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CHAPTER I

INTRODUCTION

The chopper-controlled dc separately and series excited
motor has been widely used recently in traction and many other
industry applications. Although many motor applications require
constant speed, such as pumps, fans, presses, and generators,
there are many applications that require the speed of the motor
to be changed. Examples ares traction, hoisting, and machine
tools. Motors are divided into three classifications as follows:

A. A constant speed motor is one that operates at a single
speed essentially independent of load (e.g. induction motors and
shunt dc motors).

B. An adjustable speed motor is one whose speed may be
'adjusted® or changed to different values. For each setting its
speed is essentially independent of load (e.g. dc shunt motors).

C. A variable speed motor is one whose speed changes or
varies over wide values as the load is changed.

The motors being used in modern industrial systems are
becoming increasingly large in size. Starting these large motor,
especially across-the-line, produces a transient voltage depression
that can substantially reduce the motor output torque while
severely influencing the operation of any locally connected load,
as well as loads served by buses electrically remote from the
point of motor starting. This also causes overheating of the motor.

Certain computer-aided motor starting studies can provide an



instant-by-instant shaft output torque tabulation (for comparison
to the allowable torque limits of the equipment), and accurate
values of motor acceleration current and rise time.

This paper is concerned with the determination of the optimum
chopping cycle for dc motor starting, by using Continuous System
Modeling Program III (CSMP III). The objective is to obtain a
minimum starting current and a minimum rise time for motor starting.
In order to optimize the dc motor response, the analysis of such a
motor will be briefly reviewed. The performances of the dc chopper
for three types of control -- time ratio control (TRC), pulse width
control (PWC), and off-frequency control (OFC) -- are introduced in
Chapter III. When a wide range of control is needed, a suitable
combination of variable and constant controls is employed.

The dynamic behavior of a dc motor is, in general, highly
nonlinear. Consequently, it is inadequate to approximate its
performance by linear models. One of the methods of obtaining
realistic solutions to the analysis and design of dc motors is
computer simulation. Table 19 lists part of the library of CSMP III
function blocks. Some of them are used to generate the pulses for
simulating the output from the chopper, which controls the speed
of the dc motor. The search for the minimum starting current and
the minimum rise time by using variable ‘on'-pulsewidth-to-chopping-
rate ratios in certain predefined time-intervals is explored in

simulation procedures. Finally, conclusions are made in Chapter VI.



CHAPTER II

DYNAMIC BEHAVIOR OF DC MOTOR

A. Nomenclature

E Source voltage
Em Average voltage in armature

Eb Induced armature EMF

Ia Average current in armature
ia Instantaneous current in armature
Jm The combined rotational inertia of the motor armature

Ke EMF constant

Kt Torque constant
La Inductance of armature winding
Ra Resistance of armature winding
Tm Armature torque

TL External load torque
W Angular velocity (motor speed)

B. Dynamic Equivalent Circuit of Motor

The dynamic behavior of a motor is governed by its energy
storage properties. Energy is stored in two ways: by a magnetic
field in the magnetic circuit, and by mechanical velocity in the
inertia of the armature. Of course, energy is also stored in the
inertia of the load and in the magnetic fields of the electrical

sources, and must be included in the consideration of the dynamics.



The energy storage property of the magnetic field is measured
by inductance.

The dc motor representation is shown in Fig. 1. The dynamic
equivalent circuit of the motor is shown in Fig. 2. The resistance
Ra includes all of the windings in the armature circuit. The
armature itself is the generator of the voltage Eb and the
torque Tm.

The differential equations which describe the dynamic behavior
for armature voltage control at constant field are:

For the armature circuit:
dla

E = IaRa + La.--;-ﬁ-+ Eb

Eb =Ke . W

For the mechanical system:

g

gn L+ 11

Tm = Kt . Ia

C. Block Diagram of Motor

The dynamic properties are conventionally shown by means of
a block diagram which shows the relationship of the differential
equations for small amplitudes of the variables. The variables
used are the transforms of the variables in the differential

equations. The block diagram for the motor is shown in Fig. 3.



D. Optimizing System Response

With reference to Fig. 1, the dynamic equation describing

the approximate behavior of an armature-controlled motor is

E = JaRa + La dé: + KeW (1)

which is Kirchhoff's voltage law for the armature loop, neglecting
the voltage drop across the brushes. Ke is the motor torque constant
Ra and La are the armature winding resistance and inductance,
respectively. The mechanical torque is
= g -

Tm = Jm-o+ TL (2)
where Tm is the torque delivered by the motor, TL is the load
constant torque, and Jm is the combined rotational inertia of the
motor armature and the load. Motor friction is neglected.

The electromagnetic torque is

™Tm = Kt . Ia (3)

which expresses the proportionality between torque and armature

current for a separately-excited dc motor.

These equations can be combined and put in state variable form.

dﬁ: = ia (E - IaRa - KeW) (&)
1
-ﬁ“—i— = 57 (KtIa -TL) (5)



These equations have been modeled by means of a FORTRAN

program using a trapezeidal rule of integration and a variety of

system parameters to study their effect on the dynamic response.

These dynamic equations can be analyzed by using the Laplace

transform technique.

(La.s + Ra) Ia(s) = E(s) - Eb(s)

Eb(s) = Ke . W(s)

Kt Ta(s) - TL = Jm « s « W(s)

which implies,

Ta(s) = E(8) - Eb(s)

Las*s + Ra
Eb(s) = Ke + W(s)
W(s) = —i—[Kt Ia(s) - TL]

JmeS

Field

()

La

Figure 1. Representation of DC Motor.

Jm

(6)

(7)

(8)

(9)

(10)

(11)
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Figure 2. Dynamic Equivalent Circuit of Motor.
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Figure 3. Block Diagram of Separately Excited Motor with

Torque Loading from Simul taneous Equations.



CHAPTER III

CHOPPER DC MOTOR SPEED CONTROL

A. Introduction

The flexibility of the dc motor for speed control, its
overload capability, and its reliability make it the dominant
means of providing a controllable source of mechanical rotating
power in industry. The steady-state characteristics of the motor
determine how the motor can be controlled; the dynamic
characteristies determine how the control system must be designed
to obtain the required response.

A chopper is a dc-to-ac converter which produces low frequency
square waves at the chopping frequency (or chopping rate) with an
amplitude proportional to the applied direct voltage. A thyristor
is used to connect and disconnect the motor from the source, that
is, to chop the source voltage. The drive signal for the chopper
may be obtained from a low voltage transformer connected to the
power line, in which case chopping will occur at the power line
frequency (60 Hz in North America). For reasons which are related
to the noise generated by active devices, it is frequently
desirable to use a higher chopping rate (such as 100 to 200 Hz),
and in such cases suitable oscillators must be provided to drive
the chopper. For example, those associated with servo equipment
in aircraft systems use 400 Hz supplies which provide a suitable

chopper drive.



B. Definitions

In order to fully understand what follows, certain definitions
are important. These relate to time segments in chopping.
TAU: "on-pulse” pulsewidth. It represents a source voltage
applied to the dc motor.
Ts "off-pulse”™ pulsewidth. It represents no source voltage
applied to the motor.
TAUl: time of first pulse.
TAU2: chopping rate. It represents the repetition rate of
switch closure.
r: "on-pulse” pulsewidth-to-chopping-rate ratio. It
represents the percentage of supplied voltage the dc

motor receives.

C. Principle of Operation

The principle of operation is that the motor is supplied with
pulses of source voltage whose value is controlled by the ratio of
on-to-period time of the pulses. For example, if the ratio is 0.8,
the motor receives an average of 0.8 E and behaves as though it
were connected to a continuous source of this value. Hence, at
constant torque load, the motor speed will be proportional to the
pulse ratio.

The waveforms for two speeds at the same current and torque
are shown in Fig. 4 and Fig. 5. For slow-speed operation, the pulse
ratio and average motor voltage Em are low. The average current Ia
is determined by the torque requirement. The motor can receive
energy from the source only during the on-time TAU. During this time

the voltage (E - Eb) is applied to the Ra, La armature circuit and
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the current ia increases exponentially. During the off-time, the
current ia decreases exponentially under the voltage -Eb applied

to the same Ra, La circuit. For high-speed operation, since the
current ia falls only a small amount during the off-time T, the
voltage difference (E - Eb) should be small to increase the current
during the on-time TAU. The speed of the motor thus rises to bring
the voltage Eb closed to E.

D. Time Ratio Control

In chopper circuits, the supply voltage is repeatedly
connected to and disconnected from the load by means of a switch.
The output voltage can be controlled by time ratio control, with
the average voltage on the load regulated by varying the repetition
rate of switch closure. In this case, as shown in Fig. 5, the
pulsewidth TAU is constant, and variation of the cycle (1/TAU2) may
result in a transition from a continuous to an intermittent

armature current region.

E. Pulse Width Control

This is well-known as pulsewidth modulation, with the average
voltage on the load regulated by varying the time during each
interval that the switch is closed. In this mode the cycle 1/TAU2
is constant, and the variation of the pulsewidth may result in a
transition from a continuous to an intermittent armature current
region. A maximum TAU2 can be calculated, ensuring current

continuity irrespective of the pulsewidth, but the resulting
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switching frequency is generally too high for convenient practical
application. Consider a load connected to a constant voltage supply
by a switch. If the switch is operated so as to be closed for 50%
of the time, then when it is closed the load will receive the
supply voltage. However, on a time interval of several cycles, the
mean load voltage will only be 50% of the supply voltage. If the
percentage of on-to-period time is varied or "modulated", the mean

load voltage can be correspondingly controlled.

F. 0ff-frequency Control

Since neither of the above modes ensures the continuity of the
armature current, the so called "off-frequency control”, was
proposed by Z. Zabar and A. Alexandrovitz for maintaining armature
current continuity. This method is based on a constant turn-off
time (TAU2 - TAU = constant) for the working thyristor, ensuring
that the exponentially-suppressed armature current does not decay
during this interval. In these circumstances, variation of TAU2
results in variation of TAU, and the average on the load is
regulated by varying the repetition rate of switch opening.

As an additional advantage, the proposed technique permits
TAU/TAU2 = 1, that is,

_TAavz -1 _ . T
TAU2 TAUZ

and T = TAUZ2 - TAU = constant, so that TAUZ2 may be increased to
give T/TAU2&«1; i.e., all of the supply voltage is fed to the

armature, and the motor can be utilized at the rated level.
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CHAPTER IV
COMPUTER PROGRAM

A, Introduction

In the past, analog computer simulations of dc motors have
been conducted. The advantage of using an analog computer is that
the change in the performance of the motor can be investigated
while the motor parameters are being changed continuously on line.
On the other hand, digital computer simulation offers a great deal
of flexibility. The computer can be used for both analysis and
design. Standard FORTRAN or a simulatiﬁn language like the
Continuous System Modeling Program (CSMP) III may be used.

In this paper, the use of CSMP II1I, as shown in Appendix D, is
emphasized. A programmer who understands a simulation program
written in FORTRAN can generally modify it for use with CSMP, but
the reverse is usually not true. Before any dc motor system can be
simulated, some basic information regarding the system and the

simulation procedure is needed.

B. The Mathematical Model of the System

The mathematical model of a dc motor consists of a system of
differential equations which describe the dynamic behavior of the
dc motor system. These are generally first-order differential
equations. It is important that these differential equations
accurately represent the system to be simulated, since the simula-

tion results are only as valid as the model which is used to



generate them. In this case, the dc motor is used in traction
connected to a constant load. Neglecting inertia and friction,

these equations are

dla 1

gl (E - Ia Ra - Ke W) (12)
Eb = Ke « W (13)
a1 _ |
at = Jp (Kt Ia - TL) (1%)

By using the Laplace transform technique, these equations become

Ta(s) = ———— [&(s) - Eb(s)] (15)
Eb(s) = Ke . W(s) (16)
W(s) = Jmfs (Kt 1a(s) - TL] (17)

14

The detailed system block diagram of a separately excited dc motor

with constant torque loading for simulation is shown in Fig. 6.

C. The Numerical Values of the Parameters

It is important that the actual numerical values of all the

parameters of the system be accurately obtained, since the

simulation results will be directly dependent on them. All of the

numerical values should be consistently represented in one system

of units. This will insure proper magnitudes of the variables and
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output quantities. Table 1 shows the units and magnitudes for all

of the dc motor parameters and variables appearing in Egqs. 12

through 17, in the MKS system.

Table 1. Units and Magnitudes for the DC Motor Parameters

and Variables

Variable Units-MKS system Magnitudes
W radians/sec.
Ia Amperes

E, Eb Volts
Ra Ohms 4.98
La Henrys 0.0524
Jm kg-m? 0.0087
TL kg-m 3.0
Ke Volts/radians/sec. 1.212
Kt kg-m/Ampere 0.83

D. The Simulation Program

The actual simulation program can be considered, after all of
the information that is necessary to perform the simulation has
been collected. Figure 7 shows the basic flow chart of a computer
program for simulating a dc motor system. The exact CSMP III
program for the simulation is given in Appendix A.

In order to fully understand the simulation program, an
explanation about the program is necessary. The system parameters
and the initial conditions are first set in the program. With
reference to Appendix B, the combination of two function blocks,

Y = IMPULS (P1,P2) and Y = PULSE (P,X), is used to generate the
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pulses for simulating the chopper output from the system. Pl is

the time of the first pulse, P2 is the interval between pulses, P
is the minimum pulse width, and X must be greater than zero as the
trigger. For example, Fig. 4 represents the chopper output waveform
at low speed motor control and Fig. 5 represents the chopper output
waveform at high speed motor contrel. In this case, P1 is TAUl,

P2 is TAU2, P is TAU, and X is Xl.

The function block Y = REALPL (IC,P,X) simulates a first order
differential equation. IC is the initial value of the variable X,

P is the ratio of La to Ra, and X is the variable of integration.
In this case, IC is zero; the ratio of La to Ra is 0.0105; and X
is YONE.

The function block Y = INTGRL (IC,X) is used to integrate the
dynamic equation of the system. IC is the initial condition and X
is the variable of integration. In this case, IC is zero, and X is
YFIVE.

The SPEED (variable) is obtained by multipling the OQUT
(variable) with a constant coefficient after the successful
completion of each integration step. The information is printed
or plotted according to the output format requirements.

The OUTPUT statement may list up to 55 symbolic names for
scalar output variables or array elements. Each case may, however,
include a number of OUTPUT statements, each of which will produce
a separate output document. Note that the OUTPUT statement is
intended only for real variables. If the value of an integer
variable must be documented, a real variable should be set equal
to the integer variable, and the real variable listed on the

OUTPUT statement.



