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Abstract: A computer-based solution of the equations arising from the application of optimal control theory to
a wide-speed-range DC drive reveals the manner in which the control should operate to achieve minimum
error-squared performance. An examination of simulated conventional spillover schemes confirms that these are
least able to approach the optimal performance in the spillover field-weakening control itself. An alternative
field-weakening signal using a mix of speed reference, speed error and current signals is proposed which, simula-
tion indicates, performs more closely to the optimised system in the upper speed ranges. Practical results from a
laboratory implementation of this controller suggest that the modest performance improvement is achievabie

on industrial drives.

1 Introduction

This paper presents some results from the application of
dynamic optimal control theory to typical industrial
speed-controlled DC machine drives such as those used in
rolling mills and process lines. Separately excited DC
motors still hold a monopoly in these drives because of the
relative ease with which they may be controlled.

In order to achieve a wide speed range, field weakening
is necessary to take the speed above base speed. In the
conventional controller this is done by means of a spillover
field-weakening loop, where the armature voltage is moni-
tored and used to reduce the field strength as the voltage
approaches its rated value (typically over the range 95—
100%). As this loop encompasses the relatively large field
time constant and also experiences changing loop gain as
the speed increases, it is a difficult problem to obtain a fast
enough response in the spillover loop for the overall speed
response to be adequate. In practical systems there is a
tendency for voltage overshoot to occur in response to a
step input; this is often prevented by imposing rate-of-
change-of-speed reference limits.

Even if a straight-line magnetisation characteristic is
assumed, the DC machine is still a strongly nonlinear
device when under both armature and field control. The
particular nonlinearities present are the multiplying terms
found in the armature and torque equations. In order to
derive a linear model it is necessary to assume constant
field operation [1]. This step is justified to some extent as
the field time constant is relatively much longer than the
armature time constant; but the residual model is only
second order and thus of limited use in modelling systems
that utilise the full flexibility of the DC machine. Neverthe-
less, useful guidance can be obtained regarding basic
design choices, such as performance index weightings, from
studying the fixed-field model, and this is discussed in the
next Section.

Numerical solution techniques can be employed to
solve the two-point boundary value problem resulting
from applying Pontryagin’s maximum principle [2] to the
nonlinear model including the multiplication terms.
Results from the simple fixed-field linear model are used to
provide sensible initial choices for weighting factors and
boundary conditions, This technique is used here to estab-
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lish optimal trajectories for machine responses under both
field and armature voltage control, with armature current
limiting, and for various performance criteria.

These optimal results are then used as a basis for com-
parison with a conventionally designed spillover field-
weakening system. It is thus possible to distinguish the
main characteristics of the optimal controller which enable
it to achieve a slightly better performance. As is often the
case, real-time solution of the optimal scheme as a feed-
back controller is impractical [3], but the form of the
responses suggests a modification to the conventional
control scheme which results in a nearer optimal per-
formance.

2 Optimal analysis of DC machine controls

2.1 Frequency domain approach with a linearised
model

If iron saturation, flux crosscoupling and eddy-current

damping are ignored, the DC machine can be represented

by a set of analytic, but nonlinear equations which, in nor-

malised form, are
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x, = field current

X, = armature current
X3 = speed T, = load torque

L, = field inductance T, = field time constant

L, = armature inductance T, = armature time constant
H = inertia constant

u, = field voltage
u, = armature voltage

If the field is considered to be constant, these equations
simplify to a linear, second-order model as foliows:
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For a particular medium-sized steel mill drive
a;,=-—10, a,, = —6.67, a,, = —1333

031 = 2.77, bll = 1.0, bzz = 133.3
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