2 OPTIMAL CONTROL AND SYSTEM THEORY

2.1 Optimal Control

The purpose of Optimal Control theory is to obtain a control
function which, when applied to the system under investigation,
causes the system to behave in some optimum manner. The
control function may be either a time sequence or continuous
and what is taken as an optimum response for the system is to
some extent arbitrary. Optimality of the control system is
generally measured by a performance index I, usually taken

as the time integral over a specified interval of some function
of the system giving information about the error between
desired operation and actual operation. It is often necessary
to include some form of cost function in the performance

index to ensure that the control effort is restricted to

practical limits.

In order to obtain an optimal control function from all the
possible control functions, it is necessary to know precisely
the structure of the system, the values of the parameters

and also the initial state of the system. If any of these
are only approximately known then only approximate controls
can be found, producing so called suboptimal control. It is
generally not possible to produce an analytic solution for
the required optimal or suboptimal control and solutions have
to be based on a set of necessary, rather than sufficient,

conditions for optimality.

10



Some methods by which the optimal control problem has been
tackled, using the calculus of variation, Pontryagin minimum
principle and dynamic programming are discussed in this

section.

For the dynamic system represented by
}‘( = f(X,u,t) 2.1

Where x is the state n vector and u is the control m vector
the performance index may be given as
te
I = J L(x,u,t) dt 2.2
to :

where L , the objective function, provides the performance
criterion for the system. The requirement is to obtain the
conditions to be satisfied by the vector x(t) and u(t) for

the interval t ¢ t ¢ t_. which minimizes the performance

f
index I. However this function minimization problem is con-
étrained by the requirements of the state equation 2.1 .
Variational calculus can be used to convert the problem to
an unconstrained function minimization by the use of

Lagrange multipliers which create a new performance measure

L' such that
. A T .
L'(X,x,u,A(t),t) = L(x,u,t) + 27 (t){f(x,u,t)-x} 2.3

where A(t) is the vector of Lagrange multipliers. To minimize
the performance index, the following necessary conditions

2
must be satisfied 9.

11



%%- =0 (Control Equation ) 2.4
L' _ .
ry 0 (State Equation ) 2.5
3L d L' _ - s
3% ~ &t 3% = 0 (Euler-Lagrange Equation ) 2.6
T oL’ |t
X" 5% =0 (Transversality Condition) 2.7
t
o

where X is an arbitrary n vector defined over the closed
interval [to,tf ]. This formulation using equations 2.4-2.7
creates a two point boundary value problem, (TPBVP), with
conditions set at both initial and final points, which in
general requires iterative techniques to obtain a solution.
It is not convenient when constraints must be placed on the
control variables and also requires that the state equations
have continuous first partial derivatives with respect to the

control variables.

It is possible to relax the requirements for continuous partial
derivatives of the state equation with respect to the cohtrol
variables and unconstrained control, by means of Pontryagins
formulation in terms of the Hamiltonian together with Pontry-

agins minimum principle.

The Hamiltonian Function

H(x,A(t),u,t) 2 L(x,u,t) + A E(x,u,t) 2.8

gives rise to the following necessary conditions to minimize

12



the performance index.

JH

i 0 (Control Equation) 2.9
dH . . ‘
ax - X = 0 (state Equathn) 2.10
oH . ¢ _ . .
ax T A =0 (Adjoint Equation) 2.11
t
~T £
E—x A]t =0 (Transversality Condition) 2.12
o

The Pontryagin minimum principle states that, for the optimal

trajectory, the Hamiltonian takes its minimum value H*, given

by

_ inf

where u(t) is a member of the set of admissable controls

and inf (infimum) denotes greatest lower bound.

Dynamic programming may be used, defining a minimum perform-

ance function by
te
E(x,t) 4 min J L(x,u,0) do 2.14
t

o
where L is the performance measure and u is a member of the
set of admissible controls. The necessary conditions that
the optimal control must satisfy is Bellmans Equation

_ min

T oE
= a(t) L(x,u,t) + £ (x,u,t)gi(x,t) 2.15

3E
which implies the following equation be satisfied.

= L(x,u,t) +.fT(x,u,t)g§(x,t) 2.16

Q@
rf'ltxi

13



and

3f 3E

5 Bx(x’t) =0 2.17

oL
au(x,u.t) +

The solution of equation 2.16 the Hamiltonian-Jacobi Equation
is the minimum performance function E(x,t). With E(x,t)

known solution of equation 2.14 gives the optimal control.

There is no general solution at present available for the
Bellman partial differential equation 2.15. The Hamiltonian-
Jacobi differential equation 2.16 can be solved for the so
called linear regulator case, corresponding to a linear system
with a quadratié performance measure. The result obtained
corresponds to that obtained by the solution of the matrix

Riccati equation.

Consider the linear regulator system described by

X = AX + Bu x(t ) = x 2.18
o o

requiring an optimal control u over the closed interval
[to,tf], which minimizes the quadratic performance index I.
teor T T
I = X le + u Q2u dt + x (tf)Q3x(tf) 2.19
t

(o]

where Ql and Q3 are nxn positive semi-definite symmetric
matrices and Q2 is an mxm positive definite symmetric matrix,
n is the dimension of the state matrix and m is the dimension

of the control vector u.

By Pontryagins equation the Hamiltonian function for the

extremum condition is

14



g = xTQ1x + uTozu + 2T (ax + Bu) 2.20

also,
%X = Ax + Bu x(to) = X : (state Equation) 2.21
A= -20.x - aly : (Adjoint-Equation) 2.22
A(tf) = 203x(tf) (Transversality Equation) 2.23
%% = BTA + 2Q2u =0 (Control Equation ) 2.24

giving the optimal control as
B A/2 2.25

Substituting equation 2.25 into the state equation 2.18

. _ -1 T -

X = AX - B02 B )/2 x(to) = X 2.26
If A takes the form

A(t) = 2P(t)x(t) 2.27

then, on differentiation of equation 2.27
A = 2Px + 2PX 2.28
When equations 2.22,2.23 and 2.26 are substituted into

equation 2,28 it follows that

1 T

Tp - PBQ, ™" BTP + 0)x = 0 2.29

2(P + PA + A

Equation 2.29 holds for all x only if the coefficient matrix

of X is identically zero, which implies that P should satisfy

P = PBQ2—1 8Tp - pa - ATP - Q, 2.30

15



from equations 2.27 and 2.23 the boundary condition is

P(tf) =Q 2.31

3

Q3 is symmetric therefore so is P(t). Equation 2.30 is the

matrix Riccati equation. The optimal control is given by

w = - ;;)2‘1 BTpx 2.32

Solution of equation 2.30 provides the symetric matrix P,
which may be used in the equation 2.32 to provide the gain
matrix for the state feedback. For a time invariant system,
with the control interval extended to infinity, ﬁ = 0 and

the matrix Riccati equation becomes

PA + ATP + Q - PBQZ_l BTp = 0 2.33

where A and B are constant matrices.

This form of control uses linear feedback of all the states.
in practical systems it is unlikely that all the states will
be available in a form suitable to implement such a control

scheme.
2.2 System Modelling

Modelling of dynamic systems is performed by representing
the physical processes by the sets of differential and
algebraic equations. The equations relate the behaviour of
internal states and output states to input stimuli as a
function of time. Formulatiqn of the equations representing

the system is generally based on energy storage and transfer

16



mechanisms withiﬁ the system. This results in sets of
integro-differential equations whiqh are amenable to state
space representation. When modelling a physical system,

it is seldom necessary and generally impossible to produce

an exact mathematical deséription of a physical system.

The reasons for this are that, when determining the mathemat-
ical model for the system a finite set of equations is
chosen which are necessarily an incomplete description of

the nature of the system.

The order of a model may be reduced for one or more reasons.
Computation time tends to increase dramatically as the number
of variables rise and so it is usual to trim the order down
to a level which produces acceptable results without in-
curring unnecessary expense. Also, the higher the order, it
is often more difficult to obtain accurate parameter values.
For this reason it is not always necessarily the case that

a more complex representation produces a more accurate

simulation.

In general, when a physical system is represented by az
mathematical model, the model used is different to sdme
degree. Conversely if a physical realization is attempted

of a mathematical dynamic system, the resulting system is not
identical to that intended. These differences are often

due to neglecting, or not accurately representing non-
linearities and also by the use of lumped parameters, to

represent distributed parameters.
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Mathematically, a physical system may be regarded as
F (x,x,P_,t) =0 2.34

where Fo is an operator defining the structure of the system,
which may or may not be linear, Po is the parameter vector
and x is the state vector. A mathematical model representing

the system could be
F(x,x,P,t) =0 2.35

‘'where F and P have analogous definitions to FO and Po'

A condition for 2.35 to represent 2.34 to a sufficient degree
is that F be in the neighbourhood of Fo in the operator space
and similarly P should be in the neighbourhood of Po in the
parameter space. There should be no discontinuities in these
regions if slight changes in any element are not to produce

dramatic changes in the overall system response.

To put the various inaccuracies into perspective it is
necessary to study the sensitivity of the system to each
type of error30; System sensitivity is a measure of the
change in behaviour of a dynamic system as a result of
changes in the structure or parameters of the system. 1In
this context the term dynamic system applies equally well

to both physical systems and mathematical models. It can be

seen that stability of a system is a special case of a more

general sensitivity theory.
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2.3 System Equations

The model used for simulation purposes is shown diagram-
~atically in Fig. 2.1. The machine data used is representative
of typical 500MW turbogenefator sets, and the transmission

system is based on Pembroke power station as described in

Chapter 3.
Steam
Confrol 7 |AVRMH
L‘VJ [ransmission
. ine
Turbine Generator Transformer Infinite

Bus

Fig. 2.1 System Model

2.3.1 The Synchronous Machine

The synchronous generator model is based on the Park's
2-axis equations for an idealized synchronous machine. The
Park's equations are obtained by transforming the original
stator phase variables into components on the pole and

31,32,33,34,

interpole axes the Direct and Quadrature axes

respectively. In this investigation, balanced conditions are
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assumed, allowing thg simplification that no zero sequence
quantities need be considered. The windings of the idealized
machine are shown in Fig. 2.2. The current paths in the rotor
on the direct and quadrature axes, together with any ,
deliberate damping windingg, are represented by a single

closed coil on each axis.

Fig. 2.2 Idealized Machine Windings
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To obtain the equations for the idealized machine the

following assumptions are applied.

1) A current in any win@ing produces an mmf wave, which is
sinusoidally distributed around the air gap.

2) Hysteresis effects are neglected.

3) There is no intefaction between direct and quadrature
axes. That is a component of mmf acting along the direct
axis, is assumed to produce a sinusoidally distributed flux
wave in the direct axis only. Similarly quadrature mmf
produces a sinusoidally distributed flux wave in the quad-

rature axis.

The flux linkage equations in the direct and quadrature axes
and the generated voltage equations can be obtained from
Fig. 2.2, in which the algebraic signs correspond to generator

action.

Flux linkage equations:

Yfa = *ffalfa ~ ¥aala * ¥aalia 2.36

Ya = *aglfa ~ *ala * Faglia - 2-37

Y14 7 *aalfa ~ *aata * *r1at1a 2.38

Wq = --xqiq + xaqilq 2.39

Yig = Xaglq * *1qi1q 2.40
Voltage equations:

2.41

Veg = P¥eq/Wo + Tegleg
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v = de/wo - w?q/wo -r id 2.42

d a

0 = led/wo + rldild . 2.43
vq = p‘Pq/wo + de/wo_— raiq 2.44
0 = leq/wo + rlqilq ' 2.45

Air gap torque equation:

Te = Wdlq - wad 2.46

For this and subsequent models the equation of motion of

the rotor is given by:
208 — .
Mp“§ = Tm - Te - ded/wo 2.47
and the machine terminal voltage is given by:

v = /(qu + v 2.48

2
t d )

Saturation may be modelled by making the machine reactances
a function of the flux levels in the iron circuits34.
However, saturation effects have been neglected, since it
has been shown35, that saturation has little effect on

36

transient stability. 1In the swing equation the damping

coefficient Kd is assumed constant. Values for Kd may be

estimated37’38

. but the value is never known precisely due
to turbine damping and the lack of precision in other machine

parameters.

Equations 2.36-2.48 provide a seventh order representation
that takes account of the decay of stator flux linkages, which

give rise to power frequency oscillation in the machine
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axis voltages and currents. It also predicts the initial
braking torque which gives a rotor backswing observed on
site tests at the inception of the faultz. The equations

can be rewritten in operational form by eliminating rotor

currents.
ped" = {(xq - xq")iq - ed"}/qu” 2.49
peq' = {Vf - (xd - xd")id - eq"}/rdd 2.50
peqn — {eql - (xdl - xdn)id - eqn -

{Tl(eq“ - xd“id) + T2xdid - devﬁ]/Tdol}/Tdo" 2.51

V4 = p(eq" - xd"id)/wo + w(ed‘I + xq“iq)/wO

- raid | 2.52
vq = p(—ed" - xq”iq)/wo + w(eq" - xd”id)/wo

- raiq ) 2.53

To reduce computation time it is possible to reduce the
order of the representation. By neglecting the decay of
stator flux linkages, machine speed variation and the less

significant terms, the fifth order representation is obtained.

ped" = {(xq - xq”)iq - ed"}/qu“ | 2.54
peq' = {Vf - (xd - xd')id - eq‘}/Tdo' 2.55
peq" = {eq' - (xg' - xg"ig - eq"}/Tdo” 2.56
ed“ =vg t raid - gq"iq ' 2.57
eq" T Vg * ralg * x3"1q 2.58
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T = e, "i., + eq'l - (xd“ - xq")ldlq 2.59

The elimination of power frequency terms associated with

the stator flux decrement allows an increase in integration
step length, which is useful if a large number of optimization
runs are required. If a further reduction in order is
required then the third order system, obtained by neglecting

damper windings, may be used.

peq' = {Vf - (xg - x4")i4 - eq'}/Tdo' 2.60°
0 = V4 + raid - xqiq 2.61
eq' = vq + raiq + xd'id 2.62
T, = eq'iq - (xé' - xq)idiq 2.63

2.3.2 Transmission System

To make simulation of the transmission system tractable the
following assumptions are made.

1) The £ran§fbrmer magnetising and'line charging currents
are negligible.

2) The transformer and transmission line can be represented

by lumped series resistance and inductance.

Park's transformation on the 3-phase equations for the
transmission system yields the following equations in the

d-g axes of the generator.

Vg = Vb51n6 + tild/wo + Rtld - thlq/wo 2.64
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vq = VbCOSG + tilq/wo + Rth + thld/wo 2.65

2.3.3 Excitation System

The generator excitation system adopted for this study is
shown in Fig. 2.3, capable of representing most systems, by
appropriate choice of parameters. The actual parameters used

reflect a thyristor system which enables bipoleor field forcing.

/-Vf2,\,

j 3

Fig. 2.3 Excitation System Representation

The following assumptions are made in creating the excitation

system model.

1) The parameters do not change during transient conditions.
2) Saturation may be represented by simple voltage limits.
3) The thyristor converter characteristics are linear.

4) The terminal voltage transducer is linear and introduces

no delays.

It is also assumed that there is no reactive power limiting
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circuitry in operation. State feedback V; is applied at the
terminal voltage and reference summing junction and is

therefore subject to the A.V.R. dynamics.

2.3.4 The Governor and Turbine

The prime mover system consists of three major elements,

the boiler, the governor and the turbine. The time constants
associated with the boiler systems are very long compared
with the transient disturbances considered on the system.

For the present investigation the boiler can be considered
as an infinite steam source, that is, one which delivers
steam at a constant temperature and pressure. It is thus

analogous to the infinite bus of the electrical system.

Governors have, traditionally been devices for speed
regulation39. The mechanical flyball device attributed to
James Watt has been the basis of governihg systems from the
earliest turbo-generating sets, right up until the mid
twentieth century. The success of the Watt-type system has
been founded on proven reliability apd the ability to allow
parallel operation of many machines with acceptable load
sharing. The small displacements caused by speed changes

are used to direct hydraulic servos to position the govern-

ing values.
‘However, as the demands made on generating systems have risen

and unit sizes increased the short comings of the Watt-type

mechanical governing system have become apparent. Deadband
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is always a problem in such mechanical systems and the more
recent governing systems try to eliminate the deadband in

the early stages, by the use of electrical speed transducersgo.
Usually the transducer is of the inductive pickup type.
monitoring a multi-tooth gear on the turbine shaft, or a
multi-pole permanent magnet tacho-generator may be used. The
speed error is obtained by comparison of the actual speed with
a suitable reference, the error signal is used as an input

tov the hydraulic servo system. The so called electro-
hydraulic (EH) governing system provides an ideal vehicle for
implementation of additional controls to obtain improved
system response. The electrical nature of the signal stages
allows a simplified interface for digitai control. The Watt-
type principle used in the mechanical-hydraulic (MH) governor

survives though, as part of the overspeed safety trip system.

Throttle valve control of steam flow, through the turbine
system is the primary means by which the rate of conversion
from energy held in the steam, to mechanical energy, is
performed. As mentioned earlier, the boiler time constants
are large and power éontrol by means of adjustment of boiler
set points will not be considered in this study. In early
turbines consisting of a single stage, or two stages with a
short interconnection, the action of the throttle or govern-
ing valve had effectively a direct control on the power output.
However, as unit outputs increased and high efficiencies were
required, the thermodynamics of the steam cycle dictated
increased steam temperature and pressures. The high pressure

(HP) stage was the result. Greater overall efficiency is
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obtained if, after passing through the HP stage the steam
is returned to the boiler, prior to expanding through the
intermediate pressure (IP) and low pressure (LP) turbine
stages. The effect of the reheater41 is to introduce a
long time constant into the system as a result of the long

pipé work and the boiler tubing.

The type of turbine used in this investigation is a three
stage axial flow system with reheater. Super heated steam is
fed from the boiler through emergency stop valves and govern-
ing valves to the HP stage. After the HP stage the steam is
returned to the boiler to boost the thermal energy of the
steam before it is delivered to the IP and LP turbine stages.
The LP stage exhausts under vacuum into the condenser where
the steam condenses by heat exchange with the cooling water.
The condensate is then fed to the boiler feed pumps to
continue the cycle. Generqlly the energy conversion in the
HP cylinder is 25 to 30% of the total machine output, the
large storage capacity of the reheat system dictates that

a second set of emergency‘stop val&es are placed before the
IP turbine stage. Also, a set of intercept valves are
located prior to the IP stage. If governing is limited to
the valves before the HP stage, the maximum contrql effort

in the short term is 25 to 30% of full load due to the
reheater delay. Clearly any form of control which is required
to make a contribution in the short terﬁ must control the
intercept valves as well as the HP valves. It is assumed
therefore that govefning action is applied equally to both

the HP and IP valves, and that, as a result, all three
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cylinders can be assumed to be amalgamated into a single

cylinder with a single control input.
2.3.5 Derivation of Governor-Turbine. Model

The block diagram of Fig. 2.4, shows a detailed nonlinear
representation of an electro-hydraulic governor-turbine
system, based on data published by HAM4O. Since this study

is not directly involved with the thermodynamic behaviour

of the turbine system, the additional networks used on the
intercept valve control for thermodynamic reasons, have been
omitted so that both tﬁe HP and IP valves are assumed to be
driven together by the same signal. Also, the effect of
reheater steam storage is such that over the transient periods

of interest the intercept values are assumed to be fed with

steam at constant temperature and pressure.

By linearization and reduction, an equivalent transfer
function which represents the dynamic behaviour of the system
of Fig. 2.4, can be obtained. The transfer function so
obtained is 8th order. The linearized system response to a
step input is shown in Fig. 2.5, in blue ink and can be seen
to be very similar in form to a damped second order system.

A further manufactures model42 subject to similar assumptions
regarding steam conditions and valve control has been reduced
and an equivalent transfer function of the 4th order obtained.
The step response is iﬁ red ink in Fig. 2.5. For comparison,
the step response of a single lag with time constant 0.25s is

shown in green ink.
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Both of the models discussed above are used to represent
systems similar to those of the Pembfoke machines. These
linearized models are valid for small disturbances.

However, the form of faglt and the nature of the additional
controls applied in this investigatipn result in control
demands which are large and change rapidly. It is therefore
necessary to use a model which takes into account, not only
the absolute position limits of the steam valves, but also
their velocity limits. The absolute velocity limits are
generally lower for opening the steam valves compared with
the closing rates due to the spring assistance in the latter

case.

The model adopted may be‘represented as in Fig. 2.6, where
the following assumptions apply.

1) Bbth superheater and reheater outputs are infinite
steam sources, that is they supply steam at constant
temperature and pressure.

2) Both HP and IP steam valves travel in unison and are
subject to the same constraints.

3) Turbine power is a linear function of valve displacement
over the operating range.

4) Turbine efficiency is constant over the small speed
range considered.

5) Al]l steam passes through the complete system.

6) Instrumentation transducers have negligible dynamics.
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Fig. 2.6 Governor and Turbine Representation

A step response for the model of Fig. 2.6, with the rate
limits neglected is given in Fig. 2.5, in black ink.

Even though it does not fit either of the previous curves
precisely it is clearly representative of the type of
system under consideration. A single lag representation,
the green curve of Fig. 2.5, is insufficient because it
would not afford an acceptable placement of the valve

velocity and position limits.
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CHAPTER 3 THE MICROMACHINE SYSTEM

3.1 1Introduction

For micro-alternator studies to be of value, it is necéssary
that the model system, of which it is a part, is based on a
section of the real supply network. 1In the U.K., Pembroke
Power Station lends itself to this type of study. Situated
on the South West coast of Wales, it is a large thermal
station based on four 500MW sets powered by three stage axiai
flow turbines operating at 3000 rpm. The generator terminal
voltage is 22kV, which is stepped up by an on line tap change
transformer to the transmission voltage of 400kV. The power
transmission from the station is via two double circuit 400kV
lines. The line pairs connect to the 400kV grid system at
different points, but the line lengths are similar and little
accuracy 1is lost if all four lines are assumed to be equal

in length ét 110km. The 406kV substations used for terminat-
ion can be assumed to represent an infinite bus for theoreti-

cal purposes.

Thus Pembroke Power Station and its associated transmission
system approximate the turbo-generator, transmission line and
infinite bus system of Fig. 3.1,,s0 often used in theoretical
studies. The micro-alternator system, based on Pembroke, has
been described elsewhere43, but the essential parts are

described here for completeness.
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3.2 Micro-alternator and the Per Unit System

The four generators of the Pembroke system can be assumed to
be identical and the four line circuits can also be assumed
to be identical. This allows the simplification that for
either a single machine single line to a base of its own
MVA, or the whole station using all lines to a base of the
gross MVA of the site, the per unit values are the same.
Table 3.1 shows the per unit values for a single machine,
together with the generator transformer and line values.

A homegeneous system of per unit values is obtained by
using the total station MVA as a base and referring all
values to it by the use of standard formulae and Table 3.2

shows the resulting per unit values.

If the model system is to behave in the same way as the real
system under dynamic conditions, the per unit gquantities of
each must be the same. 1In ﬁrder to obtain an acceptable
correlation, a specially designed micromachine as described
by Hammons and Parsons44 must be used. When defining the
micromachine per unit system, it is necessary to choose the
base values of system voltamperes (VA) and voltage so that
the resulting per unit values reflect those of the real

system. Two important parameters for correct dynamic

operation are the direct access synchronous reactance X3 and

the inertia constant H. The inertia constant is defined as
K
H = € 3.1
S
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where Ke is the kenetic energy of the rotating machine at
synchronous speed and S is the system base VA.

The inertia constant for the Pembroke system obtained from
Table 3.2(a) is 4.44pu. Experimental data43 gives the value
of Ke to be 15.3kJ and manipulation of equation 3.1 gives
S=3.45kVA for the micromachine system. The d-axis synchronous

reactance Xa is given by

where ;a is the absolute unsaturated direct axis synchronous

reactance and Vao is the base voltage. Hence substitution of

known values of parameters in equation 3.3 gives the base
value of voltage to be 206V for the micromachine system.
Base values for current and impedance may be derived using

the following equations.

S
I = —=—= = 9.65A 3.4
ao \V4 / 3
ao
Vao2
Zao = S = 12.3Q 3.5

The per unit parameters of the micromachine are given in

Table 3.3 which shows, that by careful selection of the per
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unit base values, most of the per unit reactance parameters
are either equal or close to the real system. However, the
time constants do not show such good correlation, particularly
the values of T'do and T'd the direct axis open and transient
time constants. This is due to design limitations inherent
in the micromachine. Even though the nominal rating of the
micro-alternator is 3kVA and the housing is for 30kVA machine,
there is still insufficient cross section in the windings to
reduce the resistances to the required per unit values.

The armature resistance values are improved by the use of
deep slots and the oversize housing, but it is not possible
to add much copper to the field winding without detriment to
the magnetic properties. Table 3.3 shows that the values

of x., and x'd are close to the required values and equation

d
3.6 shows that, if

then the ratio between T'd énd T'do is correct. 1In order to
change the magnitude of the time constant without changing
their ratio, a so called time constant regulator is used in
the field circuit. This regulator is considered in a later
section but, in essence, the use of a high gain amplifier with
feedback makes it possible to reduce the effective resistance

of the field circuit, thereby varying the time constants.
3.3 Transmission Network

The transmission network consists of a simulation of the
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generator transformer, the transmission lines and infinite
bus. The model departs in some ways from the real system

but these points are covered in the relevant sections.
3.3.1 Infinite Bus

Although the voltage and power levels for the model are
within standard laboratory supply capabilities, the regulation
of this type of supply is generally poor when it services a
wide range of laboratories. The theoretical concept of an
infinite bus is that of a zero impedance voltage source at
the system frequency. Many laboratory supplies have too
high an impedance which makes them vulnerable to distortion
from local loading. To overcome the problem, a dedicated
330kvAa 10.75kV/311V distribution transformer is connected to
the University 6.6kV distribution network. The measured
impedance referred to the model kVA is 0.0015pu when
supplying approximately 5pu current. The bus transformer
therefore only contributes 1.4% to the line impedance. This

justifies its approximation to an infinite bus.
3.3.2 Transmission Line Model

In order to simulate the transmission line system a number
of assumptions need to be made. It has already been stated
that all four lines are assumed to be the same length. It
is further assuméd that the line impedances are symmetrical

so that each may be represented using isolated single phase
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networks of cascaded T elements. Four m sections are used

to represent the distributed nature of the line impedance.

The single line representation is given in Fig. 3.2. Table

3.4 gives the required and actual values used. The trans-
mission line simulation does not accurately reflect unbalanced
faults but this is not considered a limitation in view of the
standard 3 phase symmetrical fault used throughout the

theoretical and practical studies.
3.3.3 Generator Transformer Model

In power systems, it is economic to transmit power in bulk
using very high voltages to keep I’R losses to a minimum.

It is not feasible to generate directly at these high voltages,
so some means of increasing the generator terminal voltage

is required. The generator transformer has two tasks in

real systems. Firstly, it is used to step up the generated
voltage to transmission levels. The second task is to enable
the generator terminal voltage to be kept within tight limits
for local loads while at the same time giving some adjustment
of reactive power supplied to the grid system. The second
function is performed by allowing on line tap changing which
varies the effective turns ratio between primary and secondary
windings. The two functions of the generator transformer

have been separated in the model system. Since the generating
and transmission voltages are at the same level, it is,
therefore, not feésible to model the tap changing facility

local to the micro-alternator. However, a 50kVA,

40



Fig.

— 2c — ¢ —_— 2cC e

1
¥
|
¥
l
I
1
-

3.2 Single Phase Transmission Line Model

54 —0
Fig. 3.3(a) Single Phase Transformer Equivalent
Circuit
o— —{__1} AAAAS -0
R
T XT
1% -0
Fig. 3.3(b) Transformer Model Realization

41



415V auto transformer, normally used for distribution voltage
trimming, is directly connected to the infinite bus., The
motorised on load tap change of the auto transformer is used
to regulate the infinite bus voltage between +4% and -9%.
Thus in the model, control over reactive power is performed
by changing the infinite bus voltage rather than the line
voltage local to the generator. The error involved in this

is small.

Single phase equivalent circuits are used to represent the
generator transformer windings. The standard equivalent
circuit of Fig. 3.3(a) is simplified by the unity turns ratio
and by neglecting the magnetization losses, to that of Fig.
3.3(b) which is accurately realizable in terms of reactance
but not resistance. Table 3.5 summarizes the corresponding

per unit parameters.
3.3.4 Fault Throwing Equipment

The analytical studies use a 3 phase short circuit at the
generator transformer high voltage terminals as a standard
fault for comparison purposes. Computer simulation software
can easily arrange for consistent fault initiation and
removal. It is imperitive that physical tests taken on the
micromachine system are similarly controlled, otherwise
comparisons between physical and analytical results are

meaningless.
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To maintain close control over the fault initiation and

fault duration, back to back thyristors are used in prefer-
ence to mechanical relays. Fig. 3.4 shows the overall system.
Consistent fault inception is obtained by triggering from a
zero voltage crossing of bne of the infinite bus lines.

Fault duration is controlled by a variable duration mono
stable which is used to gate the thyristor firing pulses.

Use of thyristors allows faithful representation of circuit
breakers that do not chop the current, since current remains

flowing until a natural current zero.
3.4 Micro-alternator Excitation System
3.4.1 Field Power Circuits and Time Constant Regulator

A common feature of all excitation control systems is a high
amplification factor from signal to power levels. The micro-
machine system uses a lineaf d.c. coupled transistor

amplifier. The amplifier is a commercial unit rated at 60V,
12A, and 300W, which is adequate for the field system. The
overall response of the power amplifier is such that dynamics
may be modelled using standard operational amplifier techniques

without the need of compensation for power stage dynamics.

It is well known that the micromachine direct axis transient
time constant T'do is not representative of a large machine.
To compensate for this, a time constant regulator developed

by Martin43 is used. It can be shown that, by the use of a
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high gain amplifier and feedback techniques, the effective
time constant of a circuit is determined by the feedback
transfer function H(s). For the micromachine, a shadow
winding is present, tightly coupled to the main field wind-
ing, which may be used to obtain a signal for all induced
voltages in the field. An external shunt resistor provides
signals proportional to currents in the field. Using suitable
gains H(s) and hence the micromachine time constants can be

made to correspond to the parameters of the Pembroke Machines.

3.4.2 Automatic Voltage Regulator Simulation

The steady state terminal voltage error specified for stand-
ard generating equipment for the Central Electricity
Generating Board is limited to #0.5%. To maintain this
accuracy, a forward gain of 200 or more is required. This
high value of gain necessitates the use of stabilizing feed-
back. Fig. 3.5 shows the basic AVR transfer function. This
is a simplified model which neglects the dynamics of both the
terminal voltage transducer and the initial stages of
amplification. The model is based on a modern thyristor
excitation system capable of field voltage reversal with the
limits on field voltage set at *6.87pu. The realization of
the limit system is such that, in either limiting condition,
the input is clipped. This method gives a hard knee to the
characteristic and also prevents saturation of the gain
elements. Fig. 3.6 shows the complete model AVR which also
contains a so called low gain input which was found necessary

when analogue state feedback was used. The low gain input
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Fig. 3.6 Complete Model Automatic Voltage Regulator

i/p O
[ — —O o/p
I 1k 10k
“T2uzF “To.22uF
O- —0

Fig. 3.7 Vt Filter Ciruit
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corresponds to feeding directly into the main field winding

and as such is not available on a large generator.
3.4.3 Terminal Voltage Transducer

The micromachine terminal voltage is obtained by means of
three single phase transformers which both isolate and bring
the voltage levels down to electronic levels. When the
terminal voltage signal is full wave rectified an inherent
300Hz ripple is present. The simple filter shown in Fig. 3.7
is used to reduce the ripple without seriously degrading

the transient response of the transducer. The remnant 300Hz

injected into the AVR is eliminated by the system dynamics.

Two transducers are required, one for normal instrumentation
purposes, the other for the AVR electronics. Due to the very
high forward gain of the AVR model it is essential to reduce
spurious input signals. It‘has been found most effective to
perform the summation of reference voltage and terminal

voltage feedback directly using a dedicated floating Vt signal.
In this way ground reference problems are removed and the input
offset error of the operational amplifier is seen merely as

part of the reference voltage.

3.5 Analogue Measurement of States

3.5.1 ©Load angle

For a synchronous machine with a conventionally wound rotor
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it is possible to define load angle as the angle between the
phasor corresponding to the infinite bus voltage and the
phasor corresponding to the emf generated in the machine
armature windings from flux set up by the field current.

The field flux is fixed spatially with respect to the rotor.
At the floating condition, when no energy transfer takes
place, the phasors are in line and the load angle is zero.
Under these conditions the terminal voltage phasor is also

in line, and so may be taken as a reference if the machine

is run on open circuit. If an a.c. tachogenerator, with the
same number of poles as the micromachine, driven by the
micromachine shaft is aligned so that its output voltage is
in phase with the terminal voltage on open circuit, the phase
difference between the tacho voltage and infinite bus voltage
is a measure of load angle. By forming square waves from

the sinusoidal voltages and taking suitable logical combinat-
ions, load angle information is available as a mark space
signal. Before this signal'is of any value as a control

signal heavy filtering must be applied.
3.5.2 Transient Velocity

Transient velocity was obtained by differentiating the output
of the load angle transducer. As the original signal was a
filtered mark space signal, a pure differentiation would tend
only to reconstitute the original signal. In order to avoid
this, a limited frequency response was used in the different-
iator with a 100Hz notch filter used to suppress the

predominent noise.
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3.6 The Prime Mover

The prime mover in the model system is a separately excited
d.c. machine. The field winding is supplied by a constant
current source so that thé output torgque is directly
proportional to the armature current. The armature current
source was originally a single phase fully controlled
thyristor bridge circuit43 but even closed loop control of
such a system did not give a very good frequency response.
Additional inductance in the armature circuit was used in
an attempt to maintain continuous conduction. This had the
benefit of more linear gain in the thyristor control system
and a smoother current wave form. The inherent problem with
the thyristor bridge, that of uncontrollability after the
thyristor has been fired, aggravates the control problem

and results in a system of limited frequency response.

While governor control was assumed to play no part in the
transient behaviour of the systems, the thyris;or bridge
constant current source was acceptable. However, when
studies include governor action it is clear that the

quality of the armature current control must be such that
the armature current follows the dynamics of the system
being modelled and should not be conditioned by the response
of the current control system. Ideally, the armature current
should be derived from a linear power amplifier. The power
levels regquired are of the order of 32 amperes at 160 volts
for the full load condition on the micromachine and this

would require an unacceptable level of power dissipation
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over the full operating range if a fully linear system was
used. A compromise solution has been adopted. A slit width
chopper circuit, using a Darlington configuration with a
high power transistor operating in the switching mode, is
used to maintain the mean armature current at the desired

value.

In the slit width modulator, the current control is such
that the actual value of current lies between two bounds,
one above, the other below the required mean current value.
The bounds are used as switching functions for the transistor
to either apply the supply voltage to the armature or remove
the supply so that the current flows in a free wheel diode.
The chopping frequency is dependent on the load character-
istics and the slit width. Torque variations caused by the
excursions of armature current about the mean value are
effectively smoothed by the inertia of the micromachine.
Further information regarding the operation of the slit

width modulator is given in Appendix A2.
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Table

Table

Base MVA 588

Machine rating MW 500

Direct axis mutual reactance 2.59pu
Quadrature axis mutual reactance 2.52pu
Direct axis armature leakage reactanée 0.21pu

Quadrature axis armature leakage

reactance 0.20pu
Field leakage reactance “0.162pu
Direct axis damper leakage reactance 0.0204pu

Quadrature axis damper leakage reactance .0204pu

Armature resistance 0.00310pu
Field resistance 0.00120pu
Direct axis damper resistance 0.0174pu
Quadrature axis damper resistance 0.0070pu
Inertia constant 4.4pu
Short circuit ratio 0.4pu

3.1(a) Per Unit Parameters for a Single Pembroke

Machine
Base MVA 600
Resistance 0.005pu
Reactance 0.160pu
Tapping range % +2, -16

3.1(b) Pembroke Generator Transformer Parameters
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Table

SCR

Table

Base MVA . 100

Resistance 0.00135pu
Reactance 0.0185pu
Susceptance 0.735pu

3.1(c) Pembroke Single Circuit Line Parameters

Base MVA 2352

Direct axis synchronous reactance 2.8pu
Quadrature axis synchronous reactance 2.72pu
Direct axis transient reactance 0.362pu
Direct axis subtransient reactance 0.230pu

Quadrature axis subtransient reactance 0.220pu
Direct axis transient open circuit

time constant 7.3s
Direct axis transient short circuit

time constant _ 0.945s
Direct axis subtransient open circuit

time constant 0.0314s
Direct axis subtransient short circuit

time constant 0.020s
Quadrature axis subtransient open

circiut time constant 0.116s

Quadrature axis subtransient short

circuit time constant 0.00936s
Inertia constant 4.4pu
Short circuit ratio 0.4pu

3.2(a) Normalized Generator Parameters
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Base MVA 2352

RT Resistance 0.00490pu
XT Reactance 0.157pu
Tapping range % +2, -16

Table 3.2(b) Normalized Generator Transformer Parameters

Base MVA 2352
Rt Resistance 0.007940pu
Xt Reactance 0.109pu
Bt Susceptance 0.125pu

Table 3.2(c) Normalized Total Line Parameters
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Micromachine Pembroke

Base Rating 3.45kvAa 2352MVA
r, 0.0970 @ 0.00790 pu 0.00310 pu
X3 34.5 £ 2.8 pu 2.8 pu
xq 33.5 94 2.72  pu 2.72 pu
X! 4.44 f 0.361 pu 0.362 pu
xd" 2.22 Q 0.180 pu 0.230 pu
xq“ 3.76 Q 0.306 pu 0.220 pu
Tdo' 0.398 s 0.398 s 7.3 s
Tyq' 0.0514 s 0.0514 s 0.945 s
Tdo“ 0.0280 s 0.0280 s 0.0314 s
Tq" 0.0140 s 0.0140 s 0.020 s
qu" 0.0792 s 0.0792 s 0.116 s
Tq” 0.0089 s 0.0089 s 0.00926 s
Ke 15.3 kJ

H 4.4 pu 4.4 pu

SCR 0.416 pu 0.400 pu

Table 3.3 Micromachine and Pembroke Per Unit Parameters

Required Actual
Resistance 0.0318pu 0.391Q 0.0318pu 0.391Q
Inductance 0.436pu 16.0mH 0.410pu 16.0mH
Capacitance 0.0313pu 8.08uF 0.0310pu 8.00uF

Table 3.4 Single Circuit Model Line Parameters
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Required Actual
Resistance 0.0049pu 0.06030Q 0.0130 0.160Q

Inductance 0.157pu 6.15mH 0.157pu  6.15mH

Table 3.5 Model Generator Transformer Parameters
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CHAPTER 4 EVOLUTION OF THE DIGITAL SYSTEM
4.1 Introduction

The use of a micromachine system in an effective manner for
the investigation of synchronous generator stability makes

it necessary to perform the following functions. Data
collection from the system to generate control signals,
application of the controls to the system and then collection
of data showing the effect on performance of the applied

controls.

The micromachine system at Bath has been in existence

since 1968. The original system43, had purely analogue
control and instrumentation. Attempts to implement state
feedback in the excitation system failed mainly because of
noise problems in the selected states. The theoretical
studies on which the controls were based used the devia-
tion from steady state values of the control s£ates as
feedback signals. Constant adjustment of the d.c. level,
backing off circuits was necessary to prevent drift problems.
-The state deviation is often small compared with the steady
state level and the signal value may only be of the order

of noise present. This was particularly evident with the
transient velocity signal45. The best analogue method of
deriving transient velocity was found by taking the
dérivative of the load angle, even though the raw load angle
signal was in a mark space form which required heavy

filtering before analogue differentiation was possible.
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Only when the first digital system was introduced45 was it

possible to implement successful state feedback controls.
This original digital system employed an Intel I8080 as

the central processor. There were no support devices
easily available, at the fime when the system was developed,
for intefrupt priority handling or extended arithmetic
operations. An in-house peripheral interrupt priority

card was developed which gave a means of ordering interrupts
in a daisy chain but did not implement any means of settiné
at which level interrupts could be accepted. Thus only the
software interrupt enable, disable, instructions could be

used to regulate interrupt service activity.

The poor arithmetic capability of the 18080 was a limita-
tion, which was overcome by only performing the essential
arithmetic operations in the I8080. In particular, no
divide operations were performed because they would have

to be software routines, and as such, very time consuming.
Multiplication suffered from similar timing constraints,
since the operation would be performed by software. Only

a small number of multiplications were performed per control
cycle, and these were based on highly optimized routines.

To compute control laws in the 18080 would have required
general purpose routines to cope with varying coefficients,
so the PDP 11 was used to perform calculations on the data
presented to it by the 18080, the results being transferred
back to the I8080 for output as a control function. Even
though support devices were becoming available for the 18080

cpu which could cope with interrupt priority problems and
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help with the arithmetic limitations, it was considered that
the system would still be held back by the short comings of
the basic 18080 instruction set and word size. A more poﬁer—
ful microprocessor was obviously needed. The TMS 9990 micro-
processor was becoming available and being a 16 bit word
device with unsigned multiply and divide as part of the
instruction set, it would go a long way toward solving the
arithmetic limitations experienced. The TMS 9900 also has 15
levels of maskable interrupt which together with the context

"switch allows efficient response to external events.

This chapter describes the major elements of the present
digital system. Frequent reference is made to the original
Intel IB8080 based system designed by Burrows45, to show the
course of evolution. The overall system is shown in Fig. 4.1
thrpughout this Chapter reference is made to the overall super-
vising computer as the PDP 11. 1In this particular application

a PDP 11/34 is used but any compatible machine can be used.

4.2 Interface Requirements Between PDP 11 and TMS 9900

Processors

In the research application of the system, it is necessary to
be able to efficiently develop software for both the PDP 11
and the TMS 9900 microprocessor. It is also necessary to be

able to perform bidirectional data transfers between the two

machines.

The PDP 11 system is ideally suited for program development
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by virtue of its large disc storage capacity, terminal
facilities and utility programs. In-house PDP 11 software
for microprocessor development originally developed for the
I8080 system has been changed to support the TMS 9900 and

extensively improved.

The philosophy of the interface system is to implement the
following functions.

1) Down line loading of microprocessor programs from the
PDP 11.

2) Full software debug using the PDP 11 to supervise
operation of the program within the microprocessor.

3) Bidirectional data transfer between the PDP 11 and the

microprocessor under program control.

A single card providing all the required functions was not
considered practical so the interface function was split
into two logically independant cards. One card contains the
data transfer logic, while the other contains the down line
loading and debug circuits. For convenience the cards are

termed the Data Transfer Unit (DTU) and the Digital Interface

(I/F) .

4.2.1 Physical Connection Between the Microprocessor System

and the PDP 11.
The PDP 11 series of computers can support external devices

by means of the Digital Equipment Corporation DR11C module.

This has three memory mapped registers, a control and status
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register, an output register and an input register. Both

the input and the output registers are 16 bit parallel units.
The control and status registe: allows for two interrupt
signals from the external device with independant enables and
two program controllable output bits46. These features allow

a system to be developed which satisfies the interface

specification.

Both the PDP 11 and TMS 9900 are 16 bit machines and so,
under operational conditions, it is sensible to allow data
transfers using the full 16 data bits. Taking this approach,
it is necessary to have some means of differentiating between
data transactions with the DTU and transactions with the I/F.
The DR11C control and status register bits CSR00 and CSRO1
provide a means of making the distinction. Table 4.1 shows

the data modes used.

CSRO1 CSROO0 Data Mode
0 0} DTU Data
0 1 Not Used
1 0 I/F Data
1 1 I/F Control
Table 4.1

The PDP 11 computer and the microprocessor systems are housed
in separate rooms. Communication between the digital systems

uses a parallel data link consisting of twenty twisted pair
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current loops for each direction. A connection schedule is

provided in Appendix A3.

4.2.2 Digital Interface Functions

The 18080 - PDP 11 interface used a single step mode for
program debug. At each memory access information was
available to the user which gives the current address and

the type of access. A pseudo breakpoint facility was used
which single stepped the I8080 program under PDP 11 control
until an instruction acquisition at an address in the break-
point table was found. The breakpoint feature was useful

for debug but the effective processor speed was slow, making
it unsuitable for any attempt at running even small sections
of code which interfaced with external events in real time.
The TMS 9900 interface has been designed to allow program
execution at full processor speed in the breakpoint mode. By
use of an extended operation trap instruction47, at the
required address, control is passed to a short routine which
triggers the interface hardware to gain control of the micro-
processor. A single step mode of operation is also provided
using a similar technique, but in this case the external
operation instruction is jammed on to the data bus replacing
the normal instruction at each new instruction acquisition.
The use of the external operation context switch for debug
routines is a powerful feature, since the entire working
environment of the program code under debug is available.
That is, the work space pointer, program counter and processor

status are all immediately available for inspection as
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registers within the extended operation work space. With

the exception of only three registers internal to the cpu

all registers are resident in main memory and standard memory
location manipulation can be performed on them giving great

flexibility.

The down line loading of the microprocessor memory on the
I8080 system was geared towards speed, with an automatic
address increment, or decrement facility. Operational
experience with this showed that, since program loading is
infrequent, very little time is saved, at the expense of
increased circuit complexity. A major element in the TMS 9900
interface philosophy is to make the interface hardware as
simple as possible commensurate with fulfilling its require-
ments, and if necessary increasing the PDP 11 processor effort
to compensate. The down line loading feature follows this
approach, requiring several PDP 11 operations to fill and
check a microprocessor memory location. At each stage it is
possible to check that the correct address is present on the
address bus and that the data is correctly written. When

the nex£ location is loaded the entire operation is repeated.

The somewhat pedestrian approach is barely noticed in practice.

Full descriptions of the I/F are provided in Appendix A3 for
both software operation, from the PDP 11 point view, and
hardware. Fig. 4.2 shows the major elements of the I/F in

block diagram form.
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4.2.3 Data Transfer Unit

The Data Transfer Unit (DTU) has been developed to allow fast
data transfer between the TMS 9900 microprocessor and the

PDP 11, Fig..4.3 gives a block diagram of the system.
Transfers are made in word wide parallel fashion. The DTU
has been specifically designed for use with the Digital
Equipment Corporation DR11C. By using parallel interface the
data rate is limited in practice solely by the response of

the software at each end.

Software controlling transfers may be based either on a simple
flag testing of the handshake bits for a simple system, or
may use the full interrupt structure of both processors. The
DR11C in the PDP 11 is fitted at the standard hardware
interrupt level46, and is run in accordance with the approp-
riate operating system software constraints for the interrupt
service software priority levels. The micfoprocessor
interrupts are fully software programmable for interrupt
levels between 1 (the highest) to 15 (the lowest), separate
interrupt requests are available on both machines for input
and output. A complete guide to the DTU operation is given

in Appendix A3 for both software and hardware functions.
4.3 The Digital System Transducers
The TMS 9900 system interfaces with the micromachine hardware

by a set of memory mapped registers which are used as input

output devices. The TMS 9900 communications register unit,
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CRU, is not used for any real time data acquisition because
in general, complete word transfers are required. The memory
map technique is faster and more convenient. The following
sections give only a cursory view of the electronic hardware,
more detail is available in the appropriate section of the

Appendix.

4.3.1 Auxiliary Rack

To avoid undue loading of the main TMS 9900 system busses,

and also to provide a simple means of performing input output
to device registers, a dedicated input output block, has been
set aside in the TMS 9900 memory map. The block is nominally
64 words in length, and is accessible through a buffer card

on the main system bus. The buffer card function is to provide
initial block decode of the locations and bus buffering. Of
the 64 memory locations available, the first 16 are local to
the buffer card, but space limitations permit only 4 words to
be decoded. These locations are used as control registers for
devices requiring interrupts to be placed on the TMS 9900
system interrupt bus. The remaining 48 locations are available
in the auxiliary rack. Communication between the TMS 9900
system buffer card and devices in the auxiliary rack is con-

trolled by a second buffer card in the auxiliary rack.

4.3.2 Analogue to Digital and Digital to Analogue Ports

The measurement of analogue quantities is performed using

12 bit successive approximation analogue to digital converters.
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The conversion process is initiated under software control

by setting an appropriate start bit in the control and status
register. Conversion time is 25us and so no facility to
interrupt the processor on completion is provided, but the
status of each converter is available as a bit in the control

and status register.

For instrumentation purposes, the micromachine terminal
voltage, as derived from a simple three phase full wave
rectifier and filter circuit, is converted to digital form.
Also the prime mover current is measured using a filtered
version of the shunt feedback voltage to the transistor
controller. The micromachine exciter field voltage is also
measured as a standard parameter. A further analogue to
digital converter is always available for measurement of

miscellaneous quantities.

Two digital to analogue channels are used. The first is for
a current demand input to the prime mover armature current
controller. The second is used to provide the transient state

feedback signal into the excitation control system.

4.3.3 Speed Measurement System

As mentioned earlier, transient velocity measurement for the

micromachine system has been difficult. To overcome the

problems associated with the existing tachogenerator a shaft
45

mounted digital transducer was used ~. The device consisted

of a disc with a single slot which passed two transmissive
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infra-red source and detector assemblies as shown in Fig. 4.4.

Slotted

Disc
T (ab)
T (ba)
Vernier
Shaft axis
Photo
Pickups

Fig. 4.4 Original Slotted Disc Transducer

The time interval between the slot passing photo device (a)
and then passing photo device (b) was measured as T(ab)us.
Similarly the period from device (b) to device (a) was
measured as T(ba)us. Thus for the four pole machine operating

at synchronous speed T(ab) = T(ba) = 20000us.

The maximum speed change expected is of the order of 2% so
it is reasonable to use changes in period as being proportional
to changes in speed. Thus the transducer arrangement of

Fig. 4.4 can be used to obtain an indication of transient
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velocity. To avoid introduction of an offset between period
values T(ab) and T(ba), it was necessary to include a vernier
adjustment for the position of photo device (b). Even after
calibration, it was difficult to maintain T(ab) close to T(ba)
for steady state operation. To overcome this problém a simple

filter arrangement was introduced of the form

where P'n is the averaged period at sample instant n and Pn
is the present sample value of period as measured by T(ab)

or T(ba).

The rotor transducer also afforded a measure of load angle
when used ih conjunction with the phase of the infinite bus.
By measuring the time interval between the passing of a photo
device and a positive going zero crossing of the infinite bus
voltage, a measure of rotor position relative to .the infinite
bus is obtained. Subtracting the no:load, floating count from
the present count gives a measure of load angle. Here, as in
the change on speed measurements it is possible to minimize
errors due to variation in systems speed by additional
computation. However since speed changes are small the error
level is only of the order of 2%, and no correction factor was

applied in the I8080 system.

A theoretical study18 has shown that the rotor acceleration

is a very desirable state for feedback purposes. It is also
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perhaps the most difficult state to obtain. It has been
shown that the single slotted disc system can produce trans-
ient velocity signals far more acceptable for feedback
purposes than have previously been possible with tacho—-
generatér systemszs. However, due to the mismatch between
alternate period counts, attempts to use a first difference
technique to obtain acceleration have failed. When the
averaging process was performed acceptable speed values were
obtained but these too produced unacceptable acceleration
curves. The effect of the averaging was to introduce a low
pass filter into the system, creating a further delay on top
of the inherent delay caused by the method of period sampling
to obtain the speed. The original device could therefore
produce speed data at 20ms intervals which was based on a
binary weighted average of the present transducer data and

all the preceeding data.

It was clear that if an acceleration sigﬁal was to be obtained
from differences in speed measurements, an even more accurate
means of deriving speed was required. The results obtained

so far from analogue transducers were disappointing and after
consideration of the improvement made by Ehe first digital
transducer, it was decided to look closely at the error modes

for the first system and to try to overcome them.

The photo assembly mounting arrangement was fabricated using
standard angle iron bolted to micromachine and bed plate. It
was not certain that this micromachine shaft axis remained

fixed relative to the photo devices during faults, either due
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to the shaft moving on its bearings or due to vibration of

the photo device supports. Also, the photo detector employed
had a large aperture and could have been subjected to reflect-
ions of the infra-red beams interfering with the precise
threshhold at which the electronics determined the passing of

a slot.

The problems could not be solved effectively using the exist-
ing transducer so a new design was developed. The overriding
requirement is to measure the period of a machine revolution
accurately. This reqﬁires two factors, a stable time reference
and an accurate means of defining the limits of a machine
revolution. The time reference has never been considered a
problem since the microprocessor systems used have always had
crystal controlled clocks. Experience with the two photo
pickup system has shown that the attempt to split the mechani-
cal shaft revolution into two halves, equivalent to the
electrical cycles of the four pole machine, is nullified due

to the required averaging process.

4.3.3.1 Second Generation Speed Transducers

If the same photo device is used to both start and stop the
period count, the mechanical alignment problem is removed.
Adopting this technique also gives the added advantage that
mechanical vibration effects of rotational speed are reduced,
since the measurements are always made at the same point.
The misalignment of the photo device relative to the micro-

alternator shaft axis is minimized by running the photo device
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support on a bearing mounted on the shaft, Fig. 4.5 shows

the general arrangement of the first, second generation
transducer and Fig. 4.6 shows the second. By running the
machine system as its own lathe and turning the machine shaft
in situ prior to mdunting the transducer, the minimum of
vibration is imparted to the mounting system. By these tech-
niques, it is possible to maintain the photo device fixed

with respect to the machine shaft.

A further feature of the second generation transducers is the
small aperture used to restrict the infra-red light input to
the photo detector. The aperture is 0.lmm and at synchronous
speed the rotating slot travels at approximately 0.0125mm per
Us so that, the transit time for the leading edge is, of the
order of 8us. The narrow aperture is close to the photo
detector and thus reduces to a minimum any spurious reflect-
ions, enabling the detection circuit to operate on a well
defined slope with an effective rise timeyof 8us determined

by the mechanical arrangement.

The rotating section of the first, second generation trans-
ducer contains a single slot milled in the rim of the cupped
disc. A cupped disc is used to increase the rigidity of the
rotating element. As the single slot passes a fixed aperture,
infra-red light is allowed to pass from the diode source to
the photo transistor detector. The rising edge of the photo
current in the sensor is used in the detector electronics to
fire a monostable of short pulse duration. The pulse is

subsequently used to start and stop counters measuring the
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Fig. 4.5 Eight Pickup Single Slot Transducer
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Fig. 4.6 Single Pickup Eight Slot Transducer
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elapse time between pulses. To reduce the delay time between
samples a total of eight transmissive photo assemblies are
used, equally spaced around the stationary carrier plate.

The period timing is maintained at 1lus quantization, this
enables a whole 40ms period to be represented in a 16 bit
word which affords simple manipulation by the TMS 9900 micro-
processor. Also at lus quantization, the electronics can

fix a slot crossing to within 0.0125mm, which is probably
more precise than the mechanical system warrants. Using
these techniques it was found that a small amount of axial
preload on the bearing was required before consistent data
was obtained in the steady state. Even in steady state
operation the‘values obtained from the transducer for system
period varied but when consideration is given to the fact
that the period is being measured to 0.0025% it is natural
that the transducer should show up the small fluctuations

which are always present.

The manner in which the period data is made available is
shown in Fig. 4.7. Each photo pickup on the carrier plate
effectively produces a pulse Qn , n=1,2,3,... at approx-
imately 40ms intervals, as in Fig. 4.7(a). The vertical
arrows indicate the pulses and the sloping line represents
the period count in us being built up between pulses. The
pulse Qn triggers the following sequence in its associated
period counter circuits. Counting ceases and when the data
is stable it is clocked into a buffer register, the counter
chain is then reset and counting resumes. This sequence

takes a fixed time, of the order of lus, and has no detrimental

75



Fig.47(a)

n+l

Time

Period Counter Operation

Unit 0
MW Unit 1
— 1 —1 1~ ynit 2
— 1 _— 1 —1_ ynit 3
W Unit 4
—_— 11— 1 ——  hit s
—_— 1 1 " ynit s
—_— ] 1 U;;lit7
Lt ettt trdl
012345670123456701234 _

Time

Fig.47(b)

Period Data Availability

76



effect on the system accuracy. Thus for each pickup-counter
set, period data is updated every 40ms. Fig. 4.7(b) expands
the single pickup-counter concept to the eight pickups which
are evenly distributed around the stationary carrier plate.
The upper section shows how the data for each pickup is built
up and the lower section shows the manner in which the data

becomes available to the microprocessor.

The transducer of Fig. 4.5 using a single rotating slot and
eight stationary photo pickups was found to give acceptable
acceleration information but its fabrication was time
consuming. Ways of reducing the manufacturing effort were
sought, resulting in the second, second generation speed
transducer given in Fig. 4.6. The system uses a single
stationary photo pickup with a rotating cupped disc contain-
ing eight slots evenly placed around the periphery. This
provides essentially the same configuration as the former
system but with the fixed and rotating parts conceptually
transposed. In this construction only one small aperture need
be fabricated and the eight rotating slots can be conveniently

milled accurately without undue effort.

The output of the photo pickup is shown for one shaft revo-
lution in Fig. 4.8, where the duration of the pulses are
exaggerated for clarity. The rising edge of each pulse is
used in conjunction with a simple counter system to produce

a serjies of Q pulses in a form identical with the former
transducer. One of the slots has its trailing edge displaced

thus producing the larger index pulse in Fig. 4.8.
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The index slot is used by the control electronics of the
simple counter to ensure that there is a fixed relationship
between the Q pulses and the mechanical shaft position, when

running in the vicinity of synchronous speed.

) |

—_
Index slot time

Fig. 4.8 Photo Pickup Output for Eight Slot Transducer

4.3.3.2 Quantitative Angular Velocity and Acceleration

Taking the period of one complete rotation of the four pole
machine shaft as the basis for speed measurement has two

main features. New data is only available at the end of a
sample period, and the period information can only give the

mean angular velocity over the sample interval (40ms).

The discrete nature of the data is not a problem since

subsequent processing is performed using digital techniques
which inherently is a discrete time procesé. The effect of
sampling over a complete revolution is to introduce a time
delay into the system. The mean speed is assumed to be valid
at the mid point of the sample and is thus delayed by 20ms.
The time delay is a necessary penalty paid for obtaining an

accurate speed estimate.

During the standard 3 phase faults applied to the system the
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micromachine dynamics produce rotor oscillations superimposed
AN
on the synchronous speed. Equation 4.2 shows the transient

speed in an idealized form

w=w_ + wy cos(2nft) 4.2
and the first derivative of equation 4.2 with respect to

time gives

Sw

—_— = -0

ot

3 2mf sin(2nft) 4.3

For simplicity a 2 pole machine is assumed, giving the

synchronous speed wg as 100m rad s~ !; maximum speed deviation

I

w, = 2 rad s ° and frequency of oscillation £ = 1.25Hz.

d
The maximum expected rate of change of w with time is obtained
from equation 4.3 when the sine term is unity. Taking the
maximum value of equation 4.3 and creating a difference
equation for small time intervals, equation 4.4 is obtained

in the form,
Aw = wgq 2rf At 4.4

Substitution of numbers in equation 4.4 produces a maximum
change in w over a sample interval of 0.628 rad s !, which
is 0.2% of the nominal speed. In view of the small rate of
change in w it is reasonable to use the sampling method to

obtain w. The time delay of 20ms on a frequency of 1.25Hz

produces a phase shift of 9 degrees.
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The machine speed at sample time n can be derived from
equation 4.5 in which the additional factor k has value 2 and
is inserted to compensate for the fact that the micromachine

is a four pole machine.

In any control scheme using state feedback which requires A pé
as a parameter, Aw may be used. However, it is more convenient
to perform manipulations directly on the period quantities
rather than first converting the readings to speeds. fhe

small changes in speed superimposed on the mean are not lost
during arithmetic process since only difference operations are
performed. In this way a compromise is obtained between
processor effort and accuracy. By failing to obtain the
reciprocal values an error of below 1% is introduced in the

final value for w.

The acceleration of the system can be obtained from a simple
first difference of speed values over a small time interval

as in the following equation

AW W - W

I}
o]
3

1
=8

(e,

p?s =
AT AT

The cupped disc transducers provide period data as a slot
passes a photo pickup. Period information becomes available
as shown in Fig. 4.7 at 5ms intervals. The data is in the

form of a count of micro seconds for the last complete
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revolution. The notation Cmn will be used to label each
count, where m is the counter unit number m = 0,1,...,7 and
n is the sample number n = 1,2,3,... . The value T in
equation 4.5 is therefore C__ 10 ®s. Substituting in

equation 4.6 and rearranging gives

Aw k2w 1 1

_ = pp - 4.7
X *

AT AT 10 Cmn cmn

in which cmn* denotes the count available AT after Cmn'

" Equation 4.7 can be further rearranged to give

Aw k2m C__ - C__*
o - — mn mn 4.8
AT AT 107°% |Ccmn * C

mn

The product term Cmn* Cmn in the denominator of equation 4.8

produces a value of the order of 1.6 10°. .In view of the
small speed changes, little error is introduced by assuming
Cmn* Cmn as a constant and absorbing all the constant terms

of equation 4.8 into a single value such that

Aw K
—_— = — ( C - C %) 4.9
AT AT mn mn
where k has the value 7.95 10~ * rad s~ !. It has been shown

by Lu17 that the suboptimal feedback systems developed are

tolerant of magnitude error in the acceleration signal, so

that the small errors introduced by the above assumptions are
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insignificant.

Having period data available every 5ms, it is possible to
compute an estimate for acceleration at that rate. It is
also possible to trade phase shift for noise improvement by
making AT larger and computing p?é using multiples of 5ms
for AT. The smoothest practical signals are obtained by

differencing Cm and Cmn which produces a time delay of 60ms

n+1

and a phase shift of 27 degrees. The minimum phase shift

obtainable is 11.25 degrees using C and Cmn' The phase

m+1ln
shifts quoted are based purely on the sampling delay. Even
though the phase shift is significant, it is not normally

necessary to include any additional filtering and so no

additional phase shift is inserted.

. 'y
Gain +ve

A

p*é pS -
Increasing sensitivity

Gain -ve .
N 2 “~ Maximum phase shift

Fig. 4.9 Feedback Sensitivity Trend

Fig. 4.9 shows the general trend observed in the theoretical
studies of Lu17 and Lee16. The optimum feedback gain for
load angle § is positive and the resulting controller is

sensitive to parameter changes. Transient velocity feedback
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p 6 improves upon this, the optimum gain is negative and

the control is less sensitive to parameter changes. The
best single feedback state with regard to system sensitivity
and resulting performance uses p2?8. However, it is very
difficult to measure;ﬁéiwitﬁout introducing phase shift into
the signal. The maximum phase shift introduced, assuming
equation 4.2 with the values stated, is shown in Fig. 4.9;
Clearly, even though the slotted transducer does not produce
instantaneous values for p?8, the information gained is

valuable in a control sense.

4.3.3.3 Acceleration Signals from the Second Generation Speed

Transducers

For these tests a three phase short circuit fault of 220ms
duration is applied to each machine, running at full load
with constant torque input and constant excitation. The
acceleration curves obtained from the original second |
generation speed transducer are given in Fig. 4.10, the
second transducer results are given in Fig. 4.11. 1In each
case three acceleration curves are given corresponding to
calculating the signal using equation 4.9‘with sample spacing
times AT of 5ms, 10Oms and 40ms, the phase difference between
the data sets is just discernable. The curves are those which
would be obtained using the standard data capture programs

which store data with a 20ms sample interval

In both systems taking the period difference over the minimum

time, as one would expect, produces the noisiest signals.
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This problem is associated with guantization in the period
data and as such becomes apparent as one returns to steady
state, by which time the most useful transient control action
should be over, allowing the additional feedback signal to be
removed. If however the control is retained the noise
injected is of high frequency, with an average value corres-
ponding to that required. These high frequency components
are generally absorbed in the larger time constants within

the system.

The overall form of the output from both‘transducers is the
same. The later transducer curves of Fig. 4.11 appear to
contain a little more noise than the first, second generation
tranéducer. This is most likely due to manufacturing tolerances
in the support bearing and a less effective axial preload
system. One interesting feature apparent in Fig. 4.10 but

not Fig. 4.11, is a high frequency ringing effect on the early
part of the response curve. Fig. 4.12 giVes an expanded view
of the ringing phenomenon, in this case the data is not taken
from the original data set, but from a specially collected

set with points plotted at 5ms intervals. It is clear that
the fault has excited some part of the system with a frequency
of approximately 16Hz. Both transducers use similar steady
mechanisms and both should behave similarl& to differences in
speed between the fixed and rotating components. The ringing
phenomenon is not fully understood but may-be associated with
different mechanical couplings used between the micro-
alternators and prime movers. However in the control sense

the area under the acceleration curve is the important factor
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and this is not unduly affected by the high frequency

components.

4.3.3.4 Derivation of Load Angle from the Cupped Disc

Transducers

The cupped disc transducers produce a pulse of 500ns duration
from eight sources positioned 90 electrical degrees apart or
5ms apart in time at synchronous speed. Fig. 4.13 shows
pulses from one of these sources represented as arrows on the
time axis, together with an arbitrary phase voltage of the
infinite bus drawn to the same time scale. The fixed relation
between the generator electrical axis and the shaft provides

a means of measuring load angle by taking the time interval

NN

Time

Fig. 4.13 Load Angle Measurement
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between a slot pulse and positive going zero crossings of the
infinite bus voltage. This may be performed by taking micre-
second counts Ca and Cb of Fig. 4.13. Under steady state
floating conditions, values Cao and Cbo may be obtained
corresponding to zero load angle. Load angles within the
normal operating ranges can then be calculated by applying
the.following equation.

47

§ = ( ca - Cao ) 4.10

C__
mn

The data Cb can be.processed in a similar manner.
4.3.3.5 Wide Range Speed Transducer

The cupped disc speed transducers are primarily designed for
accurate speed measurement about synchronous speed. However,
at lower speeds, the counter circuits, used to determine the
period of a shaft revolution overflow. This makes the output
unsuitable for ;peed determination from standstill to
synchronous speed. To overcome this limitation, a wide range
transducer has been developed which is capable of estimating
speed over the full operating range. The implementation is

a simple tracking A/D converter following the transformed

and rectified output of an a.c. tachogenerator, driven by the
micromachine shaft. The'accuracy of the transducer is limited
to approximately 5% of the full speed vélue, but it is adequate

for determination of when the cupped disc transducer output

is wvalid.

89



CHAPTER 5 SYSTEMM SOFTWARE
5.1 Introduction

This chapter describes the software used in the micromachine
control system and the interaction between the PDP 11 mini-
computer and the TMS 9900 microprocessor. The overall software
philosophy is to provide adequate control of the micromachine
at all times and also to enable the exchange of information

between the PDP 11 and the TMS 9900.
5.2 The Software Environment

In all digital computer systems it is found that some
activities are required more frequently than others. Prime
examples of this are input output (i/o) operations which
involve movement of information between the program environment
and other system elements. A typical program would read data
from a disc based file, operate on the data, and then write

a further file to the disc containing the results of the
operation. In activities such as this, the programmer is not
concerned with the actual way in which the data is obtained
from, or written to the storage medium and his only require-
ment is that information should be available regarding the
success or otherwise of any particular transaction. A further
useful option is to have the choice between either allowing
program execution to continue in parallel with the i/o or wait
pending the i/o completion. With the former choice, some form

of i/o completion routine is required which may either
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propagate the transfer or perform some simple flag setting

operation.

Input-output operations are generally handled by the computer
operating system, rather than by hand programming by the user,
and the programmer is encouraged to write programs in a device
independent fashion so that the actual data structure

associated with the physical device is irrelevant to the user
and the source or destination of data is an easily changeable

parameter.

The operating system used on the PDP 11 is the Digital Equip-
ment Corporation's RSX 11-M, a "Real time Multi-programming
System" designed for a fast and efficient response to real
time events. The processor activity is directed to the highest
priority job able to run. In some ways, the use of RSX 11-M
is a compromise solution in that for the fastest real time
work a single user, dedicated, system should be used in which
certain liberties may be allowed to increase execution speed
at the expense of the systems integrity. However, in the
process of program development only a very small amount of
time is actually spent using the full potential of a computer
in real time work, so it is sensible to use a multi-user
system to provide maximum utilization of the machine. The
RSX 11-M operating system is ideal in this respect, since,
once the programs are developed, the running priority can be
raised to the highest level, which will then effectively lock

out lower priority jobs.
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It is possible to use the PDP 11 at its maximum speed for
interrupt service, but at the expense of the operating system
integrity. It is not thought worth sacrificing the operating
system faéility just to increase speed. Comparative tests
have been carried out to look at the visible difference in
interrupt response between RSX 11-M and RT 11 a single user
"real time" system. When running equivalent software the

RSX 11-M response, as expected, was slower but the difference
was not excessive. A penalty for using fully compatible
software is that even with the data collection program running
in the PDP 11 at maximum priority, there can be no guarantee
that processing will always be completed within a single data
collection period. Fig. 5.1, shows the PDP 11 utilization

over a typical cycle.

IRINNY ;

cycle n-1 cycle n cycle n+l
7/ Interrupt service ‘\\ User
and Executive SQ\ Program
procedures

T Free

Fig. 5.1 PDP 11 utilization over a typical collection cycle
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The processes of Fig. 5.1 are, of course, normally interspersed,
but for clarity, each type of process has been amalgamated.
Under normal operating conditions there is free processor time
which is used by the executive to run lower priority tasks.
However, if the lower priority jobs are i/0 intensive or there
is excessive check-pointing, the system may become less
responsive to the priority task. This 1is partly due to
additional executive activity handling tﬁe i/o. A significant
single factor is disc drive activity, which performs non
processor requests (NPR)48. These request use of the unibus
to perform transfers between memory and the disc drive and

are not affected by processor priority. When check-pointing,
it is possible for these activities to take up to 20% of
unibus time. As a result of these activities, it may not be
possible to complete all processing for the data collection
routine in a single cycle. In order to provide some lee-way,
such that, what could be free time in subsequent cycles, can
be used to catch up on lost processing time, it is important

that the microprocessor software is tolerant of these time

slips.

Since all the necessary control functions are implemented
within the TMS 9900 microprocessor, and the PDP 11 is used
primarily as a data logger and intelligent terminal, it is
unnecessary to maiﬁtain continuous communication between

the microprocessor and the PDP 11. The software developed for
the microprocessor allows for both recoverable time slips

in communications caused by moderate extensions in transfer

cycle time and total gaps in the data record, which occur if
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PDP 11 activity is so great that normal time slip contingency
fails to remove the backlog. The communication between the
TMS 9900 and PDP 11 is handled in the microprocessor by
specially developed software which forms the foundétions upon

which all the TMS 9900 programs are based.
5.3 Data Transfer

To enable programmed data transfers between the PDP 11 and
TMS 9900 using the full RSX 11-M operating system, it is
necessary to supply a software interface between the RSX 11-M
executive and the physical device. In this case the TMS 9900
microprocessor is accessed by means of in-house hardware

46 modual. The specialized

connected to the PDP 11 by a DR11C
software is termed a device handler and has several entry
points, some are used by the RSX 11-M executive to initiate

or abort transfers, while others provide the direct interrupt

entry points used when a hardware interrupt is taken.

Data transfers between the PDP 11 and TMS 9900 are performed
in parallel sixteen bit words and the protocol adopted is
simple. The first word of any data transfer is an identifier,
which is followed by a word count. Data then follows until
the end of transmission when a check sum is transmitted.

The check sum is the 2's complement of the sum of all
preceeding words, including the identifier and word count for
the particular transfer. Even though the protocol is simple
and does not provide any intrinsic method of error correction,

it does provide two safety factors. Firstly all transfers



must have the identifier as the first value and secondly, the
check sum must be correct. Additionally, the expected word
count is compared with the actual one input when transferring
data from the TMS 9900 to the PDP 11. 1In practice the latter
is found to be a useful check on software rather than hardware.
In general, a hardware malfunction would be detected by

either an incorrect identifier or check sum. Use of a simple
check sum technique will catch nearly all credible errors, but
it is not impossible for multiple errors to have a self cancel-
ling effect. However, the check sum is a sixteen bit word

and therefore has 2'® possible values, it is very unlikely that

errors will cancel.
5.4 TMS 9900 System Software

As indicated earlier, digital computer programs often require
special routines or facilities which are frequently used, but
the programmer is not interested in the precise mechanism by
which they are performed. Data transfer between the PDP 11

and the TMS 9900 is just such an activity. It would be possible
to include the necessary code to perform the i/o operations

in each program written for the TMS 9900, but this would be
inconvenient and time consuming. Instead a specialized set

of software has been developed which provide the i/o functions.
The interface between the user program and the system software
is the extended operation instruction (XOP)47 which performs

a context switch into the system software, it also allows
direct passing of a parameter. The parameter is a pointer

to a table detailing the required function. By adopting a
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structured table driven approach to the i/o operation it.is
possible to implement a powerful i/o processing system. One
of the advantages of predefining a table driven structure is
that much of the processing may be performed by common code,
with only device dependant elements being coded separately.
The table driven nature also allows simple queuing of i/o
transactions. The two main data structures are the Device
Block (DB) shown in Fig. 5.2 and the Function Block (FB)

of Fig. 5.3.  The device block contains all necessary
parameters and pointers to start and propagate i/o related

to a specific device. It is maintained solely by the system
and separate device blocks exist for PDP 11 input and output.
The function block (FB) is generated by the user and acts

as an information link between the systems software and the
user. When queuing an i/o function the address of the function
block is transferred to the systems software as the parameter

of the extended operation.

The flow chart of Fig. 5.4 details the process of queuing an
i/o request. If the request is valid, a pointer to the
function block (FB), Fig. 5.3, is inserted in the device
block (DB) queue for the appropriate device, Fig. 5.2. If
the device block queue is empty prior to the insertion, then
the transfer initialization code is entered immediately and
the relevant hardware set up, otherwise the element is just
queued pending availability of the hardware. Return is made
to the user program with the carry bit clear, if the request
element was gueued successfully. On error detection the

carry bit is set and further information regarding the nature
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Offset Element
0 Unit ID
2 Total number of current Q elements
4 Pointer to next free Q slot
6 Maximum number of Q elements
10 Initialization routine WP
12 Initialization routine PC
14 Current Q element pointer
16 Next Q element pointer
Space reserved
Fig 5.2 Device Block Definition
Offset Element
0 Function code
2 Subfunction code
4 Error return
6 Buffer address
10 Word count
12 Completion routine WP
14 Completion routine PC
16 Error routine WP
20 Error routine PC
Fig 5.3 Function Block Definition

97




Priority -+ 2

Clear ASREQS

Clear carry

No Set ASREQS = - 1

Set Carry bit

Request valid

Y

Set pointer to Initialize Device

Device Block Queue with Function

Request element.

Set device busy. Initialize

>— Set up pointers. —— Transfer.

Device busy

Clear error

Return in Function

Block.

Yes Set ASREQS = -2

Y

Set carry bit »

Device Queue

( Return ’

Set Function REQ
Element into
Device Queue.
Clear error return

In Function Block

‘ Return '

Fig. 5.4 Queuing an i/o Request Flow Chart
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of the failure is available in location ASREQS as below.

ASREQS
0 Successful queuing
-1 Illegal function request
-2 No room in device queue

Assuming successful queuing, the i/o now continues under
interrupt until completion. By this means, parallel process-
ing may be obtained allowing program code execution to continue
while the i/o propagates under interrupt, transparent to the
user. If necessary the user program can be suspended until
completion of the i/o, by use of XOP 2 with the transferred
parameter equal to the address of the function block for

which the program is waiting. By convention, return is made

from XOP 2 with the carry bit set if the transfer fails.

When an i/o transaction terminates either as a result of an
error condition or successful completion, the interrupt

service routine branches to common completion code, flow

charted in Fig. 5.5. If an error condition exists and the

user has specified an error handling routine in the function
block, the error routine is entered. The function block is

then tested for a completion routine supplied by the user.

If present it is called, otherwise the completion code continues
to dequeue the current queue element and, if necessary, ripples
the remaining queue elements and initiates the next transfer.

The status of the transfer is returned in the function block
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Error
Yes

Detected

Error

?

Routine

Set Success Flag in ?

Function Block Error

Return. Call Error
Routine.
J
Completion Yes
Routine 2 441
Call User
No Completion
Routine,

J

Priority -+ 2,
Dequeue Current

Queue Element.

Yes

Ripple Down The Queue.

Initiate Next I/0

Request.

Complete Linkage
Back To Interrupted
Code Via Interrupt

Service Routine.

Fig. 5.5 Common i/o Completion Code Flow Chart
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error return word, as below.

FB error return

+1 Success

0] Transfer still in progress
-1 Hardware error

-2 Identifier error

It can be seen that the i/o transfer system enables two
distinct points at which errors may be found. The first is

at the initial queuing stage prior to any physical transaction,
which is always determined at a fixed point in the operation

of the program. This error may be due to incorrect programming
or a queue overflow condition, which can be handled as necessary,
by contingency software. The second error detection phase is
generally asynchronous with the user program, since it is
caused by activation of the interrupt service routine. For
this reason, the capability of an error handling routine has
been included to allow immediate user action if necessary.

For similar reasons, the optional completion routine is made
available so that the user has a means of activating a short
subroutine at the instant i/o completes. This may be a simple
flag manipulation routine or may be used to re-enter the queue

.

manager to propagate a set of transfers.

Further miscellaneous system routines developed to make user
programming easier are available. A general software initial-
ization routine, extended operation three, is used to clear

all possible interrupt sources, and is also used to initialize
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the local terminal. Extended operation six provides a nullr
job for the processor, which is performed when the processor
is not involved with any interrupt servicing. The null job
is used to generate a distinctive pattern on the processor
data bus display lights. At first sight, this may appear
trivial, but it gives a simple means of roughly assessing the
overall free time on the system. Extended operation seven

is used as an error trap handler and its function is to
provide a single routine which can be used to log soft errors
or perform a controlled shut down in the event of a fatal

error.
5.5 PDP 11 Running Software

The role of the PDP 11, when running in the data collection
mode is purely as an intelligent front end terminal handler

and data logging device. The software used for a single
machine system is shown in flow chart Fig. 5.6. Essentially,
the PDP 11 acts as an interface between the user and the micro-
processor system to input control parameters and commands

which are then interpreted and relevant data is sent to the

™S 9900 system.

Normally data would be transferred continuously from the
microprocessor and most information obtained is of no interest.
Only that data immediately prior to and during a transient
disturbance is needed. To enable storage of the conditions
prior to the transient, a rolling stack technique is employed,

which updates the last data record and ripples down previous
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I/P
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Data

o/p
Control

To THMS

Fig. 5.6 PDP 11 Running Software Flow Chart
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data discarding the oldest data record. Data collection can

be triggered either by a line fault flag sent from the micro-
processor or by a simple terminal command. When a full data
set is obtained, the PDP 11 instructs the microprocessor to
discontinue data transmission. The data set can then be stored
in a file for subsequent examination. The control parameters
can then be changed if required prior to returning to the data

collection mode.
5.6 TMS 9900 Running Software

The TMS 9900 software used for control, data collection and
transfer, relies heavily on the system software described
above. The control program has two modes of operation.

At first the start up, or main program is entered as flow
charted in Fig. 5.7. This is used to initialize all necessary
data for the control software. The main program terminates
with a call into the null job XOP 6, with all subsequent

processing carried out under interrupt.

The most important interrupt is the‘shaft velocity transducer
which provides an interrupt every 5ms at synchronous speed.
Since shaft velocity changes are small under all normal
operating conditions, including transients, the 5ms separation
of shaft interrupts form a suitable basis for directing system
operation. Fig. 5.8 shows a simplified flow chart for the
speed transducer interrupt service routine. By adopting this
means of distributing activity, data transfer to the PDP 11

is initialized every 20ms and the governor model is calculated
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And Local Terminal.

Read Operating

Parameters From PDP 11.

Load Parameters.
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Crossing.

Exit

To Null Job.
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every 10ms to update the torque input to the micromachine
system. The speed information is available and the accel-
eration is calculated at the beginning of each interrupt
cycle to be available for control purposes; A typical time
sequence over a micromachine shaft revolution is shown in
Fig. 5.9, where the arrows indicate the instant at which the

interrupt is taken.

7N/ N /=N N
1 4

Obtain speed and calculate acceleration

Calculate prime mover simulation

Initiate data transfer to PDP 11

HRIRZEN

Null job

Fig 5.9 TMS 9900 Utilization Over a Shaft Revolution

Additionally, the infinite bus interrupt on a positive going
zero crossing, is used to obtain load angle data, and a low
terminal voltage interrupt is used to set a line fault flag

which initiates a control and data storage sequence.
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CHAPTER 6 CO-ORDINATE CONTROL OF A SINGLE MACHINE SYSTEM
6.1 Introduction

This chapter investigates, for the single machine, transmission
line and infinite bus system, the use of co-ordinate control

of both excitation and governing, using a single additional
feedback signal in both control loops. This work is directly

based on the work of Lu17. Theoretical studiesls'49'50

have
shown that significant improvement in transient stability can
be obtained by suboptimal controls applied to the excitation

of turbo—éenerators. These results hold for either constant
torque input, or conventionally governed systems, where the
effect of governor action is slight. However, in modern turbo-
generator plant, the electro hydraulic governor is now common
place. The control advantages of these units over their
mechanical hydraulic forerunners indicates that they have

a significant role to play in system stability. The speed of
response and ability to control the steam valves by injection
of electrical auxiliary signals has led to the technique known
as fast valving51’20. The technique addresses the problem of
energy imbalance during the fault, by attempting to remove
mechanical input power. Generally, on detection of a fault
condition a valve control sequence is entered which demands
rapid closure, after a predetermined time interval the valve

is reopened at a slower rate. 1In this form, fast valving is
essentially, an open loop control. The effect of the procedure

is to reduce the net accelerating power, which in turn reduces

the first rotor swing. In the simple implementation of fast
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valving, there is no co-ordination between the excitation
control and the governing system. Clearly, a superior overall
response would be expected if integration of the excitation
and governing systems into a single co-ordinate coﬁtroller

could be achieved.

In practice there are limitations on the manner in which
controls maybe applied to the turbine system40, primarily
associated with the intercept valve sequencing, needed to

51,52 that

obtain thermodynamic efficiency. It has been shown
an attraqtive form of fast valving control, in terms of steam
flow through the boiler, turbine system, is to apply control
only to the intercept valves. This will produce épproximately
70% of the possible control effort with the advantage of
minimizing disruption to the boiler control system, since the
large volume of the reheater acts as a reservoir for the in-
coming steam. This form of control, acting only on part of
the system may be modelled in a manner analogous to that used
by Concordia4l, for the effects of the reheater. However, the

model described in Chapter 2 is utilized, in which control is

assumed over both HP and IP valves.

Various authors have applied optimal control theory to the
design of excitation controllers and governing systems of
synchronous generatorslo'11’13'53’54. Generally these studies
use a 1inearized.model of the power system about a particular

13,53,54 13,53

operating point . Early work formed optimal controls

with respect to a quadratic performance index by solution of

the matrix Riccati equation, resulting in feedback of all
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system states. This type of feedback is not easily implemented
since not all states are directly measurable. Suboptimal
controls based on a linearized model, but using only feedback
of measurable output variables, have been obtained through

solution of the Liapunov matrix equation54. Open loop controls

have also been consideredlo. Most of the literature deals

with theoretical studies, but experimental work has been report-
ed 21,22,24,55,56.

The optimal and suboptimal controls obtained by the above
methods produce optimum performance for small disturbances,
such as those encountered with small changes in set point, or
system load. However these controls may not remain optimum
for large disturbances. This is because the controls are
based on small variations around the operating point and for
optimum or suboptimum performance under large disturbances, the
control should be based on the original non-linear model, of
the system. The open loop control téchnique is mathematically
sound for precisely known systems, but is difficult to apply
in practice. Open loop controls are in general sensitive to
both system operating conditions and parameters, so that the
optimum control obtained for one set of conditions is very
unlikely to produce optimum results at any other operating

point.

6.2 Application of Suboptimal Control Theory to the Single

Machine System

Optimal control theory requires that, for the optimum response
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of a system, it is necessary to feedback all system states.
However, it may not be practical or even possible to measure
all states. Under such conditions a number of possibilities
are available. It may be possible to use the data which is
available, as inputs to a predictor algorithm which provides

an estimate of the remaining states. Alternatively feedback
can be confined to only those states which are measurable,

thus producing a suboptimal controller. In the majority of
practical systems, it is found that the system response is more
sensitive to some states than others and in this case little

benefit will be gained from feeding back the entire set states.

It has been shown by previous authors that gquite acceptable
suboptimal control may be obtained by feedback of a reduced
number of system states. By assuming the form of the state
feedback, the problem of determining the best system gains,
can be transformed from the more restricted optimal control
problem to one of parameter optimization by function minimiza-
tion of the objective function. The function minimization
technique allows a more straight forward handling of practical
constraints on the system variables.

Recent interest in PID controllers57 for governor systems,
using proportional, integral and derivative of speed, has
shown improvements over the conventional governing systems
using the standard droop characteristic. It has been shown19
that the accelerétion feedback is more effective in the steam
flow control than the rotor angle and speed. Acceleration

58

only feedback control has been shown to provide comparable
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suboptimal control to that of PID control. ‘Lu17 has shown

that in systems with single variable suboptimal control
applied to the exciter only, three states are acceptable, p?2§
the rotor acceleration, APe the transient electrical power

and Aid the change in direct axis current. Although APe or
Aid feedback had given similar responses to acceleration
feedback in the excitation only system, they were found to be
less ameanable to co-ordination with acceleration feedback in
the steam control, in the co-ordinated control study. In
view of these results, this study is restricted to the addition-
al state feedback of acceleration into both the excitation and
steam flow controls. A further incentive for the use of
acceleration feedback is that there is no steady state level,
so that no special steps are necessary to remove offsets by

means of wash out filters and the like.
6.3 Single Machine System for Co-ordinate Control
6.3.1 The System

The single machine system used in this investigation is given
in block diagram form in Fig. 6.1. The system components are
those derived in Chapter 2 and the synchronous machine is
represented by the 7th order model. The excitation and
governor-turbine systems are represented using second order
models, which are adequate for representing the pertinent
characteristics of the system. The exciter is output limited
and the governor-turbine simulation has both velocity and

position limits placed on the governing valves. There is
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provision for additional state feedback controls to be applied
to both excitation and governing systems via inputs Vi and Ti

respectively.
6.3.2 Transient Response Optimization

The system response is to be optimized by the non-linear
optimization procedure, using linear state feedback. The
excitation system state feedback is a linear function of a
single state, thus
Vi = K 8% 6.1
Similarly the governing system extra state feedback is given
by
6.2

T. = K, AX

i 2 2
where AX is the deviation of the feedback state from its
steady state valve and K1 and K2 are the optimizing parameters.

In this case the rotor acceleration p?8 is used for both Xl

and X Since there is no acceleration in the steady state

5 -
the value of p?8 can be used directly.

6.3.3 Choice of Objective Function

The performance index I , the final value of the objective
function is the interface between the system designers
requirements and the mathematics which perform the minimization
process. The designers task is to provide a suitable formul-
ation of the objective function so that minimization of the

performance index ensures the required system response.
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The performance index originally used by Lu was of the form

t A2

I = j ( Al AVt2 +—— A82%2 ) dt 6.3
0 0.1 + t

which had been found satisfactory for excitation only control.
When applied to the co-ordinate control, the inverse time
factor heavily weighted the first swing at the expense of
making the subsequent response sluggish. This behaviour was
not apparent in the excitation only controller since terminal
voltage error will always raise the field voltage to the

limit during the fault, swamping any state feedback. As the
terminal‘voltage recovers, the state feedback can then act to
improve the response. With co-ordinate control, it is possible
to effect the first swing by control means and so both first
and subsequent oscillation must be more evenly balanced as
contributors to the performance index. The performance index

was therefore changed to

I=jt (AlAvt2+A.62)(l+A2t)dt 6.4
o

Early damping of the system is ensured by the time factor
which penalizes deviations which take a long time fo die away.
During the fault, for any given system, there is practically
nothing that can be done to limit the terminal voltage
deviation and so the A Vt2 term imparts a value comprising a
constant plus a term dependent on subsequent voltage recovery.
Limitation of thé first rotor swing is automatically ensured
by the square term AS§? which penalizes large excursions. The

art of the design process is to choose the weighting factors
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Al and A2 to obtain the best compromise between first swing
stability, terminal voltage recovery and subsequent damping.
In all the following results the values of Al and A2 are fixed

at 0.1 and 70.0 respectively.

6.3.4 The Single Machine Co-ordinate control Optimization

Program

The crux of the program is a NAG library routine, for multi-
variable function minimization, based on the Quasi-Newton
method of Gill and Murraysg. At each point, the performance
index is evaluated, together with its sensitivity with respect
to the gains. A systematic sequence of searches is performed,
using sensitivity information to provide the direction of

search and polynomial interpolation is used to estimate the

minimum in the search direction.

The optimization program flow chart is given in Fig. 6.2.
Linear searches are continued until either the convergence
criteria are met or reduction of the performance index is not
achieved. A local search is then performed to ensure that
the point reached is not a saddle point. If a saddle point
is detected, the linear searches are continued. When the
local minimum is found, the process is terminated and the

responses plotted.
The non -linear nature of the system indicates that there would

be multiple local minimum, while the precise location found

would depend on the acceptance criteria and the initial
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estimate of the minimum given to the routine. A practical
view has been used to select the final feedback gains, bearing
in mind the multiplicity of uncertainties within the system
and the practical accuracy to which the feedback state can

be measured.

6.3.5 System and Sensitivity Equations

The sensitivity equations are derived by differentiating

the system equations with respect to the feedback gain

constants. The system equations are

ped” = {(xq—xq“)iq - ed"}/qu" 6.5
pey' = Vg ~ (xg=xq")ig - "M Tyq" 6.6
peq" = {eq' - (xd'-—xd“)id - eq” - (Tl(eq”—xd"id)
+ ToXxgiy - devf)/Tdo'}/Tdo" 6.7

ps = ¥y 6.8
PY = (Tm - Te - KddY)/M 6.9
pv, = {(V, -V, +V, - VS)Kg - Vf}/Tg 6.10
st = (Kspr - VS)/TS 6.11
pI = (Avt2 + ALAS?) (1 + A2t) 6.12
pid =‘{peq" —'wo(Vbsind + (Rt + Ra)id)

‘+ w(ed" + (xq" + Xt)iq)}/(xt + xd“) 6.13
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pi = {—ped' + w(eq“ - (Xt + xd")id)
- wo(Vbcosé + (Rt + Ra)i'q)}/(xt + xq") 6.14

pPY = {Tmo - Ti - KtY - y)'/Ta 6.15

pT

n (y - Tm)/Tb 6.16

with auxiliary equations

Vi = KlAXi 6.17
Te = ed”id + eq“iq - (xd"—xq”)idiq 6.18
W = wg + v 6.19
vy = Vbsin6 + tiid/wo + Rtid - thiq/wo 6.20
vq = Vbcosd + tiiq/wo + Rtiq + thid/wo 6.21
v, = /(v.d2 + qu) 6.22
Ti = KZAX2 6.23

where Kag = Kd/wo.
The sensitivity equétions with respect to the feedback

gain constants K1 and K2 are therefore

b5y L ((x x e 2% 6.24
9K 1 9 5 sk ¥°
p(aeq') ) f)V__ o ")aid _de ")/T | . o
9K 9K d7d " gk 9K do
de " de '’ i de ! de "
p(—L) = (—L (e oxg—S - —L (1 (L - xS
IK 9K 9K 9K 9K
+ T “a T avf)/T ‘YT, 6.26
2%a kd 7 '/ do do
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3d RY%

p(—) =— 6.27
3K 3K
3y 3T, AT, 3y
p(—) = (—m - — - Kdd——)/M 6.28
3K 9K 3K 3K
v Vv IV, Vv v
£
p(—L) = ((- 2+ L _ ¢ _ L) 6.29
3K 3K IK ok 9 3K g
3V 3V, av
p(—=) = (Kgp( ) - )/TS 6.30
3K ‘ 3K 3K
oI v, 368
p(—) = 2.0( AV, —= + AlA6—) (1 + A2t) 6.31
3K 3K 3K
31 4 de " 38 314
p(—) = {p(—) - w (Vycoss—+ (R + R)—)
3K 3K 3K 9K
de " aiq
+ w( + (x_" + X,.) )
3K q t 9k
2w
+ (ed" + (Xt + xq')lq);;&/(xt + X3 ) 6.32
9i de " 368 3i
p(—3) = {-p( ) - w_(-V sins—+ (R_ + R_) d)
3K 3K 3K 3K
Beq” Bid Jw
+ w( - (X, +x ")—=)+(e "— (X, +x ") )—}/(X,+x_") 6.33
9K t d IK q t 7d 9K t g
3y 3T, 3y 3y
p(—) = (- —= - K— - —)/T 6.34
OK 3K 3K  dK ‘
3T _ 3y 3T _
p(—) = (—- —)/T, 6.35
3K 3K 3K

where K = Kl,K2 in turn.

The auxiliary sensitivity equations are described bY'-

LA X

3+ - Kr——l + BX, 6.36
9K, 9K,
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v, X

= Kl_ 6.37
3K2 3K2
oT Jse. " 9i Jde " oi
& = d id + _dedu + q i + _je "
3K 3K 3K 9K ok 4
i i
. . d
- (x" - x ") (A —3L+ i 9 6.38
d q d 5k 9 3k
dw 0%
= 6.39
9K oK :
vV v ov
_t = (vd__g.+ v __S)/vt
3K 3K q 9k
9é 9i oi 91
= (vd(Vbcoss——-+ X, p( d)/wo + Rt——g-- th——gymo
ok oK oK oK
Jw 348 oi
- X, i—/w) + v_(-V_sins— + X _p(—3) /uw
tdy © qa b 3K Yk T ©
91 aid w
+R—3L+ x.—S/0 + X i, —/w ))/V 6.40
t 9K t 3k © t dBK o t
9T, X
—1 = xz—g- 6.41
BKl 3K1
BTi 3X2
_ = K2———-+ X2 6.42
3K2 3K2
where K = K, ,K, in turn.

1772

6.4 Theoretical Optimization Results

The input parameters used for the optimization program are
those for the micromachine. Fault duration,governor valve
rate limits and exciter stabilizer time constants are variables

entered for each run. From the series of optimization studies
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performed only representative results will be reproduced and
discussed. Table 6.1 summarizes the controls and resultant

performance indices.
'6.4.1 Discussion of Results for 220ms Fault Duration

Fig. 6.3(a) shows the dramatic improvement in load angle
response possible by co-ordinate control. Curve A0 will be
taken as a standard curve. It represents the basic machine
system with an automatic voltage regulator and fast governor,
and is characterized by the large undershoot and oscillations
which die away slowly. For comparative purposes, a constant
torque prime mover and automatic voltage regulator system is
given in curve Al. 1In this case, the initial rotor swing is
greater, as expected, but the rotor oscillations are more
damped. The co-ordinate control of curve A2 has a greatly
reduced first swing and a very small undershoot which persists
for approximately 1.5 seconds. Comparison of the prime mover
output torque curves A0 and A2 in Fig. 6.3 (b) highlights the
effective control applied to the prime mover when under
co-ordinate control showing the rapid reduction in output
during the fault, followed by a fast recovery as soon as the
fault is cleared. The co-ordinate control regains the steady
state power level within two seconds of fault clearance, which

is approximately half the time required by the standard system.
During the fault, all excitation controllers are swamped by

the terminal voltage error signal, and for any given system,

the responses must be the same. It is only after removal of
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the fault that effective controls can be applied to the
excitation system to improve system response. Fig. 6.3(c)
and 6.3(d) give terminal voltage and main exciter field volt-
age responses for the controls A0, Al and A2. It can be seen
that the field voltage remains on the upper limit for both
cases where there is no additional state feedback into the
exciter. This produces the overshoot in terminal voltage.
With the co-ordinate control the initial terminal voltage
recovery is faster up to approximately 90% of the original
value then reaches steady state slowly without oscillation,
it attains the steady state value before either of the other

controls.

6.4.2 Responses for Different System and Fault Duration

Fig. 6.4 gives a comparative set of responses for the standard
system AO, the optimized co-ordinate control A2(a) applied

to the standard system and the same control law A2(b) applied
to the system with the automatic voltage regulator stabilizing
feedback time constant changed from 2.0s to 0.5s. Even though
control A2(b) uses the same gains as A2(a) and has not been
optimized for the different stabilizing time constant, the
results are still good. The performance index for the optimized
system is 2.03, for the altered system with non optimized
gains the performance index has risen to 3.11 but the value
for the standarq system is 20.3. The undershoot in the load
angle response is within quite acceptable bounds and the

terminal voltage response is possibly a little better.
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The co-ordinate control law of A2, which was optimized for a
220ms fault duration, has been applied to a 140ms duration
fault on systems with automatic voltage regulator stabilizing
time constants of 2.0s and 0.5s. These curves are labelled

Bl and B2 respectively in Fig. 6.5. The standard curve in
this case B0, is for a system comprising a fast governor and
automatic voltage regulator with 2.0s stabilizing time constant.
The performance index for the standard case is 4.86. The
interesting feature of this set of curves is that the co-
ordinate control applied to the system with the altered AVR
stabilizgr, curve B2, has a good load angle response, with a
performance index of 0.518. The load angle response for the
co-ordinate control Bl applied to the system with the original
AVR stabilizer is not so good, yielding a performance index

of 0.749. It is, however, significantly superior to the
standard response. The prime mover torque curves show that
the output power has stabilized within approximately 0.75s for
control Bl and 1.5s for control B2. The elevated load angle
for Bl is associated with the slightly lower terminal voltage

until steady conditions are again established.

This suggests that the terminal voltage response and hence
the load angle could be improved by reoptimization for the
correct fault duration. Comparison of the main exciter field
voltage curves indicate that a lowering of the feedback gain

into the exciter would be advantageous.
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6.4.3 Effect of Governor Valve Slew Rate

Previous results have been obtained using governor valve
velocity limits corresponding to +4.0 and -6.6pu per second40.
These limits were arbitrarily reset to half the initial values
and the system gains were reoptimized. The reoptimization
resulted in a lowering of both the governor and exciter feed-
back gains and the corresponding curves are given in Fig. 6.6.
The base case CO0 has an identical performance index to that

of the base case A0, which has the original higher velocity
limits, confirming that without additional feedback signals,
the full potentiai of the EH governor is not necessarily
realized. The terminal voltage response curves for the co-
ordinate controls are practically identical and the comments
made for curves AO and A2 discussed previously apply. Load
angle curve Cl using the reoptimized gains shows a slight
improvement over curve C2 which uses the original gains
optimized for the faster valve systems. Both load angle curves
undershoot and the reoptimized curve is better in this respect
because the turbine output power has a smaller deviation from
the steady state value. Both controls produce a fairly steady
reduction .in mechanical power and, when the fault is removed,
output power is restored as fast as the rate limit will allow
the valve to open. The slower response of the turbine governor
system to the control signal aggravates the load angle responses.-
In the first instance, due to. the lower peak rate at which the
mechanical power can be reduced during the fault and secondly

by the delay inherent in the limited valve opening rate in

re-establishing full output power.
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6.5 General Discussion of Theoretical Co-ordinate Control

Results

The responses given have shown that there is a significant
improvement to be made over the standard control system, by
means of single variable co-ordinate control state feedback.
The feedback gains optimized for one particular system and
fault have been proven to remain beneficial, although not
optimum, in the face of various changes to system and fault

duration.

The responses obtained with the lower rate limits on the
governor valves have reinforced two points. First, that a
simple control may not necessarily make full use of the
available hardware potential. The second is that physical
limitations on the hardware will always dictate the best
response obtainable; the control strategy can only work
within these limitations to provide the best response,

rather than the desired response.
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CHAPTER 7 SINGLE MACHINE CO-ORDINATE CONTROL EXPERIMENTAL

RESULTS
7.1 Introduction

The experimental results have been taken using the physical
model systems described in Chapter 3. The governor turbine
simulation developed in Chapter 2 is implemented in software
running in the TMS 9900 microprocessor with the computed prime
mover torque used as a demand input to the prime mover torque
controller. The overall software environment is described in
Chapter 5. The results have been taken on two machine sets.
The results for machine set No.l are discussed in detail.

The results for the second machine are similar in overall form
and so the discussion is restricted to significant differences
between them and those of the first machine. The controls

applied correspond to those of Table 6.1 on page 123.
7.2 Machine No.l 220ms Tests

The 220ms fault duration results are given in Fig. 7.1. The
load angle responses, Fig. 7.1(a) follow the trend predicted
by the theoretical studies in which the first swing peak is
reduced from that of the AVR and constant steam flow case by
the inclusion of a fast governor. The addition of co-ordinate
control then further reduces the first peak and also damps

out the rotor oséillations quickly. After the second load
angle peak, the rotor oscillations for the constant torque
system are smaller than the governed system, a trend which also

follows the theoretical prediction.
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The turbine output curves of Fig. 7.1(b) confirm the superior
action of the co-ordinate control over that of the simple

fast governor system in reducing the effect of the transient
and bringing the output torque back to.the steady state
condition. Effectively the stead& state is achieved within
two seconds of fault clearance, when the additiohal feedback
has fulfilled its role and may be removed. The additional
feedback is retained in the experimental system for 10 seconds
to show up any operational difficulties which may be appafent
using the feedback system. Generally, it can be seen that
even in the so called steady state there are numerous disturb-
ances which effect the turbine output. These disturbances

are however of small magnitude and high enough frequency not

to significantly effect the machines mean operating point.

For the theoretical studies, the fixed mechanical loss torgue
due to losses in bearings etc. is not represented as a torque
component since its value is not easily determined and under
the assumption of only small speed changes it will remain
virtually constant. However, in the micromachine system, these
losses are present and so torgque curves all have an effective
positive offset compared with the theoretical plots. No
attempt has been made to remove this offset as it is a valid

contribution to torque in the micromachine system.

Moving on to the terminal voltage responses Fig. 7.1(c) and
main exciter field voltage Fig. 7.1(d) it is interesting
that all three terminal voltage responses are essentially

similar and all exhibit a slight overshoot, the co-ordinate
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control giving a quite acceptable recovery. The main
exciter field voltage response curves show that the main
control effort is over within two seconds and to avoid
unnecessary noise being injected into the excitation system
the additional control can be reﬁoved after that interval.
The field voltage response for the co-ordinate control shows
up the quantization in the acceleration signal used. The
high frequency components do not have a serious effect on the
system in general, because the long time constant of the

main field winding effectively removes them. The co-ordinate
control action on the field voltage follows the form of the
theoretical studies but does not attain the negative limit

or the second positive limit. To the best knowledge of the
author, negative field forcing has never been attained in
practice, despi£e careful attention to the setting of all

gains in the system.
7.3 Machine No.l 140ms Tests

The curves of Fig. 7.2 give the responses for an automatic
voltage regulator with constant torque system, a system
comprising an automatic voltage regulator with a fast governor
and an automatic voltage regulator with fast governor and
co-ordinate control. The co-ordinate control used in the one
optimized for a 220ms fault duration. Again, the load angle
responses are as expected, with regard to first swing peak
values. Also, the subsequent damping behaviour follows the
pattern established in the 220ms results and theoretical

studies. The form of the co-ordinate control response follows
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the trend predicted by the equivalent theoretical curve.
That is, the load angle returns approximately half way from
the first swing peak and then more slowly ramps down to the
initial value. In the experimental curve, there is a slight
undershoot followed by a further slow ramp back to the
steady state level. The undershoot and slow ramp back was
also a feature of the 220ms experimental curve.

It is apparent from the terminal voltage recovery curves 6f
Fig. 7.2(c) that, for both cases where steam flow control
is employed as well as automatic voltage regulator action,
the terminal voltage recovery is faster than when the auto-

matic voltage regulator is acting alone.

The main exciter field voltage response curves of Fig. 7.2(b)
and the turbine output curves of Fig. 7.2(d) follow the same
trends as discussed for the equivalent 220ms fault duration

curves.

7.4 Discussion of Machine No.l Results

The foregoing curves have shown that a co-ordinate control
optimized for one fault duration and operating condition can
substantially improve the system response for a fault of sig-
nificantly different duration. The correlation between the
theoretical results of Chapter 6 and the experimental curves
is sufficient to give confidence to the application of this

type of control.
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The load angle response curves occasionally contain a glitch
at the instant of fault inception. The precise origin is not
fully understood but the most likely cause is some form of
distortion of the infinite bus voltage signal, as received
by the transformer used in the load angle trénsducer. The
problem, when it does occur, only lasts for a very short time
and does not affect subsequent readings. Since the signal

is used purely for instrumentation, and the load angle
information at that particular instant is not critical, no

attempt has been made to remove it.
7.5 Machine No.2 Tests

Figs. 7.3 and 7.4 show the response curves for machine No.2,
for the equivalent tests presented in Figs. 7.1 and 7.2 for
machine No.l. For the load angle curves, the first swing
trend is as before, with the expected reductions in peak
value from the constant torque case, for fast governed and
co-ordinate control cases. The absolute values for the peaks
are higher for machine No.2. The increased load angle peak
together with the terminal voltage and field voltage response
curves indicate that machine No.2 has a smaller resistive
element in the fault impedance. The lower terminal voltage
during the fault and subsequent recovery, gives a large error
signal to the AVR, which tends to maintain the field voltage
high for longer than is the case for machine No.l. This
feature tends to swamp the additional feedback signal into
the AVR for longer than both machine No.l tests and theoretic-

al studies. Subsequent oscillations on the load angle follow
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previous trends, however, the co-ordinate controls give more
undershoot than is present on the other machine, which is
again associated with the prolonged field forcing. However,
both the load angle and terminal voltage transient response
curves show the expected form, in spite of the apparent
difference in plant parameters. This fact confirms that, in
the particular cése of a single machine system, the optimiz-

ation is quite insensitive to plant parameter changes.
7.6 Effect of Reduction in Valve Rate Limit on Performance

A further set of experimental results were obtained on
machine set No.l to check the effect of lower valve velocity
limits. The response curves are given in Fig. 7.5. For
comparison the standard system of automatic voltage regulator
and governor is used. First with no additional controls, in
which case neither valve velocity limit applies, and then
co-ordinate controls are applied with the valve rate limits
set at one half the original values. One co-ordinate control
shown in blue, is that optimized for a 220ms fault and fast
valves, the other controlvuses the gains reoptimized for the

slower valves, controls C2 and Cl of Chapter 6 respectively.

Both co-ordinate controls are significantly better than the
standard case, particularly in the damping of subsequent
oscillation. The first rotor swing of control C2, the higher
gain control, is slightly less than the reoptimized control
Cl. However, in most other respects, the controls behave

similarly. The effect of the higher gain is also evident
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in the main exciter field voltage response curve of Fig. 7.5
(d) . The terminal voltage responses for the co-ordinate
controls are practically identical. It can be concluded
that, despite halving the valve velocity rates, the original
co-ordinate control, as well as the reoptimized control, have
improved the system response compared with the conventional

controller.

162



CHAPTER 8 MULTI-MACHINE THEORETICAL STUDY

8.1 1Introduction

This study investigates, for a two machine, infinite bus
system, the use of additional feedback signals for the purpose
of transient response improvement. In the literature, for the
control of multi-machine systems a common approach is to use

27,49

the inverse Nyquist technique Optimal control theory

has also been appliedGo. Excitation system interaction has
also been studied using small perturbations and eigen value
analysisel. All these approaches depend on a linearized
system model. The general consensus is that, if one machine
in a multi-machine system is fitted with controllers designed
for a single machine, infinite bus system, the resulting
response of the overall system may not be improved due to
dynamic interaction between machines. To obtain the best
response for the overall system, and reduced interaction
between machines, each machine should be controlled by a multi-
variable controller using signals derived from the dynamics

of all the other machines in the system. This type of control,
although theoretically possible, does suffer from the same
problems experienced in optimal control of a single machine.
That is, it may not be convenient or even possible to provide
all the required information. Even if all the plant consider-
ed is on the same site, it is unlikely that such a control
system could be implemented. Rather, a control strategy

employing only measurable signals local to the controlled

machine would be used.
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The design requirement is to obtain a control strategy which
will improve the overall system response rather than provide
spectacular improvement in one machine at the expense of others.
Naturally the physical limitations of the plant must be taken

into account when the control system is designed.
8.2 The Multi-machine System

To afford comparison of the theoretical work with experimental
studies, the scope of the study is confined to systems that
are not only of practical interest, but also capable of
physical implementation on the micromachine system. Such a
system comprises two machines of identical inertia and similar
electrical parameters, but have different governor-turbine
systems. This may be practically thought of as a new plant
with a modern fast acting governor-turbine, built in close
proximity to an older power station of similar electrical
output, but employing slower governing gear. Alternatively
the arrangement could be considered as refitting a unit within
an existing power station site with faster steam flow control.
In view of the relative ease of upgrading an automatic voltage
regulator system (subject to ceiling voltage limitation), it
is not unreasonable to assume that the AVR characteristics
would be the same for both machines. The resulting system

is shown in simplified form in Fig. 8.1 where each machine
takes the form detailed in Fig. 6.1 for a sinéle machine.

The disturbance applied to the system is a symmetrieal 3-phase
fault of 140ms duration, applied at the common bus linking
the high voltage side of the generator transformers. The

pre- and post-fault impedances are equal.
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Fig. 8.1 Multi-Machine System Configuration

The generator models used are those developed in Chapter 2.
Fach generator is represented by a fifth order model. The
AVR and governor-turbine representations are the second order
models developed in Chapter 2, and used in Chapter 6, for the
single machine co-ordinate control study. The fast governor-
turbine uses the same parameters as in the single machine
study and the slow governor-turbine has an identical form but
with arbitrarily slower parameters :- ta='0.25 t= 0.5s and
valve limits Vp= 0.935pu, Vc= 2.0pu per second and VO=’1.Opu

per second.

There are four possible inputs on the system where additional
controls may be applied, corresponding to the Ti and Vi inputs
of Fig. 6.1 for éach machine. The Vi input is before the main
exciter gain and as such is subject to its dynamics and is

representative of a real system. The additional feedback
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control is limited to rotor acceleration and may be applied

at either, neither, or both control inputs of each machine.

No attempt has been made to provide signals corresponding to
the rotor acceleration of one machine as a control input to
the other machine. There are two reasons for this. Primarily,
it may not be practical to implement such a scheme and also,
eliminating the additional degrees of freedom reduces the

computational burden significantly.
8.3 Two Machine Optimization

The two machine optimization program is based on a multi-
machine simulation package developed by Davis62, employing

a fourth order Runge Kutta integration technique. The initial
‘conditions are obtained from a load flow calculation based

on a NAG library Quasi-Newton minimization routine rather
than* the more common Newton-Raphson approach63. The optimiz-
ation program uses a NAG library routine based on the simplex
method for function minimization64. The minimization routine
requires only function values at each point and was chosen

primarily for its ease of application rather than computation-

al efficiency.

In general, a performance index surface has a number of local
minima and, the one reached by a minimization algorithm depends
on the starting point and acceptance criteria supplied to the
routine. It is therefore necessary to perform a series of

optimization runs starting at different estimates of the
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minimum location. Once a set of minima are available,
corresponding time responses are obtained which are then
subjectively analysed. It may well be, that the time response
for the smallest PI value of a set of local minima is not the
best response from the engineering point of view. Also, the
objective function may not be weighting certain aspects of the
system performance sufficiently to arrive at the desired
response. The design process thus becomes an iterative
proceduré, in which the objective function is modified until
it provides an acceptable measure of the desired response.

The initial multi-machine optimization used an objective
function derived directly from the single machine studies as

below

t
— 2 2 . 2. 2
I = 0I(Avt1 +AVt2 YAl + (1+A2<t)(A61-+A52 ) dt 8.1

When Al and A2 were of equal and small magnitude, there was

a tendency to improve the load angle response of the machine
fitted with the fast governor, at the expense of a deterior-
ation in load angle response of the machine with slower steam
control. With equal weighting, for load angle deviation on
both machines, a minimum could be found, such that the improve-
ment in response of the fast machine was sufficient to compen-
sate for the adverse effect on the slow machine. To avoid
this problem, a greater weighting would be necessary on the
load angle deviation of the machine with slower steam flow
control. A new formulation for the objective function
equation 8.2 was used in which machine No.2, is assumed to

have the slower steam flow control.
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T
_ 2 2 2
I —OJ ( AVt1 + Avt2 YAL + (1 + A2t )AG1 +

[ (1 +a2t)88,% a386,% ] at 8.2
max ’

This formulation allows for increasing the influence of the
slow machine load angle in the early stages by raising the
value A3. After the point at which (1 + A2t) is equal to A3
the load angle weighting becomes the same for both machines.
With the objective function equation 8.2, it is possible to
obtain minima which provide satisfactory load angle responses

for both machines.
8.4 Optimization Results

When applying the final form of the objective function,
equation 8.2, it is possible to obtain different values of
feedback gains, depending on the precise choice of constants
Al, A2 and A3. However, for all values of Al, A2 and A3, that
produced acceptable time responses, the feedback gains would
always fall in similar regions which depend on starting point
provided to the optimization routine. If the optimization is
started with an estimate of zero for all feedback gains to
produce the minimum value of PI, then a low gain set is obtain-
ed. When the initial estimate is set at 0.1 say, for each
feedback parameter, then the corresponding local minimum

obtained is in that region and is referred to as a high gain
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set. With limited time and resources, it is not possible to
check all starting points for multiple local minima. However
in the optimization runs performed, with all reasonable object-
ive function formulations and starting points, the same

regions of gains were found.

From the numerous optimization runs performed only a set of
representative results will be presented. Table 8.1 summarizes
the four feedback strategies considered, which range from
single variable additional feedback into the governor of the
machine fitted with fast steam flow control, to co-ordinate
control of excitétion and governing for the fast machine, and
then co-ordinate control of the fast machine together with
additional feedback into the AVR of the machine fitted with
slower acting steam flow control. Since the formulation of

the objective function was not always the same, the actual

values for each performance index, are not quoted.

For clarity of presentation, the response curves will be
colour coded. Curves for machine No.l, fitted with a fast
AVR and slow governor-turbine system will be in blue for the
base condition of MO, corresponding to no additional feedback,
and green when additional controls are implemented on either
machine. Curves for machine No.2, fitted with a fast AVR and
fast governor-turbine are black for no additional controls

(M0) and red when additional controls are applied.

Response curves for the base case (M0O), where no additional

controls are applied are given in Fig. 8.2. As would be
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expected, the load angle response Fig. 8.2(a) shows a lower
first peak and smaller subsequent oscillations for the machine
fitted with the fast governor-turbine. From the second swing
onward, the fast governed machine appears to have a slightly
longer period of oscillation, but the machines tend to swing
together as they pull back into steady state operation. The
terminal voltage responses given in Fig. 8.2(b) are similar,
with the fast governed machine tending to have a slightly
better response. The only points where significant differences
can be seen between the machines, coincide with local maxima
of the corresponding load angle curves. The curves of Fig. 8.2
will be used as a datum for comparison with responses obtained
when additional controls are applied. For convenience the
base case curves will be included in the plots for all sub-
sequent controls. The control law M1l applies co-ordinate
control to both control inputs of machine No.2, which is
fitted with fast steam flow control as well as a fast acting
AVR. 1In this case, machine No.l, which has a slow governor-
turbine and fast AVR, is left with conventional control. The
first swing in load angle for machine No.2, given in Fig.8.3(c)
is significantly reduced and subsequent oscillations are very
damped, following a fairly slow return from the first swing.
The effect of applying control on machine No.2, is to also
reduce the first swing in load angle for machine No.l, with
attendent reductions in the amplitude of subsequent swings.

The terminal voltage response curves of Fig. 8.3(b) show

the effect of acceleration feedback into the AVR of machine
No.2. 1In the early stages of the recovery after the fault is

removed, the response of the controlled machine is more
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sluggish than the base case, but once the normal operating
level is attained there are no longer the dips previously
associated with the maxima of the uncontrolled load angle
response. Machine No.l, has a similar trend in that initial
recovery is slowed down, but subsequently the depressions are
less severe. The latter stages of the load angle and terminal
voltage responses for the controlled machine indicate a low
amplitude, very low frequency, oscillation as the set returns
to steady state conditions. This phenomenon will be discussed

in more detail later.

A set of responses for single variable feedback into only

the governor of machine No.2, (Control M2), are given in

Fig. 8.4. The feedback gain was arrived at using a standard
performance index and a guided linear search technique. The
load angle responses, Fig. 8.4(a) show that the additional
control has been effective in reducing the first swing of the
controlled machine, and has also reduced the amplitude of
subsequent oscillations. Effects on the load angle response
of the other machine are slight:; subsequent damping is slightly
improved and the first swing is only marginally effected. An
interesting feature of this control is that both machines have
an improved initial recovery in terminal voltage, but before
steady state is reached both machines exhibit a marginal
depression in terminal voltage. These effects being most
noticable on the controlled machine. If the depression in
terminal voltage were offset against the initial improvements
in response attained with this control, the overall benefit

to the system is small in terms of voltage recovery. However,
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the overall load angle responses are clearly improved.

The final pair of control strategies considered apply controls
to all fast acting controllers on the system, that is, co-
ordinate excitation and governing control of the fast governed
machine (No.2) and also control into the fast acting AVR

fitted to the machine with a slow governor-turbine represent-
ation (machine No.l). As stated previously in the optimization
process, local minima were found that correspond to either

high or low gains for the additional control signals.

Responses for a low gain set are given in Fig. 8.5 and those

for the high gain set are given in Fig. 8.6.

Taking the load angle responses Fig. 8.5(a) for the low gain
control of M3, the control has reduced both the first swing
and subsequent oscillations of machine No.2. The first peak
of machine No.1l, load angle is not effected but the whole of
the subsequent oscillations are marginally reduced in
amplitude and slightly elevated. The elevation is consistent
with the depressed terminal voltage recovery in Fig. 8.5(b).
Both machines exhibit an improvement in the early part of the

terminal voltage recovery.

The responses for the high gain control M4, given in Fig. 8.6
clearly show both the advantages and possible disadvantages
of this form of control in multi-machine systems. After the
return from the first peak in load angle, both machines are
heavily damped, both in terms of locad angle and terminal

voltage response. The effect of acceleration feedback is
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clearly to cause an apparent increase in inertia for both
machines. For machine No.2, the first swing load angle re-.
sponse is totally satisfactory, giving a much reduced peak
value and fast return to the region of the normal operating
point. However, the other machine suffers from an increase
in first swing peak. This illustrates an important feature
of a multi-machine system which is in contrast to the single
machine infinite bus system often used in theoretical studies.
In the single machine system the infinite bus, by definition,
can deliver or absorb any level of power required as a result
of a control scheme. It is a much different situation when
two or more machines are interconnected. Controls applied to
a machine with fast acting control gear can produce power
flows which aggravate the position of plant less able to

respond.

The high gain set has produced a good load angle response

for the machine with co-ordinate control, at the expense of

a sluggish terminal voltage response. The responses of the
other machine are less desirable. Feedback of acceleration
into the AVR with a high gain, combined with the interaction
with the other machine has caused an initially higher peak

in load angle. The high gain of the feedback into the AVR
causes a very sluggish return to steady state of terminal
voltage, with a correspondingly sluggish return of load angle.
This tendency to maintain a fixed load angle is very desirable
when starting from the normal operating point, but is not
quite so useful when the effective starting point is much

elevated, as in this case.
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The slowly changing responses when nearing steady state,
associated with high feedback gains for control M1 and M4 do
not permit confirmation that a stable return to steady state

is obtained when the simulation is performed over only 5s.
Representative simulation runs over extended periods, indicate,

that the systems do in fact settle.

The theoretical results obtained have shown that it is
possible to improve the overall system response by feedback
of the single variable, acceleration. It has also been shown
that where as the effect of this variable is desirable in
stabilizing the system, it may not be prudent to feedback
this state with a fixed, high gain at all times. It is
anticipated that the use of control schemes with variable
gains could well improve on the overall system responses

and as such should be investigated in further studies.
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CHAPTER 9 MULTI-MACHINE STUDY EXPERIMENTAL RESULTS.
9.1 Introduction

There are several factors which limit the number of laboratory
size micromachine systems available for use. The first of
these is the combined contributions of the space occupied by
such a system and the high capital cost of such an installation.
A second and more academic reason is the fact that many real
systems can be modelled in terms of a two machine system, with
the main part of the system modelled by one machine and the
appropriate equivalent transmission network with the second
machine modelling that part of the system close to the disturb-
ance whose effect is under investigation. It should also be
remembered that although the micro-alternators themselves will
have, within design limits, approximately the same per unit
parameters, the complete system does involve the use of a time
constant regulator, turbine governor, and AVR simulation,
various system transducers and transformer modelling. There
are, therefore, several degrees of freedom introduced when a
micromachine laboratory model is built and the differences in
each of these component systems can add up to make even the

two turbine, generator, transformer models of the most simple

multi-machine laboratory system somewhat different.

These factors, together with the inherent difficulty in
accurately measuring the parameters of a micro-alternator,
lead to the conclusion that the two component micromachine

systems are not likely to have the same parameters. This
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result has been confirmed for the laboratory system at the
University of Bath by performing theoretically equivalent
single machine tests on each of the two micromachines available.
Machine 1 has been shown to exhibit transient response
characteristics, which indicate that the combined alternator,
transformer impedance is higher than that of Machine 2.
However, it has often been suggested in the past18 that micro-
machine studies should only be used to confirm the trends in
improvement of performance predicted by theoretical studies.

An absolute comparison of theoretical and experimental results
is not valid under the constraint of the uncertainty of the
knowledge of the micromachine parameters used in the theoretic-
al studies. This approach has been used in the experimental

investigation of the multi-machine study.
9.2 System Configuration

Both micromachine systems have been constructed to the same
power system specification. The second installation was
completed some time after the first and there is some differ-
ence in the rotor construction of the two micro-alternators.
Each micromachine has a linear power transistor time constant
regulator circuit, with a power transistor chopper controlling.
the armature current of the d.c. motor. Turbine, governor
modelling is incorporated in the previously described TMS 9900
microprocessor system. The acceleration transducers used are
somewhat different with the second device being of a more

easily manufactured design than the first. The two transmission
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networks were designed to be identical but, because of the
configuration used, the impedance to the fault at the high
voltage terminals of the generator transformer of the two

micromachine systems is somewhat different.

The experimental configuration used in this study is described
by Fig. 9.1 and corresponds to a two machine power system
model with somewhat different machine parameters. It allows
for the introduction of different AVR characteristics, differ-
ent turbine parametcrs and, of most significance, different
governor characteristics. It allows feedback of rotor accel-
eration as a control input to both the governing and excitation
systems of both micromachines. One machine, No.l, is fitted
with the standard fast AVR system described in section 2.3.3
and incorporates a slow governing system of the form described
in Fig. 2.6 with the valve position limits at 0 and 0.935pu,
the valve opening rate limit is set at 1.0pu per second and

the closing rate limit is 2.0pu per second. The other machine
No.2, also uses the standard fast AVR but uses a fast governing
system, the form of the model is again given in Fig. 2.6 but
the parameter values now reflect the faster system. The valve
position limits are again set at 0 and 0.935pu but the opening
rate is now 4.0pu per second and the closing rate is now 6.6pu

per second.

Data acquisition from the two machines is performed by the
TMS 9900 microprocessor systems, from the standard transducers
previously described. Each machine set being supervised by

software running under the RSX11M multi-user operating system
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in the PDP 11/34 minicomputer.
9.3 Experimental Results

In order to élarify the presentation of results for the two
machine system, which involves a comparison of the responses
obtained with and without extra acceleration feedback into
either or both of the governing and excitation systems of the
two machines, the transient response curves for rotor angle
and terminal voltage have been plotted in four different
colours. Those for machine No.l, without extra feedback are
plotted in blue, those with extra feedback are plotted in
green. The corresponding curves for machine no.2, without
extra feedback are plotted in black and those with extra feed-

back are plotted in red.

Each experimental investigation was performed for a symmetrical
3-phase short circuit at the commoned high voltage terminals

of the generator transformers in Fig.k9.1. The fault duration
was 140ms in all cases with the pre- and post-fault impedances
equal. Both machines were operating at full load, with unity
powerfactor at the infinite busbar. If the two micromachine
sets had been identical, this would have resulted in a terminal
voltage of 1.0pu on a combined system basis for both machines
and the same operating load angle. The parameter differences
between the two machines did not allow this condition to be
achieved and, because of the location of the tap-changing trans-
former at the busbar of the model power system, it was decided

to set the operating load angles to be equal. This resulted in
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the initial terminal voltages of the two machines being unequal.

Table 9.1 summarizes the range of experimental results
described in this section. Control MO is the base case with
no extra feedback of rotor acceleration to either machine.
The use of rotor acceleration feedback into the governing
system is associated with a fast governing system and, since
machine No.l, is fitted with a conventional slow governor
Table 9.1 shows that rotor acceleration feedback is never

applied to the governor of machine No.l.

Acceleration Feedback Gains

Control Machine No. 1. Machine No. 2.
Number AVR GOV AVR Gov

MO 0.0 0.0 0.0 0.0

M1 0.0 0.0 0.125 0.019

M2 0.0 0.0 0.0 0.0128

M3 0.007 0.0 0.0039 0.0135

M4 0.168 0.0 0.053 0.148

Table 9.1 Multi-machine Acceleration Feedback Gains

Control M1l is the result of an optimization study with feed-
back into both governing and excitation systems of machine
No.2. Control M2 éorresponds to extra feedback into only the
governing system of machine No.2. Controls M3 and M4
incorporate extra feedback into both machines ana illustrate

the different values of feedback constant associated with
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two searches in different parameter spaces of the optimiz-
ation studies, corresponding to a high and a low set of feed-
back gains. Fig. 9.2 shows the terminal voltage and load angle
responses of both machines without extra feedback (Control MO)
and represents the base case which all other experimental
results will use as a reference point. A comparison of these
results with the corresponding theoretical results of Chapter
8 (Fig. 8.2) illustrates some of the problems associated with
micromachine experimental studies. The experimental load
angle responses follow the same trend in decay after the first
peak as the theoretical results but the experimentally
obtained peaks in first swing are in direct contradiction to
the theoretical values. Both experimental curves show that
the first peak is lower than that predicted and that the first
peak for machine No.l, fitted with a slow governor is lower
than that for machine No.2, fitted with a fast governor.

These apparent contradictions can be partially accounted for
by the previously established fact that the resistance internal
to the fault is higher on the real system than that assumed

in the theoretical studies. The amount of energy available
for acceleration during fault conditions is, therefore, less
in practice than the theoretical value thereby reducing the
‘'peak in the first rotor swing. However, the presence of the
fast governor on machine No.l, should reduce its peak rotor
angle swing below that of machine No.l, fitted with a slow
governor. This conclusion is not met in practice and a
further investigation of this result is required. It has
been established that, within the limits of experimental

setting up accuracies, the governor and AVR models are
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satisfactory. When however, machines No.l and No.2 were
operated individually as single machine systems the results
clearly showed the same significant difference in the first
peak of the rotor angle response following the application
of the standard fault. It can thus be stated that the in-
dividual machine transformer models forming the two machine
system are not identical and that any experimental invest-
igation of the results of optimizing the performance of a
multi-machine system will only indicate trends in improving

the system performance.

The first set of results corresponding to control Ml of

Table 9.1, with extra feedback into both the governing and
excitation systems of machine No.2 are given in Fig. 9.3.

The transient load angle responses of Fig. 9.3 clearly show
the significant improvement introduced into the response of
machine No. 2, by extra feedback, both in terms of a reduct-
ion in first peak and an improvement in subsequent damping.
The angle response of machine No.l, shows little change.

The corresponding terminal voltage response curves of Fig.v
9.3(b) show the expected difference in the initial values
with a small improvement of the transient response of machine
No.2, but little difference in that of machine No.l. The
corresponding theoretical results obtained under the assumption
that both micromachine systems are identical has been given
previously in Fig. 8.3 and a comparison of these two sets of
results confirm that the trends in improvement predicted in

theory do exist in practice.
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Control M2 corresponds to the use of acceleration into only
the governing system of machine No.2. The output transient
response curves are given in Fig. 9.4. It was predicted that
the use of this form of control should result in a reduction
in the first peak in rotor angle swing for machine No.2, with
little effect on its subsequent damping and little effect on
the whole transient load angle response of machine No.l.

This result is confirmed by the experimental rotor angle
responses shown in Fig. 9.4(a) which, on the whole, clearly
follow the trend shown in the corresponding theoretical
responses of Fig. 8.4. The terminal voltage response curves
obtained on the micromachine are shown in Fig. 9.4(b) which
show the expected improvement for machine No.2, with little
change for machine No.1l, predicted by the theoretical study

and shown in Fig. 8.4(b).

The final case investigated was that of co-ordinate exci-
tation control and governing of machine No.2, with exci-
tation control of machine No.l. This corresponds to feed-
back of acceleration into both inputs of machine No.2, and
into the excitation system of machine No.l. It requires a
theoretical optimization study with three feedback variables
and the values obtained for these feedback constants depend
on the starting point of the optimization study. It was
shown in Chapter 8. that it is possible to obtain different
feedback constants using different formulations for the
objective function. However, each tend to give similar results

with gains falling into two distinct ranges (a set of low

198



6D

OE a8 o=

*S ‘oun ocvFiynon
*dL *om ocuFPooun

ocoon 000&_ Y& °on oUfpon

«

0685 O©b©m_ *z Yon oUFgbon
| qoiX BpUuontd) TUEH

§oOlBoca SLAay wRo

ol

B8

CN

8

o

CN

Control M2 Load Angle

9.4 (a)

Fig.

199



CD

Fig.

33

9.4 (b)

H HH -H -H
*H
-H HH
M w LO
w LO S

Control M2 Terminal Voltage

200

22

300

800

oo

oo

oo

CD



values or a set of high values). The laboratory investigation
has been limited to one set of results in each range given as
control M3 in Table 9.1 for the low values of feedback
constants and control M4 for high values of the feedback

constants.

The results of the experimental investigation with full
co-ordinate control corresponding to the low feedback gains

of control M3 are given in Fig. 9.5. The load angle curves

of Fig. 9.5(a) show tﬁe expected reduction in the first peak
for machine No.2, with marginal changes in its subsequent
damping. The corresponding curve for machine No.l, shows
little change in the first peak with some loss of subsequent
damping. The terminal voltage responses of Fig. 9.5(b) show

an improvement for machine No.2, with little change for

machine No.l. These results generally agree with the predicted
results of Fig. 8.5 and confirm that the low value set of
co-ordinate feedback gains do little to modify the power system

performance.

Control M4 of Table 9.1 represents the case of a high gain,
full co-ordinate control into all three fast acting controllers
on the two machine system. The transient load angle responses
of Fig. 9.6(a) clearly show a significant reduction in the
first peak for machine No.2, (fitted with a fast acting
governing system). Machine No.l, (fitted with the slow
governor) shows practically no change in first peak. Both
machines exhibit a pronounced improvement in load angle damp-

ing after the first peak and this improvement is associated
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with the extra feedback into their excitation systems. A
comparison of these results with the corresponding theoretical
résults of Fig. 8.6 shows that the experimental investigation
has confirmed the general trends in rotor angle responses
predicted previously. In detail though, it is apparent that
both machines experience more undershoot in the load angle
recovery. The slow governed machine also shows a little more
oscillation in the first part of the recovery than expected.
When allowance is made for the initial offsets, the terminal
voltage responses of Fig. 9.6(b), show the effect of increased
damping in the system. The initial recovery follows the
theoretical trend of a sluggish return to the nominal level

as a result of the additional control. For machine No.2 there
is a definite correlation between the low frequency oscillation
in terminal voltage and load angle, before steady state is

reached.

The fact that the component micromachine systems of the two
machine configuration are not identical, forced a compromise
in the setting up of initial operating conditions for the
experimental results. Load angle was chosen to be the most
important single variable and was fixed for each machine. 1In
order to achieve this, the other machine variables were
allowed to vary within acceptable bounds, which resulted in
initial offsets in the terminal voltages. However, even
though the theoretical results were based on a two machine

system comprising electrically identical elements, which is

- evidently not the case for the micromachine system, there has

been a general agreement in trends between the theoretical and

practical results.
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CHAPTER 10 CONCLUSIONS

10.1 General

Control strategies for the improvement of the transient re-.
sponse of turbo-generators have been obtained from theoretical
studies of both single and multi-machine infinite busbar
systems. The only additional state feedback used in these
studies is that of rotor acceleration of the controlled machine.
The method used to obtain the control strategy is to assume

the form of thé controller and then to obtain the required

gain set by function minimization of a performance index which
provides an arbitrary measure of the system performance. This
approach has the major advantage over means by which so called
optimal control may be derived in that the process may be
restricted to use only those states available and, additionally
it copes with nonlinearities in the system. The controls
derived are necessarily suboptimal, in that not all the
possible information is used. However they do benefit from

being capable of practical implementation.

10.2 Theoretical Models

Models suitable for the representation of turbo-generator
systems, under transient conditions are given,,with represent-
ations for the synchronous machine of seventh, fifth, and
third order, together with suitable models for the generator
transformer and transmission system. The two major control

systems effecting the machine response are the automatic

207



voltage regulator and turbine governor system. These have
been represented by models which retain their major non-
linearities. 1In the case of the automatic voltage regulator,
appropriate field voltage ceiling levels are enforced. The
model used for the turbine governor has been obtained by
reduction of a detailed nonlinear model. This representation
is computational efficient, but retains the major nonlinear

terms which are valve velocity and position limits.
10.3 Control Objectives

For the single machine, infinite bus system, theoretical
controls have been derived for full co-ordinate control of
excitation and governing using rotor acceleration as the
single additional feedback signal. It has been shown to be
possible to significantly reduce the first peak in rotor angle
and achieve early damping out of rotor oscillations following

a 3-phase short circuit fault.

With the multi-machine case, similar techniéues havevbeen
applied to obtain controls for the same purpose. In this case,
it is not so easy to obtain dramatic improvements in response,
due to machine interaction. Nevertheless, controls have been

derived which are beneficial to the overall system.
10.4 Micromachine Digital System

A microprocessor based system has been developed which is

capable of performing three concurrent functions on the
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micromachine laboratory rig. The first function is data
collection from the various transducer, and, if necessary,
this data is pre-processed before it is transmitted to the
master computer for permanent storage. As part of the data
collection system, a transducer has been developed which is
capable of providing an estimate of rotor acceleration suitable
for use in a control system. The second function is that of

a real time simulation of the governor-turbine model, which
takes input data from the system and computes the required
turbine torque. The required torque signal is then used as

a demand input to the armature current controller on the d.c.
machine acting as a prime mover. Since the governor-turbine
simulation is purely software, it is easily changed to reflect
different machine parameter. The final major function of the
digital processor system is to detect a system line fault,

and then to computer and apply the control laws to both the

excitation and governing systems.

With the exception of the initialization section all the digital
processing is carried out under interrupt. This allows a fast
response to the data communication and control requirements

on a prioritized basis.
10.5 Single Machine Results

It has been shown that, for the single machine infinite bus
system, the correlation between theoretically predicted re-
sponses and experimental micromachine results is good. 1In

the single machine studies there is no need for absolute
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] identity between, say, the first swing peak in rotor angle,
for the theoretical and practical results and, as long as the
underlying trends are clearly the same, it can be concluded
that verification of the applied controls has been obtained.
When single machine resulté are taken from different machines,
the absolute values of parameters are not the same, but the
trends in improved résponse obtained by extra feedback are
clearly similar. These results give confidence, in that the
controls obtained on a theoretical model which is necessarily
based on an inaccurate representation of the system, are
proven to be useful on two physical systems, which are not
identical. Since similar trends are experienced on all three
systems, it is reasonable to assume that the controls obtained

are insensitive to variations in plant parameters.
10.6 Multi-machine Results

The application of control laws derived from multi-machine
theoretical studies, based on two electrically identical
machines, to the micromachine system, highlights the differ-
ences between the two micromachine systems. When operating
in the steady state, it was not possible to obtain identical
initial conditions. For tests, the most meaningful results
were obtained when the machine load angles were made equal,
which necessitates slight differences in the other operating
parameters. The inherent differences in response between the
machines obtained when applying a standard 3-phase short
circuit fault, must be taken into account when analysing the

results obtained with additional controls applied. These
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differences between the micromachines make direct comparison
of theoretical and micromachine results less practical than
for the single machine case. However, it is possible to see

the obvious underlying trends.
10.7 Suggestions for Further Work

The multi-machine experimental results indicate that a detailed
investigation should be carried out to determine the actual
parameters of the micromachine systems. Theoretical studies
can then be based on these parameters and a greater correlation
could then be expected. The multi-machine theoretical results
have shown that feedback of acceleration with a constant gain
is not necessarily the best approach. More intelligent con-
trollers with a variable structure could well be employed to
obtain improved responses. The microprocessor based data
acquisition system, using the cupped disc speed transducer is
capable of providing rotor angle, rotor transient velocity and

acceleration, which would be major inputs to such a controller.
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APPENDIX Al REDUCTION OF NONLINEAR GOVERNOR TURBINE MODEL

In the block diagram of Fig. 2.4 all the nonlinear elements
are neglected, hence the HP valve position loop may be

redrawn as

1 + sT T s

Which has an equivalent form.

1

2
1 + Tgs + T8Tgs

Including the governor network and turbine elements the

transfer function from input to HP torque component is,

1l + sT 1 _ 1
o > —4 FHP p—
1 + sT l1 +T,s + T

4 9 gTgSs 1+ Typ

Following the original reference the low pressure torque
component is assumed to be zero. Additionally under the
assumption that the reheater is an infinite steam source
there is no interaction between the high pressure torque

component and the intermediate pressure torque component.
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The transfer function relating IP torque to the input is

of a similar form to the HP torque component.

1 + sT6 1 1
— A FIP |—

1 + sT7 1 + Tlls + T10T12s 1 + sTIP

The HP and IP torque components may then be added,

1 + sT3

1 + 0.25s + 0.0186s° + 0.00041s

6 _4

3 4 2.6 1075

1 + s'I‘6

+ 0.00122s

6_4

3 4+ 8.0 107%

1 + 0.525 + 0.051s?

combining these into a single transfer function.

1.0+ 0.4245 +0.060s2+3.3810-%53+6.7410 5% +4.08107 s>

3_4 5.5

34+1.481073s%+ 4.5710°s

2

1.040.77s + 0.2 +0.024s

+7.8210 7%+ 6.4510 %7 + 2.08 107 13s®
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= 0.1s

3 6 9 11
T4'= T, = 0.02s
T8 = T10 = 0.01s
Tup = 0.13s TIP = 0.4s T p
TRH = 7.0s
Kl = K2 = 0.005pu
FHP = 0.275pu FIP = 0.725pu
Vol = V02 = 4.0pus"1 vcl
Table Al.1

Turbine Model
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= 0.02s

FLP

= VC2

0.0pu

6.6pus

Parameter Values for Detailed Governor



APPENDIX A2 PRIME MOVER TORQUE CONTROL

The prime mover is a separately excited d.c. machine with
constant field current. The output torque is therefore
proportional to the armature current. If the mean armature
current follows control demands quickly, and variations about
the mean level are of sufficiently high frequency to be
smoothed by the inertia of the machine, then the prime mover
torque control‘can be assumed to be a unity gain converter
between software demanded torque and torque applied to the
rotating system. The essential elements of the system are

given in Fig. A2.1.

The slit width control circuits are housed in the main
instrumentation rack adjacent to the digital system. Only

two signals are passed between the slit width control
electronics and the power unit, a shunt feedback signal which
monitors the load current, and a drive control which is an
optically isolated binary signal. Switching of the main power
transistor is handled by the base drive control board, which
floats at the potential of the emitter of the main power
transistor. Fast turn on of the main power transistor is
achieved by a low impedance source. An active current sink
arrangement reduces turn off times to minimize transient power
dissipation. The binary on-off signal from the slit width
control electronics is used in conjunction with signals from
the protection circuits to switch base drive to the main
power device. The protection circuits handle minimum on and

off times necessary for recovery of snubber networks, as well

215



A1ddng aa-

unys
juaaxand

soeqpead

spora
TosymitTd

Junys
jusxan)d
TeTxeod

JoasTsuex]
Iamod
uTew

A1ddng aA+

T0JI3UO0D IUSIIND SINJBUWIY JISAOW SWTId T[°2°VY BT

11

ook

__|

aanjeulry

I9AO0NW

swtag

oTboT TOI3UOD

aATaIQ oseqd

J9TTOI3U0D

U3IPTM

ITIS

=/

purwaq

v/a

sanbaog

e

a2axem3Jos

216



as overcurrent conditions sensed by the coaxial current shunt.

The switching arrangement can be seen to apply the d.c. supply
voltage across the load circuit when the power transistor is on.
When the power transistor is off, the inductance of the load
maintains current flow through the flywheel diode. Fig. A2.2
represents the load current waveform for a step input, assuming
a simple R - L load and a perfect switching source. The
current rises on an exponential defined by the load time con-
stant 1, until the upperbound of the slit width is reached.

At this point the switch is opened and current continues to
flow, but now through the flywheel diode, decaying on the same

exponential.

Current

H v -t
R(1—e ?)

\ - Slit
3 width

Vit
- _ rle 7

OO S SNNNY
VAV AT ES
7/

~—
—
-

Supply current Flywheel Diode current Time

Fig. A.2.2 Step Input Current Waveform

The current control system can function satisfactorily without

components L1 and Cl1 of Fig. A2.1 in circuit, using only the
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armature winding inductance to control the rate of change

of armature current. 1In practice two disadvantages were
apparent in this mode of operation, associated with the rapid
rates of change of current in the armature circuit.
Electrical noise spikes were generated which effected some of
the low level electronics in the vicinity. Also the d.c.
machine windings were subjected to rapid changes in applied
forces which produced unnecessary stress. With L1 and Cl in
circuit the power transistor effectively sees only the
inductance Ll1. The capacitor Cl1 does not effect the d.c.
component of armature current, but suppresses transients,
which would normally travel down and radiate from the armature
leads. Thus, both the problems above are alleviated. The
smoothing effect on the armature current also has the
advantage that the effective armature current is actually
smoother than would be indicated by measurements from the -

current shunt.
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APPENDIX A3 PDP 11 - TMS 9900 DIGITAL INTERFACE AND DATA

TRANSFER UNIT
A3.1.1 Digital Interface Card PDP 11 Programmers View

The interface card (I/F) provides a means of controlling the

TMS 9900 microprocessor and its control busses for the

purposes of program loading by Direct Memory Access (DMA)

and for software debugging. All data to and from the PDP 11

is transferred over a parallel data link. The link compriées
twenty twisted pair current loops in each direction. The
Digital Equipment Corporation DRll—C46 is used as an inter-

face between the external parallel data lines and the PDP 11
Unibus48. The DR11-C is a memory mapped set of three registers,

a control and status register DRCSR, an input register DRIBR

and an output register DROBR.

DRCSR
15 14 08 07 06 05 04 02 01 o0
REQ REQ | IE | IE CSR|CSR
B B A B 01 | 00
DROBR . -
15 } 00
DR11C Output Buffer

DRIBR

15 00

DR11C Input Buffer

Fig. A3.1 DR11C Registers

219



Multiplexing of the DR11C data at the microprocessor end is
performed under the control of the DR11C control and status

register bits CSR0O0 and CSRO1l, in accordnce with Table A3.1.

CSRO1 CSROO Data Mode

0 0 DTU Data
0 1 Not Used
1 0 I/F Data
1 1 I/F CSR Data

Table A3.1 DR11C Data Modes

When in the I/F CSR data mode, the DR11lC output data is
directed to the interface control and status register (IFCSR)

and input to the DR11lC is obtained from the IFCSR.

Table A3.2 below gives the IFCSR bit functions, it should
be noted at this point that the PDP11 bit labling takes the
form MSB = bit 15 and LSB = bit 00 while the Texas TMS 9900
system uses the opposite convention. Since the IFCSR is
only accessible from the PDP 11 the former system is used

in the table.

Bit No. Signal Function

00 (LSB) RESET When set, forces the TMS 9900 system
RESET line low. (read/write)

01 LOAD When set, forces the TMS 9900 system
LOAD line low. (read/write)

02 HOLDREQ When set, forces the TMS 9900 system

HOLD line low. (read/write)
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Bit No.

03

04

05

06

07

08

09

10

Signal

IFCSRA

DATLDO

DATLD1

BPEN

WT

SST

PR

TMSINT

Function
Controls interface access in I/F CSR
data mode.

1 Access to TMS Address Bus

0 Access to TMS Data Bus
These control the destination of DR11C

data when in I/F data mode.

DATLD1, DATLDO
0 0 Load data bus register
0 1 Load data bus register

and initiate memory write

cycle.

1 0 Load address register

1 1 Load interrupt priority
register.

Enables the software breakpoint routine
to trigger an interface forced wait on
the TMS 9900 cpu.

Force a processor wait state on the
next instruction acquisition cycle.
Single step trap, when set the I/F
disables the normal memory during
instruction acquisition and jams on to
the data bus the contents of the data
bus buffer register.

Proceed from wait state, an evanescent

signal which should never be read as true.

When set an interrupt at the priority

held in the interrupt priority register
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Bit No. Signal Funqtion
10 TMSINT (continued) is forced on the TMS 9900.
A low to high transistion of CRUO3
clears this bit and hence the interrupt
11 WAIT A read only bit which indicates when the
TMS 9900 is in an interface forced wait.
12 HLDACK A read only bit indicating that the

TMS 9900 is in a interface forced HOLD.

13 CRUO3 Monitors CRU output bit 3.
14 CRUOS " " " " 5.
15 CRUO6 " " " " 6.

Table A3.2 IFCSR Bit Functions
A3.2 Digital Interface Hardware Description

For clarity, the circuit diagram of the digital interface

has been split into two parts. The control and status
register together with all control logic is presented in Fig.
A3.2(a), the address and data paths are given in Fig. A3.2(b).
In this and subsequent descriptions which refer to hardware,
the following convention will be used. A strobe signal,
generated by control logic to clock information etc. will be
labelled Cn, where n is the control number. 1In the circuit
diagrams these signals are contained in standard off page
symbols if they are not linked directly to all points where
they are used. When referring to a gate the chip position
and relevant.pins are used to define it, for example
E6.11,12,13 is chip number 6 in column E of the circuit board.

If the output of a gate or latch is referred to, then only
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the chip number and relevant output pin will be used, eg.
E6,13. For convenience flip flops are generally given an

additional identifier Qn where n-is the £flip flop number.

- When the PDP 11 writes data to the DR11-C ouEput Buffer
register a 500ns\'New_Data Ready' (NDR) pulse is generated,
which may be used to clock the data into an external device.
However, previous experience with edge triggered circuitry
using this signal has shown that glitches on the line can
cause erroneous clocking of data. To avoid this problem it

is necessary to discriminate between a true pulse and spurioﬁs
edges. The solution adopted is to feed the NDR pulse into
both the data, and clear inputs of an eight bit serial in
parallel out, shift register (type 74164), while it is clocked

th cell of the

at a high rate. By taking an output from the n
shift register, it is necessary for the pulse to be true for

n consecutive clock cycles before it is recognised. The
implementation is shown in Fig. A3.2(a), the I/F control
circuit. Since the NDR pulse is only 500ns wide, it is
impractical to use any of tﬁe standard system clocks. Instead,
the simple clock generator formed by a ring of five inverters
is used. 1If all the inverters are in tﬁe same package, the
circuit has been proven to be adequately stable over the
operating temperature range. The NDR pulse is generated

when the DR11-C output register address is decoded in a data
write sequence. To ensure sﬁfficient transmission time and
data stabilization, it is best hot to use the NDR pulse

directly to clock ‘data. Instead the falling edge of the

deglitched NDR pulse is used to trigger a monostable (F1)
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and the data is then clocked as the monostable returns to its
stable state, thus providing sufficient settling time. When
the DRC11-C CSR00 and CSRO1 bits are both set true, NDR causes
control Cl to strobe date into the IFCSR. The first eight
bits of the IFCSR are contained in latch C3 and perform the
following functions. Note that the interface enable switch
must be set before any control is exercised over the TMS 9900

system.

RESET (OUTO00)

The TMS 9900 system RESET line is forced low by open collector
NAND gate D3.8 when reset C3.19 and interface enable D1.5

are both true.

LOAD (OUTO1)

The LOAD line is forced low by open collector NAND gate

D3.11 when load C3.16 and interface enable D1.5 are true.

HOLDREQ (OUTO02)

Hold request is clocked into the IFCSR and is available

on C3.15, NAND gate E2.8,9,10 is used to prevent further
propagation of a hold request until the TMS 9900 system hold
request line is high, ie. until no other device is requesting
use of the systems busses. If this condition is satisfied
E2.8 is low and is clocked into flip flop Q1 (C2.1-6) by the

clock generated from Q1 and ¢1 in AND gate E5.8,9,10.
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Once Q1 has changed state further clocking is inhibited, Q1
goes high and is combined with interface enable in open
collector NAND gate D3.1,2,3 to pull the system HOLD line low.
At the next non memory access cycle, the TMS 9900 enters a
hold state and publishes HOLDA (active high), indicating that
the cpu has relinquished control of the address, data and
control busses. HOLDA is gated in NAND gate C1.1,2,13,12 to
enable interface control of the system busses only when the
cpu is in a hold state, the interface is enabled and the
interface had requested the hold. The active low output of
Cl.12 is used to enable the interface address bus buffers

A4,A5 and the control bus buffer B3.

IFCSRA (OUT03)

AND gate E5.4,5,6 is used to determine when the system is

in I/F data mode, the active high output E5.6 is used as an
enable input to NAND gates El1.1,2,3 and E1.4,5,6 which are
fed with IFCSRA and IFCSRA respectively. The NAND gates are
used to enable the tristate outputs of either the address bus
reader or data bus reader to control the input data to the

DR11-C.

DATLD (OUT04) DATLD1 (ouTO05)

These bits are used by the 3 to 8 line decoder F2, to steer
input data from the DR11-C when in the I/F data mode.
Loading the interrupt priority register F3 and address bus

register D4,D5 are simple clocking functions. The data bus
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buffer register is loaded as a result of either a simple load
operation or a load data bus register and start memory write
sequence. AND gate E5.1,2,3 is used to generate the clock
pulse for the buffer register. F2.6 is also used to clock

Q9 (B2.1,6) and initiate the memory write sequence. The
memory write timing diagram is shown in Fig. A3.3. There is
no facility provided for extending the write cycle since it
is not anticipated that slower memory will be used on the

system.

BPEN (0OUTO06)

Software breakpoint enable BPEN is used in NAND gate E2.4,5,6
to gate the cpu card output signal CRUO5. When enabled

CRUO5 presets flip flop Q2 (A3.1-6), Q2 is then gated with
interface enable in NAND gate Al.4,5,6 to bring the READY
line low. With the READY line low the cpu will enter a wait
state on the next memory access. Q2 and the ensuing WAIT are
ANDed by E4.11,12,13 and made available to the PDP 11 via the
IFCSR. By this means a software breakpoint facility is
produced. The final AND operation is required to prevent
spurious PDP 11 action by reading a WAIT indication caused

by cpu access to slow memory. Capacitors C3 and C5 are
necessary to prevent operation of the circuit due to spikes

on the CRUOS line.
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WT (OUTO07)

WT, held in IFCSR on C3.2 is used as data for the Q2 flip
flop. When the TMS 9900 cpu fetches an instruction from
memory, the IAQ line is asserted as well as the standard
memory control signals. IAQ is buffered by B3.2,18 and is
used as the clock for Q2. With Q2 set the TMS 9900 is forced

into a wait state as described under BPEN.

SST (ouT08)

This function is used in conjunétion with interface forced
wait states on the TMS 9900 cpu during instruction acquisition
cycles. SST is clocked by IFCSR clock into Q4 (D2.1-6)

Q4 is used as data for Q5 (D2.8-13) and thus synchronizes

the SST to the TMS 9900 clocks. Q5 is clocked by ¢1 and is

in turn used as data for Q6 (D1.8-13) which is clocked by ¢3.
The delay between Q5 and Q6 is required to allow time for
EXMEMDIS generated by Q5 and interface enable in open collect-
or NAND gate D3.4,5,6 to disable the normal memory, before

the I/F data bus buffer register is enabled. The I/F data

bus buffer register is enabled by Q6 gated with interface

enable.
PR (OUTO09)
The proceed from wait state, PR, is clocked by the IFCSR

clock into Q3 (A3.8-13) NAND gate Al.11,12,13 gates Q3 with

$1 to produce the negative edge required to trigger mono stable
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A2. The Q output of A2 is used to clear Q3 and Q2 flip flops.
Thus the READY line is released synchronously with ¢1, but
gate delays on the I/F card and cpu card are such that no
effect is seen by the cpu during the current ¢1. The READY
line is stable in time for the next ¢1 sampling and as a
result the processor terminates the wait state and reads in
the instruction, which may be from main memory or, if a SST
is in operation, the data will be read from the I/F data bus

buffer.

TMSINT (OUT10)

TMSINT is clocked by the IFCSR clock into Q8 (C2.8-13), Q8

is used to enable G4, an open collector one of sixteen
decoder. The decoder asserts an interrupt on the TMS 9900 cpu
card interrupt bus, the priority being determined by the
contents of F3. To comply with TMS 9900 system conventions

it is a requirement of all interrupt service routines to
perform some action which resets the hardware that initiated
the interrupt. For interrupts asserted by the interface, this
requirement is met by setting and clearing CRUO3 which is

inverted by E4.5,6 and then used to clear (8.

A3.3 Data Transfer Unit Programmers View

The data transfer unit (DTU) has been developed to allow
fast data communication between the TMS 9900 microprocessor
and the PDP 11 mini-computer. The DTU has been designed

specifically for use with the Digital Equipment Corporations
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DR11-C and transfers are made in a 16 bit parallel fashion.

A full hand shake system is available for controlling the
flow of data. Software for transfers may be either on a
simple flag test of the hand shake bits or the full interrupt

structure may be used.

Separate interrupts with software programmable priority are
available for input and output transactions. The possible
priority levels range from the highest at level 1 to the
lowest at level 15. This range gives flexibility to the
software. There is no hardware restrictions on setting both
interrupts to the same level, but, in this case, it is
necessary to determine by software which of an input or out-
put function is required. The layout of the control and status
register DTUCSR has been carefully chosen to allow rapid
determination of the presence of internal request flags. By
placing the flags at the most significant bits of the bytes

in the DTUCSR, a simple move instruction will set the process-
or condition code for a negative value if the flag is set.
Thus a simple conditional jump following the move can be used

to direct further processing.

All DTU registers are memory mapped 16 bit words, to allow
parallel operations using the full range of TMS 9900 instruct-

ions. The mapping is given below in table A3.3.

Lable Address Function

DTUCSR 171770 DTU Control and Status Register
DTUOBR 171772 DTU Output data Buffer Register
DTUIBR 171774 DTU Input data Buffer Register

Table A3.3 DTU Registers
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DTUCSR Bit Functions

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

B [tnIr[RR9| LF |80 81| B2 |83 | @ REQIIE 100 |al |02 |a3

MSB LSB

Bit No. Label Function

00 (MsSB) B Interrupt request f. Set when the input
buffer register is loaded with new data
from the PDP 11 and reset by either reading
the input buffer register or by INIT.

(read only)

01 INIT Initialization bit, a low to high transition
of this bit is used to clear all request
flags. INIT is also reset as part of the
same operation and should never be read as
true. (read/write)

02 REQ A Monitors the Request A input to the DR11-C
(read only)

03 IE R Request B interrupt enable (read/write)

04-07 B0O-B3 Request B interrupt priority (read/write)

08 o Interrupt request a. Set when the PDP 11
reads the data present on DTUOBR and reset
by either writing new data to the output
data buffer register or by INIT. (read only)

09 - Not used.

10 REQ B Monitors the Request B input to the DR11l-C
(read only)

11 IE a Request o interrupt enable. (read/write)

12-15 a0-a3 Request a interrupt priority. (read/write)

Table A3.4 DTUCSR Bit Functions
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A3.3.1 Operation of DTUCSR Flags

The DTU contains two pairs of flags which are used in data
transfer operations. Request A (REQA) and Request B (REQ@B)
provide interrupt requests inputs to the PDP 11 DR1l1l-C.
Request o (REQO) and Request B (REQR) are used as interrupt
request_flags for the TMS 9900 DTU. Data transfers are
performed using these\flags for handshaking purposes. In the
description of a typical transfer process the following

assumptions are made for clarity.

i) Both the PDP 11 and TMS 9900 are engaged solely with the
data transfer.

ii) Both proceésors use a simple flag test routine.

iii All flags in the DTUCSR are initially clear.

iv) The DR11-C control and status register bits CSR00 and

CSRO1 are clear enabling data transfer mode.

The sequence of events for transfers from the TMS 9900 to the
PDP 11 is depicted in Fig. A3.4. The TMS 9900 writes data

to the DTU output buffer régister DTUOBR and the DTU hardware
automatically sets Request B at time Tl. When the PDP 11
reads a true value for REQB, it indicates that wvalid data

is available to the DRll—C input Register DRIBR from the

DTU output register. When the PDP 11 reads the DR11-C DRIBR
at T2 a 500ns Data Transmitted pulse DTMD is generated. The
DTU uses DTMD to reset REQB and set REQ . When the TMS 9900
next samples REQ< it will be set, indicating that the PDP 11

has accepted the last data. The TMS 9900 is now free to load

234



9l

Sl

sheTd 3ITUn J9Fsuex] ejeq Jo uoTrzexado § EY ‘BTI

71

€l

¢l

L1l

|

< [@\

VvV 034

§ 03y

48040

aWLa
[~ & o3y

» 034

xmmmosko

235



DTUOBR which it does at T3. The DTU hardware resets REQO
and sets REQB when DTUOBR is decoded so that the condition
of flags immediately after T3 is identical with the condition
just after Tl. It can be seen that the transfer of data can

continue in this fashion until all data is sent.

Communication in the other direction, from the PDP 11 to

the TMS 9900 follows a similar pattern, as shown in Fig. A3.4.
When the PDP 11 addresses the DR11-C output register DROBR
and moves data to it a 500ns New Data ready pulse (NDR) is
transmitted. NDR is used by the DTU to set REQBR, clear REQA
and latch data into the DTU input buffer register DTUIBR, as
at time T4. The REQB flag indicates to the TMS 9900 that new
data is available in DTUIBR. This data is read at time T5.
When DTUIBR is read by the TMS 9900 the DTU hardware resets

REQBR and sets REQA.

With Request A set the PDP 11 can now output new data which
is accompanied by the NDR pulse at time T6. Again NDR is
used to latch the new data, clear REQA and set REQBR, which
brings the flip flop conditions back to those effective
immediately after T4. Clearly, data transfers in one direct-
ion have no effect on transfers in the other direction as far
as the hardware is concerned, and so may be treated by the

software as independent processes.

The positive action of the handshake bits enables data trans-
fers to take place at any rate without fear of data loss.

The handshake feature is particularly important if either
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or both machines are engaged in other activities concurrent
with the transfer operation. This is of importance if
optimum use is to be made of each processor. If the full
potential of each processor is to be realized it is necessary
to employ an interrupt based approach to the data transfer
system. 1In this way each machine can be nominally performing
a low priority process, but this process is dropped whenever
a higher priority function is required, in this case the

interrupt service routine.
A3.4 Data Transfer Unit Hardware

The circuit diagram for the DTU is given in Fig. A3.5. The
data transfer unit registers are memory mapped to the locat-
ions given above. The address lines A0 - Al2 together with
the memory enable control line MEMEN are decoded with NAND
gates Bl and B2 to provide a block decode signal which enables
the one of sixteen decoder A2. A2 uses the least significant
address bits Al13 and Al4 with the memory control lines DBIN
and WE to generate the appropriate read and write enable
strobes. The output buffer write strobe C2 is also used to
set REQB (D1.8) and reset REQa (D2.6). The input buffer read
enable C4 is similérly used to set REQA (D1.6) and clear REQSB
(D2.8). Because of the multiplexing of DR11-C Data in the
TMS 9900 system, it is necessary to discriminate between
DR11-C control pulses NDR and DTMT intended for use with the
DTU and the same pulses intended for use with other devices.
DR11-C control and states register bits CSR00 and CSRO1l are

used for this purpose and data transfer mode is enabled when
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they are both clear.

The NDR and DTMD pulses are both filtered using the deglitch
circuit‘described in the I/F section for NDR. The clean NDR
pulse is gated with CSR00 and CSROl1l in Nand gate Cl1.3-6 to
clock DR11-C output data into DTUIBR (B4,B5), it is also used
to clear REQA (D1.6) and set REQS (D2.8). The clean DTMD
pulse is similarly gatea with CSR00 and CSRO1 in NAND gate

Cl1.8-11 to clear REQB (D1.8) and set REQa (D2.5).

The DTU control and status register bit functions are
described in table Al.4. The bits used to monitor the re-
quest lines are read only. The INIT bit is read write and is
used as one input to the reset monostable E2, the other input
is the general system reset line. The reset function is per-
formed by Q (E2.6) of the reset monostable. The low level

of Q is used to clear INIT and the rising edge of Q is used
to clock input data into the request flip flops. At this
point it should be noted that the request lines are obtained
from the Q outputs of the flip flops, so that clocking in

true data resets the requests.

Interrupt control for a and B are similar, so only circuits
for a are described. An open collector one of sixteen decoder,
type 74159, is used to interface with the TMS 9900 system
interrupt bus. The interrupt priority co-o3 is latched in

the control and status register (D3 and is then used as an
address value for the decoder. Two active low enables are

required before the decoder will assert a low level on the
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selected interrupt line.

The first enable is derived from the Q output of the IEa
flip flop (C2.9) of the control and status register. The
other enable is available from o (D2.5) asserted when a is
set. A visual indication of the a and B interrupt enables

and all the Request bits is given by an LED display.
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Interface Connection Schedule

Connector J1

Row A
1

W 0 9 600 1 x W N

W W W DN NNDENNNDNNEFE R B B R e e
N H O W 0 J O U & WN KFHFO W ®MNO U & WN H O

Function

ov

D15
D14
D13
D12
D11
D10
D09
D08
DO7
D06
DO5
D04
D03
D02
DO1
Doo

(LSB)

RESET

$2
94
$1
$3
A01
A03
A0S
A04
A02
A00

+5v

Clock

(MBS)
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Row C

W 0 N 60 O b W N =

W W W N NN N DN DD DN DD DNDNFE e
N = O O 00 NN O 1 b W N = O VW 00 O U & W N = O

Function
ov

MEMEN

LOAD
HOLD
READY
WAIT
IAQ

DBIN

HOLDA

Al4 (LSB)
Al3
Al2
All
Al0
A06
A07
A08
A09
+5v



Interface Connection Schedule

Connector J2

Row A

W 0 3 00 1 B W N

W W W D DN NN DD DN DNDND DN FE R R e e e e e
N 2 O O 00 N O U & W N = O YW 0O 3O U & W N = O

Function
ov

DR11C CSR

00

" NDR

" OoUT
" OUT
" ouT
" OUT
" OUT
" OUT
" oUT
" ouT
"IN
INT 11
INT 12
INT 10
INT 13
INT 09
INT 14
INT 08
INT 15
DR11C IN
"IN
"IN
"IN
"IN
"IN
"IN

00
02
04
06
08
10
12
14
00

02
04
06
o8
10
11

13

(LSB)

(LSB)
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Row C

O 0 3 O 1 b W N =

W W WD NNDNRNNDNDNNNNIRBR®ER /R B 2 |8 [ [ |-
N B O VW ® IO U & WK HOW IO U A WN - O

Function
ov
CRUO 05
CRUO 06

CRUO 03
DR11C CSR

01

" DTMD

" ouT
" OouT
" ouT
" OouT
" ouT
" ouT
" ouT
" ouT
" IN

01
03
05
07
09
11
13
15 (MSB)
01

03
05
07
09
11
13
15 (MSB)



Data Transfer Unit Connection Schedule

Connector Jl1

Row A
1

W 0 3 O U1 > W N

W W W NN D D DN NN N NN B e e e e e e
N = O W 0 3 O U & W N K O W 0 30 U & W N B O

Function

ov

D15
D14
D13

D11
D10
D09
D08
D07
D06
D05

(LSB)

(MSB)
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Row C

O 0 3 O U &> W N

[
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Function
ov

MEMEN

DBIN

Al4 (LSB)
Al3
Al2
All
Al0
AQ06
AQ07
A08
A09
+5v



Data Transfer Unit Connection Schedule

Connector J2

Row A Function Row C Function
1 ov 1 ov
2 2
3 3
4 4
5 5
6 DR11C CSR 00 6 DR11C CSR 01
7 " NDR 7 " DTMD
8 " OUT 00 (LSB) 8 " OuUT 01
9 " OUT 02 9 " OUT 03
10 " OUT 04 10 " OUT 05
11 " OUT 06 11 " OUT 06
12 " OUT 08 12 " OUT 09
13 " OUT 10 13 " ouT 11
14 " OUT 12 14 " ouT 13
15 " OUT 14 15 " -OUT 15 (MSB)
16 " IN 00 (LSB) 16 " IN 01
17 INT 11 17 INT 3
18 INT 12 18 INT 4
19 INT 10 19 INT 2
20 INT 13 20 INT 5
21 INT 9 21 INT 1
22 INT 14 22 INT 6
23 INT 8 23 INT 7
24 INT 15 24
25 DR11C IN 02 25 DR11C IN 03
26 " IN 04 26 " IN 05
27 " IN 06 27 " IN 07
28 " IN 08 28 " IN 09
29 " IN 10 29 " IN 11
30 " IN 12 30 " IN 13
31 " IN 14 31 " IN 15 (MSB)
32 +5v 32 +5v
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Data Transfer Unit Connection Schedule

Connectors J3 and J4

Signal No. Pin No.

1 1
2 3
3 5
4 7
5 9
6 11
7 13
8 15
9 17
10 19
11 21
12 23
13 25
14 27
15 29
16 31
17 33
18 35
19 37
20 39

N.B. All even numbered pins carry Ov screen

J3 Function

DR11C

"

IN 00

n

REQ

REQ A

Not Used
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B

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

J4 Function

DR11C oOUT 00

" 01
" 02
" 03
" 04
" 05
" 06
" 07
" 08
" 09
" 10
"1l
"o12
"o13
" 14
" 15
CSR 00
CSR 01
NDR
DTMD

(LSB)



Differential Line Driver-Receiver Card Connection Schedule

Line Driver Connections

Signal Connector Connector

No.

[ w N

O (0] ~ o)} wn

10
11
12
13
14
15
16
17
18
19
20

J3

~ (5)) w

11
13
15
17
19
21
23
25
27
29
31
33
35
37
39

J1

a3o
c29
azs8
c27
az2eé
c25
az24
c23
az22
c21
al4
cl3
al2
cli
alo
c09
aos
c07
aoe

c05
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Dee Range

(Male)

39
37
35
33
31
29
27
25
23
21
19
17
15
13
11

w (8] ~ O

Connector

J1

c30
az29
c28
a7
c26
az25
c24
az3
c22
azl
cl4
al3
cl2
all
clo
ao9
c08
a07
c06
a05

‘Dee Range

(Male)

40
38
36
34
32
30
28
26
24
22
20
18
16
14
12

10



Differential Line Driver-Receiver Card Connection Schedule

Line Receiver Connections

Signal Connector Connector Dee Range Connector Dee Range

No. J4 J2 (Female) J2 (Female)
1 1 c30 39 a3o 40
2 3 c29 37 a29 38
3 5 c28 35 a28 36
4 7 c27 33 a27 34
5 9 c26 31 az26 32
6 11 c25 29 a25 30
7 13 c24 27 a24 28
8 15 c23 25 a23 26
9 17 c22 23 a22 24

10 19 c21 21 a2l 22

11 21 cl4 19 cl4 20

12 23 cl3 17 al3 18

13 25 cl2 15 al2 16

14 27 cll 13 all 14

15 29 clo 11 alo 12

16 31 c09 9 ao9 10

17 33 c08 7 ao8 8

18 35 c07 5 ao7 6

19 37 | c06 3 aoé 4

20 39 c05 1 aos 2
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APPENDIX A4 AUXILIARY HARDWARE

A4.1 Acceleration Transducer Hardware

The mechanical considerations and data utilization aspects

of the cupped disc transducers have been considered in

Chapter 4. This section is restricted to a description of

the electronic hardware used in the machine period measurement

system.

The circuits associated with the optical transmissive assembly
used to detect the presence of a transducer slot are given in
Fig. A4.1, for the single slot eight pickup system. The
infra-red light emitting diode is fed from a 20mA constant
current source. The output of the phototransistor is a low
level current approximately proportional to the intensity of
the infra-red light falling on it. The switching character-
istic of the phototransistor is such that the turn off time
is substantially longer than the turn on time. The detector
circuit monitors the phototransistor output current, and when
it is large enough to trigger the comparator circuit, the
positive feedback arrangement ensures a fast switching with
no jitter on the comparator output. As the phototransistor
turns off, the hystersis inherent in the positive feedback
circuit around the operational amplifier, used as the
comparator, ensures that no spurious spikes are generated.
The rising edge of the comparator output is used to trigger

a monostable which provides a stop/start pulse of 500ns

duration to the relevant period counter. To ensure noise free
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Fig. A4.1 Slot Detection Circuit

transmission of this pulse from the electronics mounted on
the cupped disc transducer, to the counter circuits in the
auxiliary rack, a twisted pair constant current loop driver,
receiver system is used. The receiver circuit and back plane
wiring are evident from the auxiliary rack circuit diagram

of Fig. A4.2

For the eight slot single pickup system, the phototransistor
current sensing comparator output, is fed to coding logic.
This logic is then used to generate pulses in a form identical
with those of the other transducer. Essentially, the longer
pulse from the wide slot is used as an index to clear a
counter system which is incremented after each pulse. At
operational speeds the index slot forces the pulses to have

a fixed relationship with the rotor of the machine,
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A typical machine period counter circuit is given in Fig. A4.3.
The stop/start pulse of 500ns duration is used to initiate the
sequence given in the timing diagram of Fig. A4.4. The stop/
start pulse is asynchronous to the system clocks, so flip flop
Q1 is used to catch and hold the stop/start command, which is
then synchronized by flip flop Q2. While Q2 is active the
counter clock is disabled, allowing sufficient time for the
counter circuits to ripple through and present stéb}e data ét
the buffer register data inputs. Flip flop Q3 is used to
latch the count data in the buffer register and also to clear
the counters. This technique is possible since the latches
used have a zero hold time requirement, ané the counter clear

operation is not instanteous.

Q3 is used to clear Q1, Q2 and preset Q4 which is used as a
done flag for the particular counter unit. By convention the
az‘output is used as the active output. Q4 remains set until

the data is read from the period data buffer register.
A4.2 Acceleration Transducer Control and Status Register

When a period counter unit receives a stop/start pulse, the
done flag is set to indicate that valid data is present in

the counter data buffer register. The acceleration transducer
control and status register (CSR) located on the auxiliary
rack buffer card (TMS) Fig. A4.5, provides access to all the
counter done bits, and conﬁrols system interrupts. When any
unit is done the relevant bit is set in the low order byte of

the CSR and the most significant bit (MSB) is also set.
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Fig. A4.3 Machine Period Counter Circuit
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Fig. A4.4 Stop/Start Sequence Timing Diagram
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Address 2020

8
MSB ’ LSB
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
D| - | S |1IE|IP3|IP2|IP1|IPO| 7D| 6D| 5D {4D {3D }{2D|1D | 0D
Bit No. Name Function
00 D Signifies that at least one counter is done
01 - Not Used
02 S Spare (may be used as a flagq)
03 IE Intefrupt enable

04-07 IP3-IP0 Interrupt Priority level

08-15 7D -0D Counter Circuit Done Bits

Table A4.1 Acceleration Transducer Control and Status

Register Bit Functions

Setting the MSB enables a simple dévice pole to be used if

the interrupt system is not enabled. Generally however, the

" interrupt facility will be used by setting the interrupt en-
able bit in the CSR. The interrupt priority is fully software
programmable by loading the required level into the interrupt
priority section of the CSR. Since the counter unit done bit,
is automatically reset as a function of reading the period
data buffer register, the interrupt is naturally removed as

part of the interrupt service routine.
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A4.3 Miscellaneous Interrupt Control Register

Word Address 2022

8

Byte Address 20238

08 09 10 11 12 13 14 15
DONE11| DONE10 |DONEO9| DONEOS8
DONE1l1l | DONE10 |DONEO9| DONEOS8 1E 1E 1E 1E

This is a single byte register, which monitors done flags
8 - 11, and can be used to enable interrupts when the done
flags are active. Each interrupt priority is hardware link
selectable and the present utilization is as below.

Infinite bus period counter - interrupt level 13

Done 9 ;

Done 11 ; Terminal voltage low - interrupt level 9

The infinite bus interrupt request is reset by reading the
period data in the same manner as for the machine period
counter circuits. The terminal voltage low interrupt is

cleared by setting bit 12 in the analogue to digital

conversion control and status register.
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A4.4 Analogue To Digital Conversion Control and Status

Register
Address 21008
MSB LSB
00 15
Bit No. Name Function
00 RID Rig identification bit 0 - M/C No.l
1 - M/C No.2
01 - Not Used
02 - " "
03 AD4sS Analogue to digital converter No. 4 Status
04 - Not Used
05 - " "
06 - " "
07 AD4C Analogue to digital converter No. 4 Start Bit
08 VTL Terminal voliage low indicator
09 AD3S Analogue to digital converter No. 3 Status
10 AD2S " " " " No. 2 Status
11 AD1S " " " " No. 1 Status
12 VTLR Terminal voltage low interrupt reset
13 AD3C Analogue to digital converter No. 3 Start Bit
14 AD2C b " " " No. 2 Start Bit
15 ADIC " " " " No. 1 Start Bit

Table A4.2 Analogue to Digital Conversion CSR Bit Functions

This register is used to start and monitor the analogue to

digital converters.

Additionally it gives access to the

terminal voltage low indicator. The indicator is clocked

by a comparator which compares the terminal voltage with a
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fixed level. The reset function for the indicator is obtained
by setting Bit 12 of the control and status register. The
most significant bit of the control and status register is
used to guide rig dependent software, it monitors a hard

wired level on the auxiliary rack backplane.

Address Range Function

2102 0-10V Terminal voltage A/D

2104 +10v  Field voltage A/D

2106 ¥2.5v Auxiliary A/D

2110 t10v  vi:state feedback D/A

2112 0-5V  d.c. machine armature current A/D .

2114 0-5Vv d.c. machine armature current demand D/A

Table A4.3 A/D D/A Converter Memory Map
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APPENDIX A5 CENTRAL PROCESSOR UNIT AND MEMORY

The TMS 9900 cpu is mounted on é Texas Instruments 'Micro 99"
cpu card, which has an elementary 'Tibug' monitor, resident in
read only memory. The 'Tibug' monitor can be used for program
development using a local terminal. This feature is not used
since the digital interface and PDP 11 based development
system is more suitable for efficient generation and debugging
of programs. The 'Micro 99' cpu card is used mainly to buffer
the cpu from the system busses, and to provide the necessary
clocks. The only features used on the card are the 256 words

of random access memory and a number of dedicated CRU lines.

The control software requires only a modest amount of memory,
which is supplied by an in-house 4k word static random access
memory card. The memory may be mapped to any 4k word boundary

by the use of the bank select links as below.

Address (Hex) Links Required On J2 Backplane

0000 - 1FFF Al6 - C16 Al2 - C12 Al4 - C1l4
2000 - 3FFF Al6é - C1l6 Al2 - Cl12 Al3 - C13
4000 - S5FFF Alé6 - C16 All - Cl1 Al4 - C14
6000 - 7FFF Al6 - Cl6 All - C11 Al3 - C13
8000 - 9FFF Al5 - C15 Al2 - Cl1l2 Al4 - C1l4
AQ000 - BFFF Al5 - C15 Al2 - C12 Al3 - C13
C000 - DFFF Al5 - C15 All - Cl11 Al4 - Cl14
EO0O0 - FFFF Al5 - C15 All - C1l1 Al3 - C13
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CPU Card Connection Schedule

Connector J1

Row A Function Row C Function
1 -5v 1 +12v
2 -12v 2 CRUOUT
3 3 'MEMEN
4 D15 (LSB) 4 CRUIN
5 D14 5 LOAD
6 D13 6 HOLD
7 D12 7 READY
8 D11 8 WAIT
9 D10 9 IAQ
10 D09 10 CRUCLK
11 D08 11 DBIN
12 D07 12 WE
13 D06 13 HOLDA
14 D05 14
15 D04 15
16 D03 16
17 D02 17
18 D01 18
19 DOO 19
20 20
21 RESET 21
22 $2 Clock 22
23 ¢4 " 23 Al4 (LSB)
24 61 " 24 Al3
25 63 " 25 Al2
26 A01 26 All
27 A03 27 Al0
28 A0S 28 A06
29 A04 29 A07
30 A02 30 A08
31 A00 (MSB) 31 A09
32 ov 32 +5v
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CPU Card Connection Schedule

Connector J2

Row A Function Row C Function
1 CRUI 00 1 CRUO 04
2 "0l 2 " 05
3 "oo02 3 " 06
4 " 03 4 " 07
5 "7 5 " 03
6 " 06 6 "o02
7 " 05 7 " 01
8 "04 8 " 00
9 " 08 9 noo12

10 " 09 10 "no13
11 " 10 11 "14
12 "o11 12 no15
13 " 15 13 noo11
14 "o14 14 " 10
15 "o13 15 " 09
16 w12 16 " 08
17 INT 11 17 INT 03
18 INT 12 18 INT 04
19 INT 10 19 INT 02
20 INT 13 20 INT 05
21 INT 09 21 INT 01
22 INT 14 22 INT 06
23 INT 08 23 INT 07
24 INT 15 24 SRDI 0
25 RS2320 1 25 SRDI 1
26 RS2320 0 26 SRDI 1
27 RS2320 2 27 RS2320 3
28 RS232I 2 28 SRDI 0
29 RS232I 1 29 +12v

30 RS232I 3 30 -12v

31 RS232I 0 31 -5v

32 ov 32 +5v
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Memory Card Connection Schedule

Connector J1

Row A
1

W 00 J 00 U1 b W N

W W W N DN DN D DN D DN DDNN R
N 2 O O 00 O U1 b W N FHF O VW O J 06O U & W N = O

Function

ov

D15
D14
D13
D12
D11
D10
D09
D08
D07
D06
DO5
D04
D03
D02
D01
DOO

A01
AQ03
A0S
AQ4
AQ2
AQ0O
+5v

(LSB)

(MSB)

(MSB)
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Row C

W 0 N 600 0 = W N

[
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Function
ov

MEMEN

DBIN
WE

Al4 (LSB)
Al3
Al2
All
Al0
A06
AQ7
A08
AQ09
+5v



Memory Card Connection Schedule

Connector J2

Row A
1

O 0 3 00 1 dx W N

W W W NN DD NN DD DN D NN KR
N = O W 0 3 0 U1 b W N K O YW 0 J 06O U & W N = O

Function

Ov

MADSEL
MADSEL
MADSEL
MADSEL
MADSEL
MADSEL

+5v

O O N N = =
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Row C

W 00 J O 1 b W N

W W WD N0 NNDNNDDNR R [ | B [ B B B
N R O OV 0 O U d WK O W OOWULO U & WN = O

O O N N = =

Function
Oov

EXMEMDIS

+5v
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