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by
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ABSTRACT

This study investigates an adaptive control scheme designed to
maintain accurate motor speed control in spite of high-frequency perio-
dic variations in load torque, load inertia, and motor parameters., The
controller adapts, stores and replays a schedule of torques to bé
delivered at discrete points throughout the periodic load cycle. The
controller also adapts to non-periodic changes in load conditions which
occur over several load cycles and contains inherent integrator control
action to drive speed error to zero. Using computer simulations, the
control method was successfully applied to a 3¢ synchronous motor and a
permanent magnet D.C. motor. The D.C. motor (or A.C. servo-motor)
controller has superior characteristics and this system performance was
compared to P, PI and PID control for two severe load cases -— a
periodic step load and a four-bar linkage 1load. Simulation studies
showed the schedule control method to be stable and in comparison to the
PID controller to have 1) nearly the same speed of response but without
the overshoot found in PID control, 2) nearly the same mean speed
error (= 0), 3) 12-50 times better reduction in speed fluctuation, and
4) the schedule controller gains were much easier to find than PID gains

for this low-order, highly responsive system.
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INTRODUCTION

This study investigates a simple adaptive control scheme which uses
stored waveforms to improve speed control and torque production in a
variety of applications. Though this study addresses several specific
problems the method developed 1is not limited to these situations.

The primary purpose of this study was to develop a practical
adaptive speed controller for applications where the load inertia and
load torque requirements vary periodically as a function of rotor
position. Electric-motor-driven four-bar 1linkages and slider-crank
mechanisms are examples of this type of load. The varying inertia and
torque requirements of these mechanical linkages may cause large, high
frequency, periodic fluctuations in motor speed.

The controller developed here for speed control of the mechanical
linkages above adaptively creates and stores in memory a schedule
representing the torque values the motor must deliver at each rotor
position in the load cycle. Since the load cycle repeats itself this
torque schedule can be replayed as a function of rotor position., The
schedule 1is updated continuously to compensate for slowly varying
parameters in the motor or load. The values in the torque schedule
represent either a voltage or current, depending on the amplifier
design. This controller has the advantage of requiring very little a-
priori information about the load since only speed and position are used
to adapt the schedule.

The results of this work suggests other applications for adaptive
torque scheduling. Some of the possible applications are discussed in

the Recommendations.



This study has two parts. Chapter 1 examines torque schedule
control of a three-phase permanent magnet synchronous motor whose torque
angle, 6, is not inherently fixed by controller action. The torque
angle, §, is the angle between the stator magnetic axis and the rotor
magnetic axis and is 1ideally equal to 90°. The work in Chapter 1
suggests motor control would be much simplier 1f 6 1s fixed at 90° by
the controller, The controller design can easily be modified to
accommodate this change and the result is a simpler implementation of
torque angle control than is currently in the literature [l1]. Fixing

8 essentially transforms the three-phase synchronous motor into a
brushless AC servo motor. The results of Chapter 2, which examine
torque schedule control of a permanent magnet d.c. motor, also apply to
the three-phase AC servo motor. Conclusions and recommendations follow

in Chapter 3.



LITERATURE REVIEW

There are a great number of control strategies available for motor
speed control. Probably the most popular methods for d.c. motor control
are the linear classical control methods which use some combination of
proportional (P), integral (I) or derivative (D) control or derivative
feedback. These same principles are often used in control systems which
are not linear. The low cost and high efficiency of solid-state
switching devices have 1led to the popularity of non-linear motor
controllers and motor drives. Chopper drives using pulse frequency and
pulse width modulation (PWM) and half-wave and full-wave thyristor
drives are popular for d.c. motor applications. Square wave, PWM, and
other inverter configurations are used in brushless d.c. and synchronous
motor applications. Non-linear motor controllers (excluding adaptive
techniques) commonly use on-off feedback (with or without a deadband) or
error-squared feedback.

Pfaff [1], for example, uses several new techniques in controlling
a brushless AC servo drive. A coordinate transformation combined with
rotor position information is used to construct the stator flux ninety
electrical degrees ahead of the rotor flux at all times - effectively
fixing the torque delta, §. The coordinate transformation matrix is
implemented with summing amplifiers and stored sine and cosine
functious. This logic generates the desired current 1level for each
phase winding as a function of rotor position. Pfaff used a new
technique for controlling the voltage source inverter which drives the
windings. The current level in each winding is maintained within a

deadband region around the reference value using on~off control. This



technique effectively minimizes the switching rate needed (at any given
operating point) for constructing a sinusoidal approximation by PWM.
(PWM typically uses a fixed switching rate with a variable duty-cycle to
approximate the sinusoidal waveform.) The AC servo had two other loops
also, an analog P.I. loop measuring speed for speed control and a
digital P feedback loop ‘for position control.

Linear state feedback may be used for pole placement if the system
(the A matrix) is well known and 1is essentially time invariant. The
load cases of interest here, however, have widely varying parameters and
load conditions and preclude the use of such methods.

Adaptive control, depending on the method, offers some relief. A
relatively simple scheme described by Mounfield [2] uses signal
synthesis to alter the dynamic characteristics (damping ratio, natural
frequency) of any system which can be approximated as second-order. The
adaptation rates of this method are too slow for load conditions which
vary at twice the motor speed. Carlson [3] studied several adaptive
control schemes as applied to controlling the input link speed of a
four-bar linkage. Carlson was able to reduce the speed fluctuations to
less than %27 using perturbation adaptive control [3]. This method
models the 1linkage kinematic influence-coefficients, calculates the
required torque at each point in the load cycle and delivers the
calculated torque. This torque is only an approximation to the actual
torque requirement (depending on the accuracy of the model) and the
error or perturbation is controlled by a secondary controller. This
method requires knowledge of the linkage and is somewhat calculation

intensive.



Carlson also simulated a non-~linear adaptive control scheme that
was not mechanism dependent. This control scheme utilized a generalized
linkage model to estimate torque and inertia. The coefficients of this
generalized model were found by a least squares estimator, Carlson
concluded that this approach still requires some modification to obtain
an acceptable transient response.

An alternative to the solution of kinematic equations for manipu-
lator control has been suggested by Albus [4]. Albus proposes an
adaptive system - Cerebellar Model Articulation Controller or CMAC,
which computes control functions by referring to a table. System
reference commands and feedback signals are used to address a memory
location where the control functions are stored. The control functions
are created by one of several iterative training procedures. The torque
schedule controller proposed here 1is much simpler, but operates in a
similar manner.

Many of the control methods discussed here are obviously not suit-
able for driving high frequency periodic loads with changing parame-
ters, Others could do the job perhaps but are difficult to implement.
This work compares the performance of the three 1linear classical
combinations of P, PI, and PID control with the simple torque scheduling

controller.



1.0  SYNCHRONOUS MOTOR CONTROL

Introduction

The purpose of this chapter is to present a new method for speed
control of three-phase synchronous motors. A permanent magnet rotor
machine 1s used to describe the method but the method could be applied
to wound rotor machines was well.

A preview of each section of this chapter is given below. These
give an overview of the material to be presented and allow the more
knowledgeable reader to skip over some of the sectioms.

1.1 Synchronous Motor Operation =~ explains synchronous motor
fundamentals and develops concepts and vocabulary used in later
sections. The main points of this section are summarized for quick
review on p. 17,

1.2 Balanced Current Motor Model —- contains the derivation of the
equations which relate the electrical terminal variables, current
amplitude and frequency, to the motor shaft torque and speed. The
equations developed here provide the basis for the model used in the
computer simulation.

1.3 Overview of Control Strategies - describes in the most general
sense what must be done to control speed and torque of the three phase
synchronous motor.

1.4 Overview of Synchronous Motor Drives - describes in a general
way the manner in which speed control is now accomplished in three phase

synchrouous motors.

1.5 Torque Scheduling Controller — describes a new method of speed



and torque control which can accomodate the high frequency periodic
loads discussed in the literature review.

1.6 Performance Evaluation and Discussion - presents the results
of simulation studies which compare the performance of the torque
scheduling controller to the most common synchronous motor configura-

tion. Four-bar linkage and viscous damping loads are considered here.

1.1 Synchronous Motor Operation

In this section, synchronous motor operation is explained for the
simplest 3-phase machine. A schematic drawing of this motor is shown in
Fig. 1-1. The armature windings for each phase (A, B and C) are shown
as discrete bundles of conductors housed in the stator slots. The rotor
1s a simple 2-pole permanent magnet with a single magnetic axis as shown
in Fig. 1-1.

Figure 1-2 shows how a current loop can generate a magnetic flux
whose polarity is given by a right-hand rule. 1If the fingers of the
right hand curl in the direction of curreant flow around the coil, then
the thumb will be pointing in the direction of flux flow from south to
north on the interior of the coil.

Figure 1-3a shows in better detail how one phase winding of the
motor forms a current loop. The phase winding generates a flux as shown
in Fig. 1-3b. The polarity of the flux depends on the direction of the
current flowing in the windings, also shown in Fig. 1-3b.

If a permanent magnet rotor is placed in the stator of Fig. 1-3a
(see also Fig. 1-4a), the rotor magnetic axis will tend to align with

the phase A magnetic axis as shown in Fig. 1-4b. The rotor experiences
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Fig, 1=2 Diagram of the magnetic field through and around a single
loop of wire carrying an electric current.
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Stator
(rotor has been
removed )

Phase A winding

Fig, 1=3a Current loop formed by a single phase winding,

N S
N

Y

S N

Fig, 1=3b End view showing change of flux polarity when current
direction is reversed., Figure 1-3b (left) corresponds
to Fig, 1-3a,
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A Stator magnetic axis
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Fig. 1-4 Diagram of rotor alignment with phase A flux,
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an alignment torque given by

T =F sin(8)

where F 1s a measure of the rotor and stator magnetic field strength
and § is the angle between the rotor and stator magnetic axes., The
maximum value of alignment torque occurs when § equals 90° and sin($§)
equals one (see Fig. l-4c).

By adding two more windings, B and C, two more magnetic axes are
added to the stator. The three phase windings and their respective
magnetic axes are shown in Fig. 1-5.

If current is driven through successive phase windings, then the
rotor will "step"” around to align with successive magnetic axes, which
are 60° apart as shown in Fig., 1-6. The rotor will align on each phase
axis twice during each revolution of the rotor. Note that the current
through a winding must be reversed when the rotor approaches the axis
for the second time in that revolution. If the current and hence
polarity of the magnetic flux 1s not reversed, the rotor will be
repulsed rather than attracted to the axis.

If the rotor is stepped around by switching the phase currents in a
square wave fashion, the motor torque and speed will be irregular. To
smooth the torque production, each winding is driven with a sinusoidal
current. The three current waveforms, which are identical and 120° out
of phase from each other, are plotted against the electrical
angle (wét) in Fig 1-7. This plot allows us to find the value of the

current in any phase winding at any point in time. The magnetic flux



13

Axis of
phase a

Fig, 1=5 Phase windings and their respective magnetic axes.
Adapted from Fitzgerald [5], p. 146.
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(5) e, =4u/3 (6) oy =51/3

Fig, 1=6 Rotor is stepped around by driving current through
successive phase windings, Current is reversed on the
second aligmment with a particular axis,
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Fig., 1=7 Instantaneous phase currents plotted against w_t (top)
and the rotating field they produce., Adapted from
Fitzgerald [5], p. 149.
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produced by a given phase winding is proportional to the curreant in that
phase. The flux can be visualized as a vector along that particular
phase axis. The length and polarity of the flux vector is determined by
the amplitude and direction of the current flowing in the winding.
Figure 1-7a shows the summation of the three flux vectors F,, Fy, and F,
which are generated by the instantaneous currents i , iy, 1, in the
windings at wet = 0 (see top of Fig. 1-7). Note that the current in the
phase A winding is at the maximum positive value - which corresponds to

the maximum flux vector, F in the direction shown. Figures 1-7a,b

max?
show flux vector summations for wt = n/3 and 27/3, respectively.

The net flux vector formed from the vector sum of the individual
phase vectors 1is called the net stator flux vector.

It can be shown that the net stator flux vector has a coanstant
length or amplitude so long as the three sinusoidal stator currents have
fixed and equal amplitudes. It can also be shown that the net stator
flux vector rotates at the same rate as the electrical angle met. This
can be seen in Fig 1-7 where a 60° step in the direction of the net
stator flux vector corresponds to a m/3 change in met. This is the case
for the 2-pole motor; the net stator flux vector rotates at the same
frequency as the driving currents.

In other words, driving the stator windings with the currents
described results in a rotating magnetic flux in the interior of the
stator. The flux intensity is proportional (up to a point) to the
amplitude of the sinusoidal stator currents and the flux rotates at the
same frequency as the sinusoidal stator currents.

When the rotor is placed in the rotating flux, it will tend to
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align its magnetic axis with the rotating net stator flux vector. Of
course, the rotor must turn to maintain alignment. If no torque is
applied to the shaft (i.e., no load and no friction), then the rotor
flux vector will align exactly with the rotating stator flux vector and
the rotor 1s said to be turning at synchronous speed with torque
angle & equal to zero. If the load torque on the shaft 1is increased,
the angle § between the net stator flux vector and rotor flux vector (or
magnetic axes of each) increases until the alignment torque balances the
load torque. If the load torque varies periodically, then § will change
periodically as will the instantaneous motor speed. The average speed
of the motor however, will still be the synchronous speed.

Several of the concepts developed in this section are most
important in later discussions. These are:

1. The rotor magnetic flux is generated by permanent magnets and
is therefore a fixed quantity.

2. The net stator flux 1is generated by three equal amplitude
sinusoidal currents in the stator windings.

3. The net stator flux can be visualized as a vector which rotates
at the electrical frequency of the phase currents and whose
amplitude 1s proportional to the amplitude of the phase
currents,

4, The rotating net stator flux pulls the rotor at synchronous
speed (same as electrical frequency) with a shaft torque
proportional to sin($) where 6 1s the angle between the stator
flux vector and the rotor flux vector.

5. The average speed of the motor 1is determined solely by the



18

frequency of the driving currents.
6. Motor torque output is a function of torque angle ¢ and the
amplitude of the stator currents. Motor torque is independent

of motor speed.

1.2 Balanced Current Motor Model

The simplest mathematical model that preserves synchronous motor
torque production dynamics assumes that the stator windings are driven
with balanced (equal amplitude) sinusoidal currents, This approach
ignores the inductance of the stator windings and assumes that the
driving amplifier can achieve the voltage waveforms needed to create the
winding currents given below. (A method for creating these waveforms is

given in a later section.)

1a =1 cos(wet) (1-1)
1b = I8 cos(wet + 2w/3) (1-2)
ic = Is cos(wet - 27/3) (1-3)

Following the usual convention, the lowercase "1's" represent the
instantaneous current in each of the phase windings (A, B, and C). The
upper case "I " is the amplitude of the current waveforms and must be
the same for each phase though I 1is not necessarily a constant
{tself. It can be shown by setting t = 0 in Eqs. (1-1,2,3) that the net
stator flux vector initially lies along the phase A magnetic axis. This
position will be considered the reference point from which rotation of

the net stator flux vector 1is measured. The angle of rotation of the
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net stator flux vector is also called the electrical phase angle ee.

ee equals zero when the net stator flux vector is aligned with the
phase A magnetic axis. Since ee = wet, it will be convenient later on
to find ee from the method used to generate the phase A current
waveform, given by Eq. (l1-1). The electrical angle 6, is needed in the
control algorithm.

As stated earlier, the three stator currents produce a rotating
magnetic field on the interior of the stator. The field direction and
intensity 1is conveniently represented by the net stator flux vector.
The net stator flux vector has a constant length for a given current
amplitude and rotates at synchronous speed. The rotor is pulled around
by the rotating field at this same speed. The load torque on the shaft
determines the angle § between the stator flux vector and the rotor flux
vector., The maximum torque available for a given current level (Is) is
achieved when the rotor flux vector lags the net stator flux vector by
90°, The maximum torque output of the motor 1s achieved when

6 = 90° and Ig 1s large enough to cause total magnetic saturatiom.
Total magnetic saturation means that further increases in stator current
will not Increase the amplitude of the net stator flux vector or
increase the torque output. Saturation effects less severe than total
saturation do not effect the operation of the controller and are
ignored.

Fitzgerald's [5] derivation for torque production in a synchronous

motor is based on a conservation of energy relation:
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Net Energy in = Energy Stored in + Mechanical
(excluding 12R losses) the Magnetic Field Energy Out

This derivation ignores energy losses from flux leakage and iron
reluctance. Neglecting 1iron reluctance is a good approximation for
permanent magnet motors since the air-gap reluctance 1is very large.
(The reluctance of the new high flux density magnets is about the same
as alr - which doubles or triples the effective air gap.) It is assumed
here that flux leakage 1losses do not significantly change the
synchronous motor torque production characteristics.

Fitzgerald derives the equation below:

Ten ™ Ze4 x4 %L *slaz e (1-4)
Tgen a torque output from one phase of the motor
P = number of poles on the rotor
I = current in one phase winding of the stator
(proportional to stator flux vector)
ir = current in the rotor (proportional to rotor

flux vector)

mutual inductance between rotor and stator as a

L _sin P/2 6
sr m
function of em.
8 = mechanical displacement of the rotor in

radians. See Fig., 1-6,
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This equation is simplified by setting P = 2 and lumping 1. and Lg,
into a single term Kyp. 1Ly, is a constant for any given motor and i,
must also be constant since it 1is proportional to the rotor flux which
1s constant (being generated by a permanent magnet).

The torques on the rotor arising from each phase are given by:

TA = KT ia sin(em) (1-5)
TB = KT ib sin(eln + 21/3) (1-6)
TC = KT 1c sin(em - 27/3) (1-7)

where 1,, 1, 1, are given in Eqs. (1-1,2,3). The total magnetic torque

on the rotor is therefore:

Trorar = Ta + T + T¢ (1-8)

1.3 Overview of Control Strategies

Given the torque equations just developed and the previous descrip-
tion of synchronous motor fundamentals, it 1s possible to describe the
conditions necessary for speed control, It 1is helpful to visualize
motor operation in terms of a revolving stator flux which pulls the
rotor flux vector with a torque output that is dependent on (1) the
length of the stator flux vector (or stator current I ) and (2) the
angle § between the two flux vectors. Perfect speed control has been
accomplished when the rotor (also rotor flux vector) turns at exactly

the desired speed. In order for the rotor to turn at a constant speed,
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the motor torque must always equal the load torque. Under these
conditions, the net acceleration of the rotor is zero.

Several methods are possible for regulating the torque output of
the motor. All of the methods involve varying the length of the stator
flux vector or changing the torque angle § or some combination of the
two. Though stator flux magnitude can be varied only by altering the
stator current I, the torque angle § can be changed several different
ways. These will be discussed next.

Synchronous motors frequently don't have a speed controller but are
driven directly from AC line voltage. Stator flux magnitude and speed
of rotation are fixed by the line voltage and frequency. In this
case, 6 1s determined entirely by the load torque on the rotor. A large
load torque tends to slow the rotor and increase § until the alignment
torque equals the load torque, If the load torque gets smaller, the
rotor tends to accelerate to make § smaller and balance the torques.
When 6 is changed by a variation in the load torque, the rotor will
experience a speed transient while 1t 1is "hunting” for the new
equilibrium value of §. The magnitude of the transient speed
fluctuation depends on the total inertia of the motor/load system and
the amount of damping in the system,

At this point, it is possible to see that varying the stator
current I, can also effect 8. For example, 1if the load torque is
constant and I, is increased, then the stator flux vector gets longer or
equivalently the stator flux field 1s stronger which pulls the rotor
into closer alignment thereby decreasing §. This may be a very slow

method of varying & if system inertia is high., It takes time for the
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rotor to accelerate to the new value of §.

A third and faster way to change § is to electrically move the
stator flux vector with respect to the rotor flux vector. The stator
flux vector can be accelerated by varying the frequency of the stator
currents., For example, 1increasing the frequency of the stator
sinusoidal currents will cause the stator flux vector to accelerate up
to the higher speed. As the stator flux vector begins to move away from
the rotor flux vector, § is increased. The frequency must be stepped
back to its original value to prevent overspeeding the rotor., This
method will be referred to as frequency control.

Generally speaking, torque regulation and speed control can be
accomplished using one or some combination of the methods discussed.

§ could also be regulated by varying the stator current amplitude
alone. For example, given a constant load torque, the current amplitude
I could be adjusted to achieve any desired steady-state value of §
between 0 and /2. The minimum value of I; possible corresponds to
§ = %/2. (It is desirable to operate near the minimum value of current
if possible so as to reduce heating losses.) Given that the desired
value of § has been established, it can be maintained during a 1load
transient 1if I is varied to meet the changing load. Note that
frequency control 1s not used here., The sinusoidal currents are being
supplied at the desired frequency and only the waveform amplitude I is
being varied to maintain § and meet the load torque requirements.

To summarize, only the stator current frequency and amplitude can
be wvaried to achieve speed control of the permanent magnet type

synchronous motor. Rotor speed 1is generally dependent on turning the
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stator flux vector at the desired speed though not necessarily at all
times as in the case of frequency control. Rotor torque may be varied
by controlling § using frequency control, current amplitude, or the load
itself. Torque also varies with stator current If the torque angle § is
held fixed. In most applications, § is controlled by the load. This

method is inadequate for the high frequency loads of interest here,
1.4 Overview of Synchronous Motor Drives

This section 1is 1intended to give an overview of the methods
presently used to drive three phase synchronous motors. Motor drives
are distinguished from motor controllers in that motor drives provide
the voltage or current waveforms for driving the motor windings while
the controller dictates the frequency and amplitude of those waveforms.,

Ideally, the three-phase synchronous motor drive would provide
three sinusoidal waveforms 120° out of phase at any frequency and
amplitude desired. 1In actual practice, the motor drive outputs are not
sinusoidal and different motor drives use different sinusoidal approxi-
mations. Four general types of motor drives will be briefly
discussed: voltage—~fed inverters, current-fed inverters, cycloconver-
ters, and stored waveform drives. Emphasis will be on the stored
waveform drive since this 1s the type used later 1in the computer
simulation.

Voltage-fed inverters create approximations of sinusoidal voltage
waveforms by switching silicon controlled rectifiers. Waveforms for two
common methods of approximation are shown in Fig. 1-8a,b,

Current-fed 1inverters also use silicon controlled rectifiers. A
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Fig, 1=8a Phase A voltage, three - phase bridge inverter
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Fig. 1=8b Phase A voltage. Sinusoidal approximation by the

pulse - modulation method.
Pe223.

Adapted from Dewan [6],
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waveform generated by a current-fed inverter drive is shown in Fig. 1-
9a.

The cycloconverter creates lower frequency sinusoidal approxima-
tions by "piecing together"” portions of three-phase line voltage as
shown in Fig. 1-9b. Filtering 1is used to remove some of the high
frequency components.

The stored waveform drive produces a very close approximation to
sinusoidal waveforms. In this method, one cycle of a sinusoidal
waveform is stored in memory for each of the phase windings. The stored
waveforms, which are shown in Fig. 1-10, are phase shifted 120° as
required by the motor. The waveforms are replayed from memory and
amplified to drive the motor windings. The amplitude can be varied by
multiplying the stored value by a gain before amplification. This
method will be referred to as "scaling"” the amplitude of the sinusoidal
waveform. The frequency of the waveforms can be varied by altering the
frequency of the clock used to latch the values out of memory. Note

that ee, the angle of the stator flux vector equals 6 the angle of the

A?
phase A waveform being replayed from memory. (See Fig. 1-10.) eA (and
hence ee) is known to some accuracy depending on the number of values
stored in memory for the phase A waveform. For example, if the phase A
waveform were stored in 64 discrete values then ee would be known to an
accuracy of one part in 64,

This motor drive can deliver either voltage or current waveforms
proportional to the stored waveform depending on the type of amplifier

used. This motor drive is more expensive but does have the advantage of

very smooth torque production and 1less I2R 1losses associated with



Fig, 1=9a Three phase current source inverter waveforms,
Adapted from Dewan [6], p.264.
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Fig. 1=9b Cycloconverter output waveforms (1) unfiltered
output voltage (2) output current, Adapted from
Dewan [6], p.327.
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current square waves. It has other advantages, which will be discussed
later,

It is 1important to note again that the motor drive circuit is
separate from the motor controller 1logic. For the 1inverter drives
discussed, the motor controller would determine the timing of the SCR
gating signals (i.e., frequency) and the amplitude of the voltage or
current fed to the switching network. Likewise, a controller for the
stored waveform drive would scale the waveform amplitude and control
clock speed for frequency control.

Many different control circuits or algorithms are in use. The
literature indicates that the control schemes are typically concerned
with coutrolling frequency, power factor correction, maintaining
synchronization by 1limiting the rate of change of frequency, and
occasionally some simple control over the angle §. 1In some AC servo
applications § is held fixed so that motor dynamics are very similar to
a d.c. motor (see Chapter 2). In most cases, the controller provides
the proper amplitude and frequency waveform for power factor and speed
control; & is determined by the load as discussed earlier. For many
applications, the speed transients associated with a varying load are
small or slowly changing and the pr;sent control methods are adequate.

High frequency periodic loads however, tend to drive the motor into
large periodic speed fluctuations; 1i.e., a condition of continual
"hunting” for equilibrium. Present control methods are not adequate for

this type of 1load.
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1.5 Adaptive Torque Scheduling Controller

This section describes a new method of adaptive speed control as
applied to a three-phase permanent magnet syanchronous motor, This
method extends very accurate speed control to four-bar linkages, slider
cranks and other applications where the load torque has high frequency
periodic components and to varlations in motor parameters, mild satura-
tion effects and thermal effects. This method also adapts to non-
periodic slowly varying load components., This section 1s divided into
three parts, the first part describes how the torque schedule controls
the motor, the second part describes how the torque schedule is adapted
and the third part describes how the schedule may be adapted further to
control the torque angle and compensate for slowly varying non-periodic

loads.

The Torque Schedule Method

As stated earlier, the controller takes advantage of the fact that
the high frequency components of the 1load torque are periodic.
Essentially, the controller creates in memory a schedule of the load
torque requirements over one cycle (load cycle) of the lowest frequency
periodic load component. For example, a compressor torque load may be
approximated by a Fourier series expressing the load torque in terms of

rotor position which contains about four or five terms as shown below.
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T=T +T sin(em + ¢1) + T, sin(ZBm + ¢2) + T, sin(3em + ¢3)

1

+ T, sin(48_ + ¢,) ...
4 m o (1-9)

The fundamental is the the lowest frequency term and corresponds to one
revolution of the compressor drive shaft. The torque schedule must be
long enough to store values for this fundamental period. All higher
frequency components will then be stored also. The torque schedule must
also contain an "offset” term which corresponds to the constant or
slowly varying term T, in Eq. (1-9). A block diagram of the controller,
motor and load is shown in Fig. 1-11.

The torque schedule controller considered here drives the stator
windings to control the motor speed and torque. The current waveforms

output by the controller are:

ia = Is(em) cos(wet) (1-10)
ib = Is(em) cos(wet + 2%/3) (1-11)
ic = Is(em) cos(wet - 2n/3) (1-12)

These relatively smooth current waveforms are generated using the stored
waveform motor drive discussed in Section 1.4, These waveforms allow

smooth torque production and accurate speed control down to very low

speeds., Figure 1-11 shows how the stored sinusoids for each phase are
multiplied by Is(em) before amplification. A value of Is(em) which
corresponds to each point in the load cycle 1s stored in the torque

schedule. In this case, the torque schedule doesn't store torque per se

but actually contains values of current which are proportional to torque
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if § is fixed. Note that varying Is(em) changes only the length of the
net stator flux vector. The speed of rotation of the net stator flux
vector 1is fixed by the frequency W o Recall that Wo is controlled by
varying the frequency of the clock used to latch the stored waveforms
out of memory.

The most important point here 1is that iﬁ_ls(em) can be adapted to
match the load torque requirements, then the net acceleration on the
rotor will be zero. The rotor will be pulled at the synchronous speed
by the net stator flux vector and the angle § between them will be
constant., Only the length of the net stator flux vector will be varied

to meet the changing torque requirements.
Adapting the Torque Schedule

This section describes a method for adapting a schedule of Is(em)
values to meet the periodic load torque requirements.

The length of the schedule to be created depends on the load. It
is assumed here for convenience that one load cycle occurs over one
revolution of the motor. In general, the schedule must match the load
cycle regardless of the motor revolutions necessary to drive the load
through one complete cycle.

Adapting the torque schedule requires rotor position and speed
information. In this case, it is assumed that the rotor {s fitted with
a 100 increment position encoder and that speed is available in digital
form., The encoder must also have a separate index signal which marks
the beginning of each revolution.

The encoder divides a motor revolution 1into 100 increments of
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0.06283 (27/100) radians each. For each increment, there is a corres-
ponding current value, Is(i), in the torque schedule used by the stored
waveform motor drive to generate the instantaneous currents given in
Eqs. (1-10,11,12). In this way, the currents in the stator are weighted
at each Increment in the revolution by a distinct value stored in
memory.

The stored current values can be adapted using the equation below.
I (1) = I,(1) [1 - Ky * (Sg - S4_¢)] (1-13)

where Is(i) = 1th value of current in memory, discrete

equivalent of Is(e).

i = ith increment, 1 < { < N = 100 here.

Ky = gdaptation or schedule gain.

Sy = Speed sampled at the end of the ith
increment. (See Fig. 1-12.)

Sg-;y = Speed sampled at the beginning of the gth

increment. (See Fig. 1-12.)

Figure 1-12 shows how the increments are labeled and where the
speed terms in Eq. (1-13) are sampled.

Equation (1-13) is evaluated at the completion of each increment,
when S; has been sampled. The modified value of I,(1) is then returned
to memory for use during this increment in the next load cycle. The

index signal from the encoder marks the start of the next revolution so

that the controller can replay the schedule from the beginning.
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increments

1 =1->1Is(1
i1 =2-—>Is

\ etc,

2

ASi = 54 = S4.1

QA Sy = The change in speed over
the 1th increment.

Fig, 1=12 Diagram of one load cycle., Method of labeling incre-
ments and speed sampling points shown,
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The values of Is(i) in the schedule before it adapts must be chosen
by the user. The initial values of I (1) can be any constant that is
large enough to drive the load open-loop. The controller will replay
the constant initial value and drive the motor open-loop, until Eq. (1=~
13) is implemented. With this initial value of I (1), the motor should
attain average synchronous speed with steady-state periodic speed
fluctuation (if the load has periodic torque components). It will be
shown next that as the torque schedule adapts, motor speed will approach
a constant (synchronous speed) and § will approach some constant value
between 0 and /2,

The manner in which the torque schedule controls speed and torque
angle § can be seen by considering a simple example. Given that the
rotor 1s loaded with a sinusoldally varying torque, the rotor speed will
fluctuate at the load frequency as shown in Fig. 1-13.

By examining eq. 1-13 it can be seen that the largest adaptive
control action is taken when the difference In speed over an increment,
Sy = S4-1s is maximum. It is apparent from Fig. 1-13 that the largest
control action 1is taken in the increment where motor speed slope 1is
maximum (increment #1 in Fig. 1-13). Note also that almost no control
action is taken over increment #2 in Fig. 1-13 since Sy = S4-1 is nearly

Zero.

Increment #1 can be examined more closely in Fig. 1-14 where the
change in velocity 1s shown to be linear. The constant net torque that
produced this change in speed is shown in Fig. 1-14. Since Sy = S4-q 1s

large in this increment, a large control action will be taken to reduce

the net torque. (In this example, I (1) is increased to counter the



37

*esuodsex peeds Suppuodsexroo Y3TA enbioy peol Teprosnuys jJo 1014

cEl

(ces) euyy,

AED

B2'@

ac'e

+Z'ld

cc’ia

@

ca

49

59

89

aL

cL

(s/vex) - peedg xozol

CT-1 *314
~—— D@+~
|
[~ |
|
——ane- m
o
B
i
- 5
—1—04d@c m
&
-
—— R+



l \?l

Torque imbalance /
7

1

i-1

N\

Fig.,1=14a Torque imbalance with corresponding AS,
th . +
for the i increment,

o
N

i

1/ 7 [ 7 A
i=1 i

Pig,1=14b Torque imbalance and A\S. reduced by lowering
motor current in this inéremen o



39

load torque.) Reducing the net torque reduces the change in speed over
the increment. Therefore, Eq. (1-13) adjusts the current in every
increment to reduce the slope or rate of change of speed (if it is non-
zero). The net effect of reducing the slope 1is that the sinusoidal
variations in speed and § collapse onto their respective mean values.,
Equation (1-13) does not affect the synchronous speed or the mean value
of §. Equation (1-13) acts only to reduce changes iIn speed and

hence § is fixed in the process.

Controlling the Steady-State Value of §

This section describes how the torque schedule can be further
adapted to control the steady-state torque angle § and compensate for
slowly-varying non-periodic loads.

Recall that & is the angle between the rotating stator flux vector

and the rotor magnetic axis:

§ =06 -8
e m
where ee = the electrical angle of the net stator flux
vector - found as described on pages 18,19.
em = mechanical or rotor angle as measured by the

position encoder.

The relationship between rotor and stator flux 1is analogous to a
nonlinear spring-mass system., The rotating stator flux pulls the rotor

mass via a magnetic spring. The spring stiffness or spring coustant
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corresponds to field intensity (i.e., I. or net stator flux vector

s
length). From the mechanical engineers perspective, controlling § is
achieved by varying the "spring constant” or stiffness of the magnetic
field to maintain the rotor in its desired position relative to the
stator regardless of the load placed on the rotor. The desired position
(or angle §) is 6 = 7/2 since maximum torque is achieved using the
minimum current (or minimum spring constant). It 1s essential
that § not exceed /2 since this corresponds to "breaking the spring" or
loss of synchronization.

The purpose here 1s to maintain some explicit control over § to
help maintain synchronization, minimize current consumption, and prevent

§ from drifting due to slowly-varying non-periodic loads.

The steady-state value of § is proportional to the average value of
current stored in the schedule. Increasing the mean level of current
decreases §. Decreasing the mean level of current increases 8. Care
must be taken that the control action for correcting the steady-state
value of § does not inhibit the control action of Eq. (1-13), which
regulates the instantaneous value of §. For example, there may be some
increment in the cycle which, because of the load, requires more current
but at the same time the instantaneous value of & may be too small which
indicates the current must be reduced. The net effect may be to reduce
the current and cause the net acceleration over the increment to
increase rather than decrease. This can be eliminated several different
ways.,

One way is to implement Eq. (1-13) until § converges on some steady

value and then implement a second stage of control which then varies the
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mean level of the schedule already adapted.

Another method, the one used here, 18 to average § over each load
cycle and alter the mean value of the schedule based on this average
value of 8. This allows § to be controlled once per motor revolution
without affecting the coantrol action of Eq. (1-13). The modified

equation for adapting the torque schedule is given below.

I(1) = I (1) [1 - Rl * (Sg - Sg_1)] + Igppggr (1-14)
where IOFFSET = = K2 * AVGDE (1"15)
N
z (ai - desired §)
{=]
AVGDE N
N = number of times § is sampled per load cycle

Note that AVGDE {s the average error in § over one load cycle based
on N measurements of § over the load cycle.

In summary, the torque schedule adaptation equation has two
parts. The first term, corresponding to Eq. (1-13) 1is used to eliminate
high frequency fluctuations 1in speed and § and contains no explicit
control of the steady-state value of 6, The second term, IoprseTs 18
used to adjust the mean of the current values stored in memory to
control the steady-state value of § and compensate for slowly-varying

non—-periodic changes in the load torque.
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1.6 Performance Evaluation-Discussion

In this section, the performance of the torque schedule controller
as applied to a three-phase synchronous motor is evaluated. The motor,
controller and load were simulated using a fixed step, fourth-order,
Runga-Kutta iIntegration routine. A commented version of the simulation
program may be found in the Appendix.

Two load cases will be examined to compare the performance of the
torque schedule controlled motor with a synchronous motor driven open-

loop (where § is determined by the load).
Load Case I - Viscous Damping

Load Case I 1is a viscous damping load which contains no high
frequency components, This type of load is easily driven at synchronous
speed and constant § by either motor configuration. The open-loop motor
can only drive this load at § = 0,8 with a stator current of 10A. The
schedule values of the controlled motor however, are modified (reduced)
once per revolution by the IL,ppgpr term to reduce current and increase

§. The first step reduction in current can be seen at t = 0.3 sec. in
Fig. 1-15. This step change in current produces the "hunting"” transient
discussed earlier. The schedule adapts to damp out these transients.
The net effect 1s a reasonably smooth transition from § = 0,73 to

6 =1.25 and from I, = 10 A to I = 7 A.

Figure 1-16 shows the system response when the Iorrser 8ain K2 is

increased from K2 0.7 to K2 = 1,0, Overshoot and settling time have

increased as might be expected.

The control action of the IoprgerT term 1s essentially that of an
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error integrator. Gain K2 regulates the rate of integration. Uunfor-
tunately, the optimum value of K2 is a function of §. It can be shown
that when & 1s small, AG/AIs is small. When § is 1large, A<S/AIs is
large. For example, if K2 is chosen too large then the rate of integra-
tion will be adequate until § gets large and then the rate of integra-
tion will be much too great; resulting in overshoot and perhaps loss of
synchronization., If K2 1s chosen small enough to ensure small overshoot

then controller response is slow initially.
Load Case II - Four-bar Linkage

Load Case II 1is a four—-bar 1linkage. The periodically varying
torque requirements and Iinertia are calculated from an influence
coefficient model used by S. Carlson [3]. The dominant features of the
load are the centrifugal force term which is proportional to motor speed
squared and varies at twice the fundamental frequency and the load
torque variations from very large positive values to large negative
values in each motor revolutiom. A plot of the theoretical torque
requirements plus a 200 in-oz (1.41 N-m) friction load are plotted in
Fig. 1-17. (A breakdown of the components of the four-bar linkage load
is given in Table 1, Chapter 2.)

In this load case, the individual stored increment values and the
IoFFSET term simultaneously reduce the periodic speed fluctuations and
drive the torque angle § to 1.25 radians.

Speed and § for the open loop motor are shown 1in Figs. 1-18,19.
The steady state speed error is +67 and the mean value of § is 0.87

radians with appoximately +0.07 rad. fluctuation.
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Figure 1-20 shows the speed response while the schedule 1is
adapting. The schedule currents were able to reduce the periodic speed
error to .01% after 8 adaptation cycles. Speed transients from control-~
ling § with Ioppser are less than 0.06%7 at t = 3 secs. Figure 1-21
shows the response of § over the same time period. Figure 1-22 shows
the progression of the schedule as 1t adapts. Figure 1-23 shows a
close-up of the adapted schedule. Note the similarity between Fig. 1-17
and Fig. 1-23,

The torque scheduling controller and current amplifier deliver a
current for each 1increment of the 1load cycle. This arrangement 1{is
simpler than the voltage schedule (which is examined in the D.C. motor
chapter) because here the torque is modified only within the desired
increment; i.e., there 13 no current lag or "overflow™ into the next
increment. Therefore, selecting the number of increments per cycle
(NPC) 1is less critical. If NPC is relatively large (greater than 100
for this case), the adaptation rates for each increment are slowed,
assuming K1 is fixed, since the change in speed (ASi) is smaller.

Quantization error in the measured speed and in the schedule of
stored values was reflected in the speed accuracy obtalinable., Cases
were run for schedules with 8-bit storage corresponding to a *15A range
(30/256 = 0.1172 A/step resolution) and for 12-bit storage for a *15A
range (30/2048 = 0.0146 A/step resolution)., The speed accuracy for the
8-bit storage was +0.1%7 and £0.01% for the 12-bit storage.

The work in this chapter has demonstrated one way in which the
torque schedule controller might be used to drive a synchronous motor.

Later in the D.C. motor chapter, there 1is a discussion of the simple
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changes that would likely be made in order to drive the three-phase
synchronous motor (using the same hardware) as a brushless D.C. motor
and eliminate transient "hunting” and the possibility of 1loss of
synchronization. When the synchronous motor is driven this way, it is
dynamically similar to the permanent magnet D.C. motor, which 1is to be

discussed next.



2.0 INTRODUCTION

This chapter describes the application of the torque scheduling
control system to a permanent magnet d.c. motor. The controller varies
armature voltage to achieve speed control. The torque schedule
controller could also be used to control speed via the fileld flux in
d.c. motors with separately excited field windings.

A brief preview of the material in this chapter is given below.

2.1 D.C. Motor Model Equatfons - contains the derivation of the
electrical and mechanical equations which describe the motor and load.

2.2 General Methods of Speed Control - presents an overview of
feedback speed control techniques and explains why these methods are
inadequate for controlling the high frequency 1loads of particular
interest here.

2.3 D.C. Torque Schedule Controller - explains how the torque
schedule controller can be used with proportional or error squared
feedback control to reduce periodic speed fluctuations.

2.4 Performance Evaluation and Discussion - presents the results
of simulation studies which compare the performance of P, PI, and PID
controllers with the torque schedule controller for two load cases. A
discussion of counditions for stable controller operation and gain

selection completes this chapter.
2.1 D.C. Motor Model Equations

A permanent magnet d.c. motor can be modeled by a pair of coupled

differential equations.

The equation which describes the electrical characteristics 1is

55
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usually derived using Kirchoff's voltage law on the motor equivalent

circuit, see Fig. 2-1, A summation of the voltages in the circuit

yields:
dia .
Ve= L, R *Lm * K O - (2-1)

where Vp = terminal voltage

ia - instantaneous armature current

Ra ~ armature resistance (includes terminal resistance)

La - armature inductance

Ke - motor back-emf constant

ém - rotor speed

The equation describing the mechanical characteristics of the motor

and load are found from a summation of the torques applied to the rotor.

rotor JT em
JT em + B em = KT ia - TL . (2-2)

where Jp = lumped inertia of the rotor and load
gm - rotor acceleration
B - lumped viscous damping coefficient for the motor and
load
ém - rotor speed

Kr = motor torque constant
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1, - armature current
Ty, = this term includes any other torque load that might

be applied to the motor.
2,2 General Methods of Speed Control

A variety of speed control methods were discussed briefly in the
literature review. The P, PI and PID control methods have been chosen
for further discussion because of their popularity, simplicity and
because most non-adaptive controllers operate on similar principles.
These controllers can therefore demonstrate the advantages and 1limita-
tions of each control principle in dealing with the loads of interest
here,

Proportional control is simple but requires very high gains to
reduce speed droop and satisfactorily compensate for large fluctuations
in load torque. Proportional control with high loop gain is susceptible
to noise, instability In higher order systems and cannot compensate for
changes in load level, speed level or motor parameters. Error squared
feedback and bang-bang control are similar in that neither can adapt to
changing conditions.

Proportional-Integral (PI) control eliminates speed droop without
resorting to high loop gain but the Integrator cannot reduce periodic
speed fluctuations. This can be seen by considering a sinusoidal speed
fluctuation around the speed command value. The integrator sums speed
error over the negative half cycle of the sinusoid and delivers a large
signal to increase motor speed. The load, however, 1is decreasing and

the motor 1s about to overspeed on 1ts half cycle excursion above the
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command speed, The positive speed error is integrated and cancels
exactly the error from the negative half cycle. The integration signal
is therefore reset to zero at the end of each load cycle. The net
effect is a reduction and centering of the speed fluctuation on the
speed command level but no elimination of the periodic speed error.

The PI plus derivative or PID controller can reduce the speed
fluctuations. The derivative of speed (or speed error) is acceleration
(negative acceleration) and derivative feedback tends to 1limit system
acceleration. This control action introduces a compromise between rapid
transient response and reduction of periodic speed fluctuations. As
with all fixed gain non-adaptive controllers the PID controller offers
no compensation for large changes in load level, speed level or motor
parameters. PID control requires the measurement or derivation of three
state quantities and 1s very similar to state—feedback in this sense.

The performance evaluation section compares the performance of the
above control schemes to the adaptive torque scheduling controller.
Some of the controller limitations discussed will become more apparent

from simulation data.
2.3 D.C. Torque Schedule Controller

Speed control of the permanent magnet d.c. motor is much simpler
than for the three-phase synchronous motor. The torque angle § is fixed
near 90° by commutator action and only one power amplifier is needed to
drive the armature winding.

The torque schedule controller operates together with an analog

proportional or an error squared (ez) feedback 1loop to control the
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motor. Figure 2-2 shows a block diagram of the controlled system. The
analog feedback loop allows for fast transient response to changes in
the command speed or non-periodic changes in the 1load. Integration
feedback 1is 1included in the torque schedule control action and drives
the average speed error to zero.

The torque schedule operates in a similar manner to that discussed
in Chapter 1. The adaptation equation is slightly different and the
initial values in the schedule are zeroes. The equation below was used
to adapt a voltage schedule, though could be used to adapt either a

current schedule or a voltage schedule,

VML(1) (VML(1) Ks ASi) Kv VOFFSET (2-3)

where VML(1i) - stored voltage for the 1t fncrement of the
load cycle

K ~ schedule gain which regulates the rate of

schedule adaptation

AS - same as before, the change in speed over the
1th jncrement of the load cycle.

Ky - integrator gain

VorFrsgT ~— Speed error integrator term defined below
The Vyppgpr term is defined as

v (2-4)

1 AT ;
OFFSET = 27 £ (Spdcom - em) dem
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ém - motor speed

Spdcom -~ speed command

VOFFSET integrates the speed error over each load cycle and
therefore represents the mean speed error of the cycle. VOFFSET
modifies the schedule to drive the mean speed error to zero. Precau-
tions must be taken to insure stable integrator action and these will be

examined in the Discussion part of the following section.
2.4 Performance Evaluation and Discussion

In this section, the performance of the adaptive torque scheduling
controller as applied to a permanent magnet d.c. motor 1is evaluated.
The motor, controller and load were simulated by numerical integration
of the governing differential equations using a fixed~step fourth-order
Runga-Kutta iIntegration routine. A commented version of the simulation
program is in the Appendix.

The torque schedule controller performance is compared to P, PI and
PID controller configurations for two load cases. Load Case I 1s a
four-bar linkage. The mechanism dynamics and torque requirements are
calculated from an influence-coefficient model used by S. Carlson [3].
A plot of the load torque is shown in Fig. 2-3. Load Case II is a
periodic step in load torque. Though this type of loading may not be
frequently encountered in real applications, it is used here as a "worst
case” for evaluating controller performance. A plot of the step load
function is shown in Fig. 2-4. Both load cases contain small amounts

of viscous damping on the order of 10%Z of the full load torque capacity
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of the motor. Table 2-1 summarizes the motor and load specifications

for each load case,
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Table 2-1 Motor and Load Specifications

Motor Specification Customary S.I.

armature resistance 7.0 ohms 7.0 ohms

armature inductance 19.43 x 1073 henries 19.43 x 10~3 henries
voltage constant 21.9 V/KRPM 0.209 V ¢« s

torque constant 29.63 in-oz/A 0.209 N * m/A
maximum current 12A 12A

maximum power 0.24 horsepower 0.179 kW

LOAD CASE I - Four Bar Linkage
(Approximate magnitude of the load parameters are givem below, the
actual linkage dynamics were calculated from a model)

Inertia 0.7 + 0,07 s:l.n(e'u + ¢1) in-oz—32

(0.005 + 0.0005 sin(s_ + ) N-m-s2)
Centripetal Load Component 0.06 émz
(0.00042 ém

sin(20  + ¢,) in-~oz
2 m 2
sin(Zem + ¢2) N-m)

Gravity Load Component 6.0 sin(em + ¢3) in-oz
(0.042 sin(em + ¢3) N-m)
Viscous Damping Coef. 0.35 in-oz-s (0.0025 N-m-s)

LOAD CASE II - Periodic Step Load
Inertia 0.7 in-oz-s? (0.005 N-m-s2)
Viscous Damping Coef. 0.35 in-oz-s (0.0025 N-m-s)

Step Load Torque 200 in-oz (1.41 N-m)
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CASE I - Four-Bar Linkage Load
Proportional Controller Performance

This simple control arrangement results in a closed loop system
which 1s modeled here as second order. This system is stable for any
gain setting, however the damping Iratio falls with 1increasing gain.
Speed error, the magnitude of the fluctuations and the mean value error,

both decrease as forward loop gain Kp 1is 1increased.

System response for three gain settings and two speed levels are
plotted in Figs. 2-5,6,7.

Figure 2-5 corresponds to K_ = 14,64 which ylelds a damping ratio

P
of £ =1.0. The roots of the closed loop system are =177 and -184. The

roots were calculated using the mean load inertia since this quantity
varies periodically with rotor position. (The roots or eigenvalues
given are for comparison only, the actual transient response is signi-
ficantly limited by saturation effects.) Mean speed error was =27 and
speed fluctuations were 4% for a speed command of 50 r/s (Spdcom = 50
r/s). Mean speed error was -2.0% and speed fluctuations were %5% for

S = 75 r/s. Armature current, which has been limited to 124, is

pdcom

also shown in Fig. 2-5.

Figure 2-6 corresponds to K = 41,2 which yields a damping ratio of

P
€ = 0.6. The roots for the closed loop system are =180 % 240j. Mean

speed error was -0.4% and speed fluctuations were 2% for S 50

pdcom =

r/s. Mean speed error was ~0.7% and speed fluctuations were #3.4% for

S =75 r/s.

pdcom

Figure 2-7 corresponds to Kp = 500 which yields a damping ratio
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€= ,17. The roots of the closed loop system are -180 % 1028j. Mean

speed error was -0,05% and speed fluctuations were £0.2% for S = 50

pdcom

r/s. Mean speed error was =0.27% and speed fluctuations were +0.67% for

S = 75 r/s.

pdcom

System performance as shown for a very large forward loop gain (Kp
= 500) appears to be excellent. However, the system probably could not
be realized in practice for the reasons stated in Section 2.2. System
overshoot is small even with £ = ,17 because the amplifier saturates at

84 V. Without saturation the initial terminal voltage would have been

25,000 volts.
Proportional - Integral Controller Performance

The PI controller offers one advantage over the P controller in

that speed droop 1is eliminated without using a large K The PI

pa

controller gains were found by first selecting Kp = 14,64 and then

examining the root locus of the system as Ky was varied. The systenm

with PI control is third-order and the roots of the closed loop system

remain real until Ky = 400. The roots for Ky 400 were approximately

400 was fast but the

=59, -61 and =240, System response for Ky
overshoot exceeded 357%.

Figure 2-8 corresponds to K_ = 14.64, Ky = 8 and closed-loop roots

p
of -0.53, ~169, and -190. The mean speed error or speed droop for

either speed level was very close to zero. The speed fluctuations were

+4% for S 50 r/s and +5% for S 75 r/s and cannot be

pdcom * pdcom ~

eliminated by any Ky gain setting (as discussed in Section 2.2). Speed

fluctuations actually increase slightly as Ky is increased.
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Proportional-Integral-Derivative Controller Performance

Derivative feedback 1limits the rate of change of speed error and
helps reduce the periodic speed fluctuations. The derivative feedback

gain Ky was found by choosing K, and Ky and then examining the roots of

P
the characteristic equation as Kq is varied. Results from the simula-
tion runs were also used to select Kq. Initially gain settings were Kp
= 14,6, Ky = 8 and Ky was varied. The root locus showed a root near
~0.54 which was affected very little by K4 as it was varied from 0.0004
to 2.0, The root at -0.54 gave good performance with PI coantrol because
the system converged directly onto the desired speed with no over-
shoot. Derivative feedback slowed the system down allowing the
integration term to get much too large and causing a large overshoot.
The root at -0.54 was moved to about -5.7 by increasing Ky to 80. The
integrator then dominated the initial response to the speed command
which also allowed the derivative feedback to be 1larger and more
effective in reducing speed fluctuations. Best performance, i.e., fast
response, reasonable overshoot and best reduction in speed fluctuations
was found with Kp = 14,6, Ky = 80 and Kq = 1.32. The system roots were
-5 £ 5.2 and -3226, (Note that "best” performance here was not
quantified by a standard criterion, e.g., IAE, ITAE, etc. Instead, best
performance was judged primarily on the reduction of steady state speed
error.)

Figure 2-9 shows the system response with the gain settings Kp =
14.64, Ky = 80, and K4 = 1.32,

Overshoot was about 10%Z, mean speed error near zero and

fluctuations +0.47Z for S 50 r/s. Overshoot was about 5%, mean

pdcom =
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speed error near zero and speed fluctuations #0.6% for S =75 r/s.

pdcom

PID control offers reasonably good speed control for the linkage
modeled. Figure 2-9 shows the difference in controller response at
different speed levels - both in speed error and overshoot. The PID
controller has an optimum set of gains for each operating point of the
system, Changes in speed, load or motor characteristics cannot be
compensated for.

The simulation results show that the PID control scheme is the best

of those considered so far. The performance of the torque schedule

controller will be evaluated in terms of the PID simulation results.
Torque Schedule Controller Performance

Figure 2-10 shows the system speed response to speed commands of 50
and 75 r/s for Load Case I.
The schedule adapted in 5 load cycles to drive speed fluctuations

from +4Z to #0.015% for S = 50 r/s. The schedule integrator drove

pdcom
mean speed error to less than -0.015% after 8 load cycles.

Following the step change in the speed command to 75 r/s, speed
fluctuations were driven to less than 0.014% in 6 load cycles and mean
speed error was reduced to less than 0.004% after 14 load cycles.

Figure 2-11 shows a plot of the integrator voltage K, * VOFFSET*
The schedule values were modified once per revolution by the voltage
levels shown. The K, * Voppgpr term is limited to 10 V.

Figure 2-12 shows a plot of the armature current generated by the

scheduled voltages. This current waveform corresponds very closely to

the load torque plotted in Fig. 2-3,
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The adaptation equation gains for the simulation were K, = 1.26 and

Rg = 84/126 (for = 50/75 r/8). A method for choosing these gains

Spdcom
is discussed later. All of the measured quantities -~ speed, speed
error, position and voltage values in the schedule were assumed to be of
12-bit accuracy. The system response followed the sequence below.

1., zero initial conditions

2. step input, = 50 r/s, set Kg = 84

Spdcom

3. e? feedback loop saturates and increases motor speed rapidly

4., the voltage schedule begins adaptation when motor speed exceeds
(.8) (Spdcom)

5. e2 feedback approaches zero as the integration term K, *
VOFFSET adjusts the schedule voltage to drive speed error to
zero

6. step input, = 75 r/s, set Kg = 126

Spdcom

7. steps 3-5 are repeated

8. simulation ends.
The e? feedback loop gives better performance in this application for
reasons which will be discussed later. The voltage schedule does not
begin adaptation until motor speed exceeds 807 of the desired level so
as to not Iinterfere with a rapid response to changes in the speed
command.

The torque schedule controller reduced speed error fluctuations
better than the other controllers considered. Speed fluctuations were

reduced from +0.45% to 0.015% (factor of 30) for S = 50 r/s and

pdcom

from +0.7% to £0.014% (factor of 50) for S = 75 as compared to PID

pdcom

control., Note that the speed error for the schedule controller motor at
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the two speed levels differs by 7%2. The PID error differs by 50%.

It is apparent from Fig. 2-10 that the schedule controlled system
experience on undesirable speed transient during the initial schedule
adaptation. (The speed control during adaptation however, is no worse
than that provided by the P or e? feedback loop alone.) The relatively
large speed transient 1s necessary for rapid scﬁedule adaptation. Speed
transients at a particular operating point can be minimized by saving a
previously adapted waveform for future system operation.

The mean speed error 1s very small for the schedule controlled
system but not driven to zero because of a small interference between
the K, * Voppgpr control action and the Ks * AS1 term in Eq. (2-3).
Essentially the K, * Voppopr 8ets so small that the Ks * AS1 term (which
is also small) 1is about the same size. The terms are opposite in sign
and their difference is lost during quantization so adaptation ceases.

It is iImportant to note that speed controller performance in a
simulation such as this may not be obtainable in a real system. The
purpose here 1s to compare relative performance using models which

account for the major dynamic characteristics of the systems involved,
CASE II - Periodic Step Load

The motor parameters, damping coefficient, mean 1inertia and
controller gains throughout Case II are identical to those used in Case
I. Therefore, a discussion of the methods of gain selection and system

eigenvalues will not be repeated here.
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Proportional Controller Performance

System speed response and armature current for three gain settings

at S = 50 r/s are plotted in Figs. 2-13,14,15.

pdcom

Figure 2-13 shows speed response for K, = 14.6 (£ = 1,0). Mean

P

speed error was -57% and speed fluctuations were +3.2%.

Figure 2-14 shows speed response for K. = 41.2 (£ = 0.6). Mean

P

speed error was -2% and speed fluctuations were +1.6%.

Figure 2-15 shows speed response for K., = 500 (£ = 0.17). Mean

1%
speed error was less than -0.4% and speed fluctuations were #0.7%. The
expected large overshoot for a system with £ = 0.17 1s not present

because of amplifier saturation.

As expected, the highest loop gain yielded the best performance in

o

the simulation. For reasons stated earlier (Section 2.2), perhaps
more reasonable estimate of P controller performance corresponds to Kp =
41.2 and § = 0.6. The current waveforms in Figs. 2-13,14,15 show that a
true current square wave 1is (obviously) not possible in an inductive
circuit. Figure 2-15 shows what a close approximation (obtainable in a
real system) looks like, Current oscillation (or "ringing") occurs at
each step change in the load. It will be shown later that the torque

schedule controller can sometimes create a very similar current waveform

without using a large forward loop gain.
Proportional - Integral Controller Performance

Figure 2-16 shows speed response for the PI controlled system using

the gains Kp = 14.64 and Ky = 8. The integrator gain happens to match

the load conditions and there 1is no overshoot present. The speed fluc-
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tuations are not exactly centered on the speed command (50 r/s) because
the load cycle is not symmetrical. The shaded areas 1 and 2 of one load
cycle in Fig. 2-16 are nearly equal so the average speed error is very
close to zero for each cycle. As before, increasing the integrator gain

will not reduce the speed fluctuations which are +5%.
Proportional - Integral - Derivative Controller Performance

The system response for gain settings K = 14.6, Ky = 80 and Kq =

p

1.32 at S = 50 r/s 1s shown in Fig., 2-17. Mean speed error was

pdcom
very close to zero after 1.25 secs and speed fluctuations were +1.0%.
Overshoot was approximately 30%.

The current waveform 1is close to a true square waveform. The
derivative feedback greatly improves system response and eliminates the
"ringing” associated with a large forward 1loop gain. Derivative
feedback can cause the current "ringing" if Kq 1s too large. 1In this
simulation, K4 1s well matched to the load conditioms.

Again, PID control offers the best overall performance and the

results here will be used to evaluate the torque scheduling controller.

Torque Schedule Controller Performance

Figure 2-18 shows the system speed response to a command speed of
50 r/s. The schedule adapted in 9 load cycles to drive speed fluctua-
tions from 4% to 0.08%. The schedule integrator drove mean speed error
to 0.01%7 in 12 load cycles. Figure 2-19 shows a plot of the integrator
output voltage Ky * Vorrsgre The schedule values were modified once per

revolution by the voltage levels shown in Fig. 2-19. The K¢ * VoFFSET
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term is limited to 10 V. Figure 2-20 shows a plot of the schedule as it
adapts and Fig. 2-21 shows the armature voltage. Figure 2-22 shows the
corresponding current waveform for several load cycles.

The adaptation equation gains for the simulation shown where Ky =
1.26 and Kg = 84 as before. All other aspects of the controller
operation were also the same as discussed earlier except steps 6 and 7
are eliminated from the system response sequence on p. 79.

The torque schedule controller performance was slightly better than
the PID controller performance. Speed fluctuations were reduced from
#1.0%2 (PID) to %0.08% (factor of 12). The schedule controlled system
overshoot was very small (0.1%) compared to PID overshoot of 30%Z. The
PID controlled system was also slightly faster, reaching steady state in
1.25 secs versus 1.5 secs for the schedule controlled system.

Mean speed error for the schedule controlled system was not driven
to zero because of the interference between the Ry * Voppsgr and ASi
terms discussed earlier.,

Figure 2-23 shows system response to a change in the speed command
from 50 r/s to 75 r/s. The periodic step load does not change with the
increased speed, only the viscous damping component of the 1load
increases, Therefore, only the mean voltage of the schedule must be
adjusted to meet the new load. Some speed fluctuations do appear during
the speed change but these are adapted to in about 3 cycles. Mean speed
error was reduced to less than 0.013% after 14 cycles. The steady state
speed fluctuations were about the same magnitude as for the 50 r/s
operating point +0.04 r/s (£0.05%) since the load requirements have only

changed a small percentage.
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2.5 DISCUSSION

This section explains the conditions necessary for stable
controller performance and rapid adaptation.

The single most iImportant stability consideration concerns the
fundamental assumption of the adaptation algorithm Eq. (2-3)., This
equation assumes that ASI’ the change in speed over an increment i, is
caused by the load torque. When the net torque over the increment is in
the direction of the load torque then the schedule voltage is Increased
in this increment to counter the load torque. If the schedule delivers
a voltage which 1is too 1large, then the change in speed over the
increment will indicate that the schedule voltage should be reduced. A

2

problem can arise if the P or e“ control action creates a net torque in

the opposite direction of the load torque. 1In this case, the schedule

2

adaptation equation responds in opposition to the P or e“ control action

and not to the load torque itself. To eliminate this possibility, the

2 controller should have effectively dominant real

plant plus the P or e
eigenvalues.

Controller stability was tested by simulating an overloaded motor
and a rapid loss of 1load. Figure 2-24 shows the adapted voltage
schedule of an overloaded motor. The schedule voltages have saturated
here at +84 V while the load actually required 100 V to achieve best
performance. Speed control was degraded by this saturation but the
controller operation remained stable.

A rapid reduction In load was also simulated to determine if the
schedule could adapt quickly to the new load conditions. As will be

discussed later, a step change (reduction here) in the load can cause a
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Fig, 2-24. Plot of the adapted voltage schedule of an overloaded motor,
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"ringing" phenomena in the schedule which damps out slowly but doesn't
effect speed control significantly. A smooth reduction in the load as
shown 1in Fig. 2-25 1s easily tracked by the schedule adaptation
scheme, Figure 2-26 shows the reduction of the schedule within the
envelope of the decreasing load. The schedule values adapt quickly
enough to achieve a mean speed error of 0.014% and fluctuation error of
less than #0.0001% within 3 cycles after the loss of the load. Speed
error did not exceed 1% at any point during the reduction of the load as
shown in Fig. 2-27 and Fig. 2-28.

Adaptation rate is affected by several factors which will be dis-
cussed next. It is clear from examining the adaptation equation (2-3)
that the schedule adapts more quickly when AS1 is large and corresponds
to a net load torque., This leads to a situation where it 1s desirable
to have a small Kp (proportional control gain) which allows the schedule
to adapt more quickly. A small Kp, however reduces system response to
large errors especially during start-up and changes in the speed
command. The error-squared feedback allows for faster adaptation and
good response to large errors. The effective gain factor is very large
for large errors and small in the neighborhood of the desired speed

2 method was used over

level. The schedule adapted 30% faster when the e
P feedback with Kp = 14.6 (£ = 1.0).

The number of increments stored per cycle (NPC) also effects the
adaptation rate., Faster adaptatlion was obtained with NPC = 64 than NPC
= 100 (for the same Kg) because s, 1s larger over each increment as NPC

is reduced. The 1lower 1limit on WNPC {is dictated by the expected

frequency components of the load.
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load component is still present,

Viscous
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One additional consideration 1s the real time of each increment
which increases with decreasing motor speed or NPC., The objective has
been to change the motor torque in a given increment by changing the
voltage of this increment. Motor torque 1is proportional to current
which lags behind the voltage because of armature inductance. A square
voltage pulse results in an exponential rise in current within the
increment and an exponential £fall in current outside the 1increment.
This current "overflow"” increases the torque in the next increment where
it may not be needed by the load. The adaptation equation inherently
tends to compensate for the undesirable current overflow by decreasing
the voltage of the next increment, In smoothly changing voltage
schedules, this compensation 1s not noticeable, 1In the periodic step or
impact load, a ripple or "ringing” effect in the schedule wvalues can be
seen, Figure 2-29 shows a plot of voltage schedule values (dashed line
plot) and the corresponding armature current with the ripple effect
present. The step load (not shown in Fig., 2-29) occurs at about t =
2.322 3 and causes the schedule voltage level to saturate at 110 V in a
hopeless attempt to compensate for the step load., The current lags the
voltage and does not rise fast enough to meet the load. The slope of
the current response 1s easily calculated from the first order response
of the system. The 1initial slope 1is AVT/La (AVt 1s the step change in
terminal voltage, L, 1is the armature inductance). A 1linear voltage
amplifier is used here so the slope AVT/La will vary with the step
changes 1in voltage called for by the schedule in each increment. A
switching amplifier or so called current amplifier will have a fixed Vo

(and La) and therefore a fixed slope of response. Generally, the



103

current amplifier will achieve the desired level sooner than the voltage
amplifier because the current amplifier always uses the maximum supply
voltage available. However, there will always be some current lag
present and therefore also some current overflow. Figure 2-29 shows how
the second (#2) schedule voltage has decreased below the actual voltage
required by the load to reduce the current flow to the proper level of
about 7.5 A. This ringing effect is radically reduced when the schedule
voltage is limited to a value which prevents the current in the first
increment from exceeding 7.5 A.

Current overflow has a relative reduced effect when the real time
of the 1increment 1is 1longer than five electrical time constants
(La/Ra)' That 1s, the current "overflow” into the next increment is
small compared to the current flow within the desired increment.

To summarize, current "overflow"™ creates a slight mismatch between
the scheduled torque and the load torque. The relative effect of this
mismatch can be reduced by minimizing NPC, decreasing motor speed, using
a current or switching amplifier with a high voltage supply and/or using
a motor with a small armature inductance.

There 1is another consequence of the current "overflow" problem
which deserves special attention. Figure 2-30 shows the effect of a
non-periodic impact load (Fig. 2-30a) on the system. A random noise
spike in the digital speed feedback loop could cause a similar situation
but 1is not as 1likely. In either case, the schedule adapts to
the ASi and on the next revolution delivers voltage and current
waveforms as shown in Fig. 2-30b,

Two problems now exist. The current is not needed in the first
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increment or 1in the second or perhaps third. The algorithm will now
respond to the AS1 measured in the three increments (see Fig. 2-30c).
The algorithm responds to the change in speed by decreasing the voltage

in each increment where AS, is positive, If the adaptation equation

i
gain K, is not too large, the increment (i) voltage in the schedule will
return to its initial wvalue after several cycles, Increment (i+1)
voltage must go negative to reduce the current flow in that increment
back to 1its original value. Figure 2-30d shows the rippling effect
“downstream” from the impact as successive increments adapt to
compensate for the "overflow”.

Simulation studies show this process to be slow - especially for
small values of ASi. Speed control was not greatly affected because the
schedule could adapt rapidly (to large ASi) and keep speed error within
acceptable limits., Random impact load transients in the schedule could

be avoided by not adapting the schedule unless a particular event occurs

several times.
Gain Selection

In order to estimate the adaptation equation gain Ky, consider the
following development.
The net torque over an increment (Tnet) can be approximated:
AS:l.max
Tet = J — 25— (2-5)
J = estimate of system inertia

{max = maximum change In speed over an increment in the
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load cycle

At = estimate of the real time of the increment.

Thet can then be used to estimate the minimum voltage which must be

delivered in that increment.

v WM m———— (2-6)

where Ra = armature resistance

KT = motor torque coastant

Then, from Eq. (2-3), Ky is simply:

\'J
K = min

s ASimax

(2-7)

By combining Eqs. (2-5,6,7), it's possible to show that Kg is not a

function of AS .
imax

J Ra
K =

s At KT

(2-8)

A speed command of 50 and NPC = 64 yields:

At = 2n
(NPC) (S

3 = 0.002 secs

pdcom

and with J = 0.7, R; = 7.0 and Ky = 29.6, the gaian K; equals 84, which

was the value used In the simulations presented here. The gain Kg can

easily be written as function of the command speeds for operation over a
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wider speed range.

(Spdcom)(NPC)(J)(Ra)

s = 2n KT

(2-9)

If a fixed value of K; is used in Eq. (2-3), then it should be
calculated using the minimum speed command desired for the system.
A method for estimating the integrator gain K, is based on Eq. (2-

4). This

2n
|/ (speed error) e

kK *2

Vorrser ~ & 27

(2=4)

equation shows that Vorrser 18 proportional to the average speed error
integrated over one load cycle - not integrated over time. For example,
if the speed command is 50 r/s and the average speed over the cycle is

2
49 l‘/s then VOFFSET = Kv * 1.0. If an e

feedback loop is being used,
then an error of 1 r/s corresponds to a terminal voltage of 12 or 1 v.
Therefore, the schedule must be Increased by at least 1 V and perhaps a
little more if the load increases with speed. K, = 1 should then bring
the schedule value very close to the desired voltage. Simulation runs
showed that for K, = 0.63 to K, = 1.26, the integration response was
consistent and well behaved even at lower speeds. The number of cycles
to convergence on a steady state speed varied with the load condi-

tions. As an example, for the four-bar load and K, = 1.26, steady state

conditions took 4 cycles at S = 25 r/s, 8 cycles at S = 50 r/s

pdcom pdcom

and 14 cycles at S 75 r/s. Integrator convergence took twice as

pdecom =
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many cycles for each load level at Ky, = 0.63.

P control requires a different K, gain setting. For example, if Kp
= 10 then an error of 1 r/s corresponds to a motor voltage of 10
volts., In this case, a value of K, = 10, or to be conservative, K, =
5.0 might be used. VorrFseT Was modeled so as to saturate at 10 volts in
the simulations. This was considered a realistic constraint and also

helped 1limit the severity of response to very large errors.



CONCLUSIONS

An adaptive motor control scheme was investigated by computer
simulation. The controller adapts and stores a schedule of torques to
be delivered at discrete points throughout a periodic load cycle., A
proportional (P) or error squared (ez) feedback loop is included in the
d.c. motor controller for rapid response to large speed errors. The
schedule controller was also applied to a 3¢ synchronous motor (without
P or e? feedback).

The performance of the scheduling controller was compared to open-
loop synchronous motor performance and to P, PI and PID controlled d.c.
motor performance.

Simulation studies for the synchronous motor revealed:

1. Good speed control is possible but the variable torque angle §
makes this control method difficult and loss of synchronization
is 1likely.

2. It 1is easy to fix the torque angle using the hardware already
necessary for the scheduling controller. This configuration is
superior,

When the torque angle § is fixed, the resulting system is dynami-
cally identical to the mechanically commutated d.c. motor. Two severe
load cases - a periodic step load and a four-bar linkage load - were
used to compare relative controller performance,

The simulation studies for the d.c. motor (which also apply to the

3¢ AC servo-motor, i.e., fixed §) revealed the following:

1. The PID controller gave best overall performance of the P, PI

and PID configurations, though optimal gain selection for this

110
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low order system was difficult.

The scheduling controller reduced steady state speed error
fluctuations 12-50 times better than the best PID performance.
The PID controller response was only slightly faster than the
scheduling controller response. However, overshoot of 10-30%
seemed unavoidable in obtainiﬁg fast PID response.

The schedule controller integrator responded consistently over
a wide range of speeds, converging on = 0 speed error without
overshoot. PID overshoot varied with the load.

The scheduling controller can adapt to high frequency periodic
variations which occur in the forward loop of the system,
e.g., periodic variations in load torque, load inertia and
motor torque constant (due to thermal effects, variation in
air gap or mild saturation).

The scheduling controller can also adapt to fairly rapid, non-
periodic, smooth changes in load conditions.

The scheduling controller is simple to implement, very little
knowledge of the load is required. The controller gains were

much easier to find than for the PID controller.

The simulation results also showed:

8.

Speed control during the initial adaptation of the schedule is
not better than the P or e2 feedback loop provides.
Relatively large speed transients are necessary for the
schedule to adapt quickly but can be avoided in subsequent
operations by saving the adapted waveform for use at that

operating point.
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9. The net torque of the system including the schedule feedback

loop (i.e., the e2

or P feedback loop plus the motor and load)
must be in the direction of the load torque for the schedule
to adapt to the load,

10. Random impact loads and random noise do not significantly
affect speed control in the short term but do cause an
unnecessary and undesirable "ripple” in the stored wavefornm.

The simulation results did not address the long term effects (beyond 12
secs) of noise and/or random impact loads on stability and speed
regulation of the schedule controlled system.

Overall, the torque scheduling controller is simple to implement,

requires very little knowledge of the load, can adapt to a wide variety
of load conditions and appears to give excellent speed control. The

long term effect of noise and/or random impact 1loading can only be

determined by building and testing an actual controller.
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RECOMMENDATIONS

Results from the simulation studies 1indicate that this control
scheme has potential. The next step is to build a controller and verify
the performance indicated by the simulation studies. The control scheme
should first be implemented on a simple d.c. motor driven system. A
microcomputer with some external hardware could be used to adapt the
schedule. If the microcomputer is too slow for real-time implementa-~
tion, the schedule could be adapted on every other load cycle. Equation
(2-4), the speed error integrator for each load cycle, could easily be
constructed using a clock and a counter, The real time of each
revolution could be compared to the ideal real time at a given speed
command level. The difference in real time is proportional to the
average speed error over the load cycle,

It would also be interesting to compare the initial adapted wave-
form to later waveforms after operating temperatures have reached steady
state or after several hours of exposure to system noise and/or impact
loading. Waveforms might also be stored for replay at another time to
avoid the start-up transients which occur when the schedule adapts from
zero initial conditious.

The control scheme might be more easily applied to the field
winding of a separately excited motor to achieve speed control without
having to regulate armature power which is typically 10 to 100 times
larger than field power.

This control method shows some promise for application in 3¢ AC
servo~motor drives also. These drives have many good characteristics:

brushless construction, better heat dissipation geometry, smooth torque
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production and maximum energy conversion capability. A stored waveform
drive used with a position encoder can be used to comnstruct the stator
flux vector uinety electrical degrees ahead of the rotor at all times.
An up-down counter with separate power supply can be used with the
position encoder to insure that the rotor position 1s always known.
Each rotor position would correspond to three memory locations which
contain the current values to be delivered to each of the three phase
windings. This method 1is simpler than implementation of matrix
equations in hardware as discussed in the literature review. The three
values recalled from memory are proportioned to construct a stator flux
vector at the proper angle. The magnitude of the stator flux vector can
be "scaled” by multiplying the three values by a gain factor. This gain
factor would come from the torque schedule. A convenient way to carry
out this secalinig 1s as follows. The three values from memory are sent
to digital-to-analog coaverters (DAC) before amplification. The
reference voltage supplied to the three DAC's determines the magnitudes
of the voltages supplied to the amplifiers. The torque schedule value
may be converted In another DAC and this output used to vary the
reference voltage of the three DAC's just discussed. 1In this way, the
torque schedule values can "scale” the magnitude of the stator flux at
each increment in the rotor revolution. Synchronization 1is maintained
at all times and the system dynamic characteristics are identical to

those of a mechanically commutated d.c. motor.
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£ THIS IS THE MAIN PROGRAM OF THE SYNCHRONOUS MOTOR SIMULATION.
C 3-PHASE 2-POLE SYNCH.MOTOR MODEL
c CURRENT DRIVEN

IKPLICIT REAL®8 (A-Hs0-2)

REAL8 IATsIRTsICTsKTsKJs INs INAs INL IOFSET
REALX8 IAsIRsIC,>IALsIBLsICLINDTIK1sK25KJI

C THESE ARE THE ARRAYS USED IN THE MATRIX EQ,
DIMENSION X1(4)5X2(4)4C(4s%)

e THESE ARRAYS ARE SENT TO THE PLOTTING ROUTINE,

DIMENSION TH(4000)sTHR(8000}» THDD( 6000}, TP(4000) s TAF (6000)
RIMENSION DRELT(8000)sIA(8000)sIR(8000)sIC(6000)s INL(S01)
DIMENSION A{4s4)sB(455)1X(4)sDX(4)sU(4),0(4)

COMMON AsBsU
[hersocteiietsbeotocitotttttoeorotorreosertttttrtocestsertrorrasssststssd
£ THIS SECTION REQUESTS DATA FOR THE SIMULATION FRON A
C PARAMETER FILE - - e,s. FOR010.DAT
I EoEIE0 0ot to vt oot tord ot eitabroboittrtsthosoesedsbrotittoereresetd

50 WRITE(8:%) ‘ ENTER PARAMETER FILE NUMBER’
REAR(Ss3) M
52 READ(Ms%) DT2TSTOPsIPLOTBDs My INsKTsKJIsX(1)9X(2)
®RITE(6s53) DT»TSTOP, IPLOYTBDsX(2)
535 FORMAT(SXs ‘BT="sF8,594Xs ' TSTOP="sF4.294Xs ' IPLOT=" 9 I3+4Xy 'RD=*
35F 4029 4%y ‘THIC=/4F7,3)
80 WRITE(6+65)
85 FORMAT(” 1 TO RUN THIS FILE's/+* 2 TO CHANGE FILE #‘s/+' 3 TO EX
3T
READ(Ss%) J
GO T0(80s50+1000)s J

pabileiteboitetticoiottontetctecttttoticettetttettettsetttotectestetatel
THE PARAMETERS BELOW WILL BE DESCRIBED HERE. °THE® IS THE
ELECTRICAL ANGLEs DSUM IS THE SUM OF SAMPLED DELTA VALUES
OVER THE LOAD CYCLE, P=SECS/REV ,IPB IS THE INCREMENT IN
THE LOADR CYCLEs THIC = INITIAL THETAs NPC=NUMBER OF INCRE-
HENTS PER LOAD CYCLEs TOL = ALLOWED ERROR IN POSITION
ENCODER(Z)» NCS=THE # OF CYCLES SAVEDs ODT=CRIGINAL TIME
STEP, DTI=TEMPORARY TIME STEP, PH1=120 DEGREES IN RADS,
@¢) IS A MATRIX USED BY THE RUNGE-KUTTA ROUTINE,
edtlosideiotitobetdesdettitdiecsitoitttnctaietetiorcarterneeesed

Oy ) )

s AxN eyl

80 THE=0.0
DSuK=0
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P=(2,P1IN
IPR=1
THIC=X(2)
I0FSET=0,0
TSUK=0
NPC=100
TOL=,01/DFLOAT(NFC)
NCS=1
P1=3.141592654
1=0,0

ORT=0T

0TI=DY

M=

STINE=0

FE1=2,094395102

10 100 I=1,4
106 a(1)=0.,0

FALEEII22 000 022000002000 et00000 ettt ettttttoteitttrrttttteetttiecerter]
INPUT GAINS AND LOAD PARAMETERS FROM THE SCREEN.

. T1=COEF OF CENTRIFUGAL LOAD COMPONENT(,04)
T2=COEF OF THE GRAVITY LOAD CONPONENT(10-50IN-02)
=COEF OF ARBITRARY SINUSCIDAL LOAR.(S0 IN-07)
K1=ADAPTATION GAINsK2=IOFSET CONTROL GAIN.
SLP=SLOPE OF THE SPEED CHANGE,
R e T b b B b e e S S0 e ey g e et s g teie

Lo 2 o B or B ov IR o B o B 4y )

WRITE(85%) * T17 T2? T3? K1? K2? SLP? /

READ(Ss%) T1sT29T3sK1sK2oSLP
(Rit202tebiitttisiidlitcdesteconnttteeenstettnesttitoseestorseeesd
C LOAD THE INITIAL CURRENT VALUES INTO THE SCHEDULE,

00 110 J=1)NPC
INL(D)=IN
110 CONTINUE

[R20202seiltottiieseteteetitaantttecenhieecesttiottetititocsstteeteaeees]
C - THIS BLOCK OF LINES DEFINES THE A AND B MATRICES.
2RIt R 000020000 tt0tcebetntttteateotrttitensecteeteteteteretsesd
120 SX=X(2)

IF(SX,LT.0) SX=0

NSS=1

KJ=KJI

A(151)=-KJRBD

A(192)=0.0

A2 1)=1,0

A(2+2)=0,0
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Bl 1)=Kd
B(1,2)=-KJ
R(2:1)=0,0
B(Z32)=0,0

RE2e iR 2200 Rt tnettttnsetttnntethetterssetaateetitrestontessed

L THIS BLOCK DEFINES A SPEED CHANGE OVER T=1,75 TO 2.75,
CttX1tttttttttttttttttftt!tttt!tt!ttttttt!tttttt!!tttt!!ttttt!ttt!

150 IF(T.LT.1.75) 60 T0 175
IF(T.6T.2,75) GO TO 175
W=30 + SLPX(T-1.75)

2222200ttt Rtetttttrettetieetttetataneetocereiestorereteesetttyt]

c THIS BLOCK DEFINES A BALANCED CURRENT MODEL FOR THE
C THREE FHASE SYNCH. MOTOR,

[RERI2DP22808 0000000080008 0b vttt reastoteriitarateearat]

175 . THE=WT
DELTA=THE-X(2)

FRA=DSIN(X(2))
FBR=DSIN(X(2) + PH1)
FRC=DSIN(X(2) - PH1)

IAT=INU(IPR)$DCOS(THE)
IBT=INL (IPB)Y¥DCOS(THE$PHL)
ICT=TKL (IPB)$DCOS(THE-PH1)

Ah=IATIFRA
AR=IRTXFRR
4C=ICTAFRC

20020 R0 e s ttobtetsstiteteerartttactttneteccariieetestireteteentiteteee]

THIS BLOCK NODIFIES THE SCHEDULE, DUANTIZES AND LINITS
THE VALUES STORED. MODIFY IS SET =1 AT THE END OF EACH
INCREMENT, DELTASPEED IS CALCULATEDs THE SCHEDULE INCR,
(IFB-1) CURRENT IS MODIFIED AND THE MODIFY SWITCH SET
BACK TO 0.

Q2 oOOCe O

[REsD20320800080032880000080000000ettetetererttastentbanvitraratetel
X1R=X(1)
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IF(KODIFY,NE.1) GO TO 250
DELTASPD=X1R-XIRR

IP=IPR-{

IF(IP.ED.0) IP=NPC
IML(IP)=IML(IP)%(1,-K1¢DELTASPD) + IOFSET
JCR=TNL(IP)%(1024,/30,)
IML(IF)=JCB%(30./1024.)

IF(INLCIP).GT,30) IML(IP)=30
IF(IML(IP).LT.-30) IML(IP)=-30

MODIFY=0

[RE3322020s 000082 0d00ettetotttotettette ettt ettt diaviaeyieeseesstesssos!

TT IS THE TOTAL NOTOR GUTPUT TORQUE,» TL IS THE SUX OF THE
LOAD TORQUE COMPONENTS APPLIED» TSUMD IS THE TOTAL LOAD
(INCLUDING VISCOUS DAMPING) CONVENIENT FOR PLOTTING.

U1 AND U2 ARE THE INPUTS TO THE SYSTEM.

Lor B or N o 2 or

RALIBRREASPLORERLRLENNENLeiPRIsaaadoadiotittetettetiteetiiiiieiveied]
250 TT=-KT&(AAHARHAC)

ARB=X(2)

IF(ARG,LT.0) ARG=0 :

TL=TISTLCC 4 T28TLGG + T3ESIN(X(2))

TSUMDR=TL + X(1)3BD

U= 11
U= 1L
IF(N.EQ.1) GO TO 500
[RItetossit ittt etttdtaiteeteshatetecereteeetstiieetdabistecteatitecseeed

c THE INITIAL VALUES OF THE STATE BEFORE THE NEXT TINE STEP

c ARE SAVER IN CASE THE STEP MUST BE TAKEN AGAINWITH A

C MODIFIED TIME STEP.

[RLI302000000020 0003000 kteestdutetessstttoststssteessattitestetaty]
X1T=X(1}
X2T=X(2)
TTH=T
DET=DE

[RIS30228 00ttt t0tdeetttodeteteditantitotsiueieetttreeteettatteetere
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C RKG IS CALLED TO MAKE THE STEP IN TIME., RKG IS A 4TH ORDER
C RUNGE - KUTTA ROUTINE, IF DISPLACEMENT (X(2)) IS NEG. ¥f
c GO ARGUND THE PGSITION ENCODER ROUTINE,

R0 083808adsuetatttattetasentitnnttoteceeseostecttrneitttiote]
300 CALL RKG(2sRTsTsXs0Xs@)

IF(X(2),L7.0,0) GO TO 350
" IF(NSW.E@.1) GO TO 320

SN=X(1)

NSW=1
PIeitaditelotiteeetbectetotestretstdiestetceteatontitatetntetttettessd]
THE ONLY PURPOSE OF THIS BLOCK OF FILES IS TG SIMULATE A
POSITION ENCODER. AFTER EACH STEP IN TIME (BY RKG) WE
CHECK TO SEE IF WE ARE NEAR THE END OF AN INCREMENT,

IF WE OVER STEP THE TOLERANCE ZONE THE TIME STEP IS
MOBIFIED UNTIL THE STEP IS MADE WITHIN TOLERANCES
(SPECIFIED RY TOL), THE MOBIFIED TIME STEP IS LABELER
NDT. AT THE COMPLETION OF EACH INCREMENT WE G0 TO 340
FOR TIME STEPS TAKEN WITHIN AN INCREMENT, ML GO 7O 350,

Lo B o BN or B o B 20 B or B uv BN o'

(REe4802 48802800308 000883b02800ett0dbretbuttotdtecadtedoiniesatinid
320 TUIN=X(2)/(2,SPIENCS)

TU2N= TVIN - AINT(TVIN)

PIPR=TV2NINCSENFC + 1

IPT=PIPB

TGT=DFLOAT(IPR)/DFLOAT (NPC)

IF(TVZN.LT..1.AND,IPB.EQ.NPC) TGT=0

IF(TV2N,LT,TGT+TOL .AND, TV2N.GT. TGT-TOL) GO TO 340
IF(IPT.EQ.IPR) GO TO 350

TV10=X2T/(2,$PIENCS)
TV20=TV10- AINT(TV10)
IF{76T.£EQ.0) TGT=t
NDT=DABS(TV20-T6T)/DABS(X(1))

T=TTH4

X(1)=X1T

X(2)=X27

DT = NRT

DTI=NDT

60 10 300 :
3200 t0 bR 0t etboaettereteteietteatettonttttrettteacettentetoreetiotes]
£ THE BLOCK BELOW IS EXECUTED AT THE END OF EACH INCREMENT
¢ IPB IS THE # OF THE INCREMENT (THEREFORE INCREASE BY ON)
C RETURN TG THE ORIGINAL(ODT) TINE STEP. SN SAVES THE SPEED
C AT THIS TINE TO BE USED IN THE NEXT DELATSPD CALCULATION.
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DSUM INTEGRATES ANOTHER DELTAs MODIFY IS SWITCHED ON» IF WE

ARE ALSO AT THE COMPLETION OF A LOAD CYCLE THE LAST GROUP OF
LINES FIND THE AVERAGE DELTA ERROR OVER THE LOAB CYCLE,
WRITE IT TO THE SCREEN» RESET IPB FROM NPCH! TQ 1, ANR
CALCULATES IOFSET.

O OO, O

(020002t 800000bietetttitttettanttettondreeterdspettetosretteovieett]

340 IFR=IPRt1

D7=0D7

X1RR=5N

SN=X(1)

DESUN=DEL TA+DSUN

MODIFY=1

IF(IPB.NE,NCSENPCH1) 60 TO 350

AVGRE=DSUM/NPC

DE=1,25-AVGDE

WRITE(61%) AVGDE

nSUM=0

IPR=1 .

I0FSET=-K2¥DE
(PRootaeitoabittinttisviotntcttinetiiietaneeteriecseesavtocsiited
THE LINES BELOW CHECK TO SEE IF THE SIMULATION SHOULD
BE TERMINATED(TSTOP)s CHECK THE PLOT INTERVAL ANR FILL
THE ARRAYS DEFINER BETWEEN LINE 500 AND N=N+1, THE ARRAYS
ALONG WITH N (THE # OF POINTS TO BE PLOTTED) ARE SENT TO
OUTPUT.FOR TO PREPARE FOR SCREEN OR PAPER PLOTS,

I OO O

[22dhesstttecsitrissettatitettettieciiecettonetaneseecsrerretsetd
330 ITIME=ITINEH
IF(T.GT.TSTOP) GO TO 999
IF(ITINE.EQ.IPLOT) GO TO 400
60 70 120
400 ITINE=0
TSUN=0,0
300 IAN)=IAT
IR(N)=INL(IPB)
IC(N)=IDFSET
DELT(N)=DELTA
THRB(N)=BX(1)
TP{N)=T
TAF (N)=TSUND
THIMN)=X(1)
TH(N)=IPR
N=Nt1
IF(N.EQ.2) GO TO 300
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40 70 12

CALL OUTPUT(TSTOPsN» TPy THDs THDDsDELT»TAF» 1A+ IBs ICs TH)
G0 T &0
ST0f

END
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THIS SUBROUTINE IS FOR SIMULATING THE 4-RAR LINKAGE

AS WAS DONE BY S.0.CARLSON ».184 OF IS THESIS.
SUBROUTINE SOC(Q1Ds@1»TLCsTLGIRJTSNSN)

INPLICIT REALES (A-Hs0-2)
REALZB I1512:13+K1:42,43
CONSTANTS

6=186.0
M1=0,0827
¥2=0,007
¥3=0.104
11=0,448
12=0,00435
13=5.0
R1=0,375
R2=1,625
R3=2.06
TH1=3.1415
TH2=0,0
TH3=0.0
AA1=0,75
M2=3025
AAJ=5.5
AR4=6,0

CALCULATE THE INITIAL POSITION OF THE MECHANISH
IF(NSB.GT.0) GO TO 50

S6N3=-1
S6N2=1

CC3=(AA1TI2+AA3TI2HAAATE2-AAZER2) /2, /ART /0A3
CC2=(AAITE2HAAZER2HAALRE2-AA3ES2) /2, /AAL/AA2

CALCULATE THE CURRENT POSITION OF THE NECHANISM

A=DSIN(OL)

R=DC0OS(01)-AA4/AA1
C=CC2-AA4/AA2EDCOS(DT)
FF2=(-A+SGN2XDSART (AXA+BEB{CEC) ) /(C-B)
@2=DATAN(FF2)%2

RI=DCOS(Q1)-AA4/AAL
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C3=CC3I-AA4/AAERCOS(AT)
FF3=(A+SEGNIRDSART (ARA+RIEX2-C3882) )/ (BI4CI)
@32, X0ATAN(FF3)

CALCULATE THE INFLUENCE COEFFICIENTS
ROTATIONAL

G3=AA1/AAJSDSIN(Q1-2)/DSIN(@3-Q2)
2=AA1/AAZERSINGQ1-03) /DSIN(G3-02)

ACCELERATION

H2=AA1/AA28(DSIN(Q3-02)$DCOS(Q1-83)%(1,-63)~
$ DSIN(Q1-03)3DCOS(A3-82)8(63-62) )/DSIN(A3-Q2) 282

H3=AA1/AA3R(DSIN(@3-Q2)$DCOS(01-82)8(1,-62)-
$ DSIN(Q1-Q2)30C0S(Q3-02)3(63-62))/(DSIN(Q3-Q2)832)

LINK 2 TRANSLATIONAL INFLUENCE COEF,

G2R=AAIXI21RZIRZIC2E6242, SAAL SR23G23DCOS(-Q1 4024 TH2)
GRHR=R2ER2X622H2+AATIRZB(H2EDCOS(-014024 TH2) -
$ G2XDSIN(-011024TH2)%(62-1,))

GRAVITATIONAL INFLUENCE COEF,

X1=R1¥DCOS(014TH1)
X2=AA1¥DCOS(01) +628R28DCOS (@24 TH2)
X3=RI*0COS(3+TH3) 363

CALCULATE TLG AND TLC

TI.O=GR(MIXX1$K2EX24H32XT)
TLC=01D%Q1 1 ( T2X62%H2+ I3XGILHIHH2SGBHE)

CALCULATE RJI
RJI=1,/(11+ 12062362+ 1 3XGISCIHI2EC2B)

RETURN
END
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THIS IS A STANDARD ATH ORDER RUNGE-KUTTA INTEGRATION
ROUTINE. NEQ TS THE ORDER OF THE SYSTEM» THE A AND

R WATRICES IN THE EQ. XDOT=AX{BU ARE IN COMMON

WITH THIS ROUTINEs THEY ARE FOUND IN THE MAIN PROGRAM.
H IS THE TINE STEPy X IS TIME, Y IS THE STATEs DY IS
THE RATE OF CHANGE OF THE STATE OVER M,

THATS ENOUSH HINTS -~ YOU CAN TAKE IT FROM HERE!

SURROUTINC RKG (NEQsH»XsYsDY»@)
IMPLICIT REALES (A-H»0-2)
DIMENSION A(2)Y(NEQ)Q(NEQ)sRY(NED)
A(1)=0,292893218313452475
A(2)=1,70710878118854752
H2=0.52H

CALL DERIV(Y,DY,X)

PO 13 I=1,NEQ
R=H28DY(1}-Q(I)

Y(I)=Y(I){R

0(1)=0(I1)+3, 08R-H28DY(])
=X+H2

N0 20 J=1,2

CALL DERIV(YsDY:X)

D0 20 I=1,NEQ
BR=A(DR(HRDY(I)-Q(1))
Y(I)=Y{I)4R
QD=A(1)$3,08B-A(J)EHRDY(I)
X=X+H2

CALL DERIV(YsDYsX)

D0 28 I=1,NEQ
k=(HEDY(1)-2,0%0(1))/6.0
Y(D=Y(I)4B
a(I)=0(1)+3.08B-H2EDY(1)
RETURN

END

SUBROUTINE DERIV(X»DX»T)

INPLICIT REALE8 (A-Hs0-2)

DIKENSION X(4)sDX(4)rA(494)¢B(4:5)sU(S)
DIMENSION X1(4)1X2(4)

COMMON AsBsll

CALL MATMPY(As4s4sXr4r15X1)
CALL BATMPY(Br4s5:UrSe15X2)
CALL MATADDR(X1s4s1,X2sDX)
RETURN

END
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SUBROUTINE MATHPY(AsNAsMAsBsNBsNRsC)
INPLICIT REALX8 (A-Hs0-2)
C=AtR
A IS MA BY NA
R IS MR BY NR
C IS MA BY NB
NA HUST EQUAL MR
DIMENSION A(MAsNA)+B(MBsNB)sC(MAINB)
D0 2 J=1,44
00 2 I=1sNR
F=0.0
00 1 K=1sNA

P=P+ACLK)EB(Ks 1)

(s 1)=P

RETURN

END

SUBROUTINE MATADD(AsMAsNAsBsC)

IMPLICIT REALES (A-Hy0-2)
=A+R
AR AND C ARE MA BY MA

DIMENSION A(HAINA)1B(MAINA) sC(NAINA)

B0 1 I=14HA

B0 1 J=1:MA

C{Ird)=A(1sJ) ¢+ B(1sJd)

RETURN

END
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OUTPUT. FOR

THIS SUBROUTINE IS USED TO PREPARE THE PLOT DATA INTO
THE FORMAT USED BY THE PLOTTING ROUTINE FASTPLT2.FOR,

WE SEND TSTOPs» N (# OF POINTS TO PLOT)s TP (TIME ARRAY) »

THR (SPEED ARRAY)» THDD (ACCEL ARRAY) s ETC, THE OTHER
ARRAYS WERE DEFINED AS NCEDED,

SUBROUTINE OUTPUT(TSTOPsNsTPsTHD» THDDsDELT»TTsIAs IR ICs TH)

INPLICIT REALYS (A~H»0-1)

ONLY 4 ARRAYS ARE LOADED AT ONE TIME TO BE SENT T0 THE
FASTPLT2, THE 3 °*Y* AXIS VARIABLES PLT1-PLT3 AND THE
'X'-AXIS WAS ALWAYS TIME,

DIMENSION PLT1(6000)sPLT2(6000)sPLT3(6000)s TPLOT(6000)

THE LINES BELOW ALLOW THE OPTION OF ECSAPE FRON

THE PLOTTING ROUTINE» THEN BY CALL °LIST* A CHOICE

OF VARIABLES FOR PLOTTING IS PRESENTED, THREE MUST

BE SELECTED, THEN CALL Z00N. Z0OM ALLOWS SELECTED
VIEWING BETWEEN ANY TWO POINTS ON THE TIME AXIS

FOR A DETAILED LOOK AT THE PLOT, THEN CALL LOADUP,

THIS LOADS THE ARRAYS PTLI-PTL3 AND TPLOT WITH THE RANGE
OF VALUES CHOSEN BY THE Z00M FUNCTION. THEN CALL
FASTPLT2 AND DELIVER THE CHOSEN ARRAYS FOR DISPLAY

ON THE SCEENs OR TO BE PLOTTED ON THE VERSAJUNK PLOTTER.

URITE(6+10)

FORMAT(’ TYPE’»/s’ 1 TO EXIT’s/+* 2 TO CONTINUE’)
READ(S»¥) I

60 T0(%005200)y I

CALL LIST(I1,12,13)

K=0

L=0

CALL ZOOM(N»TSTOPsKsL)

NC=1

60 T0(52300,320+340:360+3801400,420,440)» I
NC=2

G0 T0(8501300+3205 34043601 380,400,420,440), 12
NC=3
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420
440
300
600
610

620

6350

660
670
480

900

10
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G0 TO(850s 300532013405 3505 380,4005420,440)y I3

CALL LOADUP(THDsKsLsTPsTPLOTsPLT1sPLT2:PLT3sNC)
60 T0 S00

CALL LOADUP(DELTsKsLs TP TPLOTsPLTIsPLT2sPLT3sNC)
60 TO S00

CALL LOADUP(THDRKsLs TP TPLOTsPLT1sPLT2+PLTISNC)
G0 T0 500

CALL LOADUP(IAsKsLyTPyTPLOT/PLT1sPLT2,PLT3sNC)
G0 TO 500

CALL LOADUPCIRsKsLsTPsTPLOTIPLT1»PLT2sPLT3INC)
60 T0 500

CALL LOADUP(ICsKsLsTPsTPLOTsPLT1sPLT2sPLTIsNC)

60 T0 500
CALL LOADUP(TTsKsLsTP»TPLOTSPLTIH»PLT2yPLTIINC)
G0 TO 500
CALL LOADUP(THsKsLsTPs TPLOT»PLT1»PLT2,PLTIINC)

G0 T0(240,260,650)s NC

WRITE(6+610)

FORMAT(’ ‘1 PLOT TO SCREEN’s/s‘ 2 PRINT TO SCREEN’)
WRITE(6+620)

FORMAT(‘ 3 PLOT TO FILE's/+‘ 4 PRINT T0 FILE’)

READ(S:3) N
50 T0(65096601670+680)s M

K=L-K$1
CALL FASTPLT2(PLT1sPLT2sPLT3sTPLOTsI1512513)

60 70 S

60 TO 400

GG T0 600

G0 TO 400

RETURN

END

SUBROUTINE LIST(I1,I12,13)

WRITE(6s8) ‘VARIABLE LIST - PLEASE SELECT ONE’
WRITE(6510)

FORMAT(’ 1 THD's/+ 2 BELTA’s/»’ 3 THDB's/v‘ 4 IA's/y’ 5 IRy/
v 6 IC/y 7 TT 9/ 8 THY)

2345678

READ(Ss%) I1,12,13
I1=1141

12=1241

13=13#1

RETURN

END
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SURROUTINE ZOOM(NPsTSTOPsKsL)
INPLICIT REAL38 (T)
WRITE(6+10)

FORMAT(” Z0OM?‘»/+‘ 1 FOR YES's/»’ 2 FOR NO')
READ(Ss2) I :
G0 70(20,30), 1

WRITE(S»%) ‘STARTING TIME?’
READ(S,¥) ST

IF(ST.GT,TSTOP) GO TO 20
WRITE(6+%) ‘FINAL TINE?‘
READ(S:3) FT

IFCFTLLT.ST) 60 TO 25
IF(FT.GT.TSTOF) FT=TSTOP
CK=(ST/TSTOP)SNP ¢ 1.0
CL=(FT/TSTOP)SNP

K=CK

L=Cl

60 10 50

k=1

L=NP

RETURN

END

SUBROUTINE LOADUP(PLDRsKsLs TTPy TPLOT)PLT1sPLT2:PLT3sNC)
IMPLICIT REALZS (A-Hs0-2)

REALS4 TPLOTsPLTIsPLT2oPLT3

DIMENSION PLDR(1)sTTP(1)»TPLOT(1)sPLT1(1)sPLT2(1)sPLT3(1)
JS=L-K$1

60 T0(S5:15:25)» NC

TPLOT(1)=J5

PLTI(1)=JS

D0 10 I=2,J541

TPLOT(I)=TTP(14K~2)

PLTI(1)=PLDR(I$K-2)

CONTINUE

60 T0 50

PLT2(1)=J8

RO 20 I=2,J541

PLT2(1)=PLDR(14K-2)

CONTINUE

G0 10 S50

PLT3(1)=JS

R0 30 I=2,J5¢1
PLTI(I)=PLOR(I$K-2)

20

50

CONTINUE

RETURN
END
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THIS ROUTINE IS USED ONLY TO LABEL THE °*Y*-AXIS OF THE

PLOTS, EICHT LARELS ARE AVAILABLE (I=1-8), SEE THE
PLOT 10 ONNERS MANUAL FOR DETAILS.

SURROUTINE YLABEL(I)

80
90

DIMENSION L1(4)sL2(6)sL3(5)sL4(3)sLS(7)9L8(3)sL7(3)sLB(3)

DATA L1/3484,72:48/

DATA L2/3+68+69176+84+65/
DATA L3/4:84172+68+488/
DATA L4/273+65/

DATA LS/6573577140584:72,41/
DATA L8/2s73987/

PATA L7/2:84584/

DATA L8/2+84574/

I=I-1

G0 T0(1052093094050160970980)s I
CALL VSTRIN(L1)

G0 10 90

CALL VSTRIN(L2)

G0 T0 90

CALL VSTRIM(LD)

GO TO 90

CALL VSTRIN(L4)

G0 T0 90

CALL VSTRIN(LS)

60 TO 90

CALL VSTRIN(LS)

60 10 %0

CALL VSTRIN(L?)

60 TO 90

CALL VSTRIN(LS)

RETURN
END
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THIS IS THE MAIN PROGRAM OF THE D.C. MOTOR SIMULATION.

THIS PROGRAM IS USED FOR PyPIsPID AND SCHEDULE CONTROLLER
SINULATIONS,

Lor IR or B o TN op ]

INPLICIT REALZ8 (A-Hs0-2)

REALSS  LAsKT»KJy STy JMs JLoKF sKE1KJIsKSs KVs KD NDT
REALS8 IAsIBsIC»IALsIBL)ICL»LNDsKPsKIsKA»ODT
DIMENSION X1(4)2X2(4)+C(4,9)

C THESE ARRAYS ARE SENT TO THE PLOTTING ROUTINE.

DIMENSION TH(8000)s THB(5000) s THDR(6000) s TP(5000) s TAF (6000)

DIMENSION DELT(6000),IA(6000)s IR(6000)IC(6000) WL (501)
€ THESE ARRAYS ARE USED IN THE MATRIX EG. XDOT=AX$BU FOR
C SOLUTION IN RKG.FOR... 4TH ORDER RUNGA-KUTTA ROUTIMNE.

DIKENSION A(424)sB(453)1X(4)sDX(4)5U(4),0(4)

COMMON AsBsU
[oddeerdtoretereted ot tdottiecattonttostontosateatesteesnosdtosettsits]

C THIS SECTION REQUESTS DATA FOR TIE STIMULATION FROM A
C PARAMETER FILE.
¢
IMettetrtdeotetosatontebitatoatrisarstttecesteretotateoceotiottentt]
50 WRITE(4s%) / ENTER PARAMETER FILE NUMBER’
READ(S:X) X
52 READ(Ms2) DT»TSTOPyIPLOTsSPsT2:T3sT4» TSeALsBR
WRITE(4,33) DBTsTSTOP, IPLOT
59 FORMAT(SXs ‘D= 4F 4,594y TSTOP=" sF4, 254Xy ' IPLOT=/ 5 139 4X)
WRITE(6136) SPsT2:T3s T4 TSsAL
5é FORMAT(2Xy *SP=’9F6:293Xs ' T22sF8. 253X ‘T3=/35F64 293Xy ‘' TA='sF&s 2»
13X ‘TS="3F4, 39 3%s ‘AL="sFB:4)
40 WRITE(61635)
45 FORMAT(’ 1 TO RUN THIS FILE’s/s’ 2 TO CHANGE FILE #'+/+° 3 T0 EX
3T
READ(Ss%) J
G0 T0(80+50+1000), J

(22 i0de00ettdeottlodesittsetastestoctitatetiesottodaceatesitantesnessttd

THE PARAMETERS BELOW WILL BE DESCRIBED HERE. NPC IS THE & OF

C

£ INCREMENTS IN ONE LOAD CYCLE, KS IS THE SCHEDULE GAIN AS A
e FUNCTION OF THE SPEED COMMANB. RsKT)KEsAND LA ARE THE NOTOR
C

PARAMETERS RESISTANCE, TORQUE CONSTANT»BACK-EMF CONSTANTs AND INRUCTANCE.
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PP IS VISCOUS DAMPING COEF. PHi= 120 REGREES IN RADIANS.

N AND IPR WILL BE DEFINCD LATER. ORT IS THE ORJGINAL

DELTA T OR TIME STEP.  DTI IS AN INTERMEDIATE TIME STEP.
TOL IS THE PERCENT ERROR ALLOWED IN THE POSITION ENCODER
FOR EACH INCREMENT, W IS THE PERCENT OF THE SPEED COMMAND
AT WHICH THE SCHEDULE IS TURNED ON. THE REMAINING VARIABLES
WILL BE EXPLAINED LATER.

(32esttotsetitsttetdosdoottissesitecnctesssttacititoceecitesiostsecsests

80

100

. NPC=64

KS=1.68¥5P
NCS=1

R=7.03 )
KT=29.63
KE=,209

LA=AL

bP=,33 :
FH1=2,094395102
PI=3, 141592654
N={

IPR=1

0DT=RT

DTI=DT
TOL=,01/DFLOAT(NPC)
¥=.8

7=0.0

TSUM=0

SH=0

X1RB=0

ITINE=O

VM=0,0

YINT=0

10 100 I=1,4
a(I)=0.0

BETEEETER T ER TS S aaTs e R T P e T L L e b s P T a0y 0 ]

OO OO M

INPUT GAINS FROM THE SCREEN FOR THIS RUN. KA IS THE POWER
AMPLIFIER GAINs KP IS THE PROPORTIONAL LOOP GAIN» KI IS THE
INTEGRATOR GAINy» KV TS THE INTEGRATOR GAIN IN THE SCHEDULE
CONTROLLER, KS IS THE SCHEDULE ADAPTATION GAIN

ULTH = VOLTAGE LINIT OF TiE SCHERULE ‘HICH’

VLTL = VOLTAGE LINIT OF THE SCHEDULE ‘LOW‘

WRITE(693)’ KA? KP? KI? KV? K57 VLTH? WVLTLY/
READ(Ss2) KAsKPsKIsKVsKSsULTH)WLTL
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¢ SPDCOM IS THE SPEER COMMAND INPUT FROX THE PARAMETER FILE,
C D0 110 LOADS THE SCHEDULE WITH ITS INITIAL (VM) VALUES,

SPDCON=SP

ULT={VLTH-VLTL}/2,0
DG 110 J=1,NPC
VL (J)=UM

110 CONTINUE

RIt300 0e 20000t 00ve00tbettatttenententetettttectritesittratstetsterersd
£ INITIAL VALUES OF THE STATES

BX(1)=0.0
BX(2}=0,0
X (3)=0.0

X(1)=0.0
X(2)=0.0
X(31=0.0

2320000000000 00sdvetaaetttittseitttatetenteetettodneetiettoiettd
C THIS CALL [S TO A PROGRAM BY 5,0, CARLSON WHICH

CALCULATES THE TORQUE REQUIREMENTS OF THE FOUR-BAR

LINKAGE (LOAD CASE D),

THE SUBROUTINE USES CURRENT SPEED(X(1)) ANR POSITION (X(2))
T0 CALCULATE CENTRIFUGAL TORGUE COMPONENT(TLCC)s GRAVITY
TORQUE COMP,(TLGG) AND THE INVERSE INERTIA RJI(RJI=1/J).
NSS IS A SWITCH TO INITIALIZE A SUBROUTINE IN SOC,

Lar B or B o B 2 TN or M ov ]

150 CALL SOC(X(1)sX(2)sTLCCs TLGGsRIIINSS)
NSS=1
KJ=RJI
C ENTRIES IN THE ‘A’ MATRIX AND ‘B’ MATRIX ARE DEFINED

Alls1)= -KJX(BD4DP)
A{152)=0,0

A1 3)=KTaKJ
A(251)=1,0
A(2:2)=0,0
A(2:3)=0.,0
A(3s1)=-KE/LA
A(312)=0,0
A(3s3)=-R/LA
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Ri1y1)=-KJ

R(1+2)=0.0

B(251)=0.0

R(2:2)=0,0

R(3113=0.0

B(3,2)=1./LA
[R3c320022008080080 000200k R0eaRtseoittentttsettttecstttestestteted

XiR=X(1)

THE NEXT FOUR LINES DECIDE WHEN THE SCHEDWLE IS TO BE
ABAPTED, ‘NODIFY’ IS SET EQUAL TO 1 AT THE COMPLETION
OF EACH LOAD CYCLE, ‘NSW'=1 ANY TIME AFTER MOTOR SPEED
EXCEEDS 802 OF SPOCOM.

O M

3o tis it ettt et dias it editeuteotittasttensoretnseteiasatttntesensd
IF(MODIFY.NE.1) GO TO 160
IF(NSW.EQ.1) 60 TO 152
TF(X(1).LT.WeSP) GO TO 155

NSW=1
C
c IN THE NEXT FEW LINES THE CHANGE IN SPEED OVER THE
C INCREMENTs DELTASPEEDs IS CALCULATEDR, THE SCHEDULE
C IS STARTED ONLY IF DELTASPEED IS LESS THAN .1.
» THE SS=1 MEANS THE SCHEDULE HAS BEEN STARTED SO
c CONTINUE THE MODIFICATION OF THE SCHEDIRE.
c DELTASPEED IS TRUNCATED TO 12-BIT ACCURACY.
C LINES 153-155 UPDATE THE LAST SCHEDULE VALUE,TRUNCATE
c TO 12-RITsAND ROUND THE SCHEDULE BY ULTH AND WLTL,
C
152 DELTASPR=X1R-XIRR

IP=IPR-1

IF(IF.EQ.0) IP=NPC
IF(SS.EQ.1) GO TO 153
CK=DARS(DELTASPD)
IF(CK.G6T..1) GO TO 155
HBW=DELTASPD¥2048

DELTASPD=MRW/2048,
88=1
153 USL(IP)=(VHML(IP) - KSRDELTASPD) + VOFFSET
JCR=VML(IF) %(2048,/WLT)
UML(IP)=JCRR(VLT/2048,)
IF(UML(IP).GT.VLTH) VML(IP)=VLTH
IF(UML(IP) LT, VLTL) WHL(IP)=WLTL
153 MORIFY=0
(20t dbtvesitesteionetetastosattessneetsastoststanetasstossttasstotasts
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THIS BLOCK OF FILES SWITCHES TLP=1 ON AND OFF TO CREATE

THE PERIODIC STEP LOAD IF NEEDED. THE LOAD APPLIED IS SUMMED
INTO ONE TERM TSUMs TSUMD IS A SUN OF ALL THE LOAD COMPONENTS
SENT TO THE PLOTTER i.e. INCLUDES THE VISCOUS COMPONENTS.

[ o N ar B o |

Lol B 4 ]

60 IF(BSIN(X(2)),LT.,3) 60 TO 1642
TLP=1,0
G0 10 143
162 TLP=0.0
163 TSUM= TLGG + TSTLCC
TSUND=T22TLG+TLGE+(BDHDP) $X(1)+TLCCHTARTLP
[B330028000088000000080000002d0r0000ve00ut00dttoreteentitecentesd

£ THIS BLOCK OF FILES SWITCHES THE SPEED COMMAND AND UPDATES
c THE SCHEDULE GAIN KS.
€

IF(T.LT\T2) GO TO 170
IF(NS.EQ.1) GO TO 170
SPRCOM=SPDCON + 25
KS=1,68¥SPDCOM
NS={
220030 tdtettetietonttatesettrtttntotetsittetttatteneetitantestee]
THIS BLOCK OF FILES CONTAINS THE PsI AND D CONTROL
EQUATIONS, THE INTEGRATOR VINT BELOW DOES NOT
INTEGRATE ERROR OVER TIME BUT OVER DISPLACEMENT.
THE DERIVATIVE TERK IS ACTUALLY DERIVATIVE FEEDBACKs
NOT THE DERIVATIVE OF THE SPEED ERROR.
VINT DOES INTEGRATE OVER TIME IN PI OR PID CONTROL
VINT INTEGRATES OVER DISPLACEMENT FOR THE SCHEDULE CONTROLLER

OO, 0

170 SPDERR=SPDCOM~XIR

ASPDERR=((X1T$X(1))/2.) - SPDCOM

VINT=VINT-ASPDERR®(X(2)-X2T)

BTI=RT

VDER=-KDDX(1)

UPROP=KPESPRERR

UTERN=VPROP + KIIVINT + VDER
23800t hotattattectesatactaeatttrttettthetstcttatestetntettettrettteteind
C THE BLOCK OF LINES BELOW DEFINE THE INPUTS TO THE SYSTEM
C U(1) AND U(2), VTERK JS THE SUM OF THE PID FEEDBACK FED
C T0 THE POWER AMPLIFIER, U(2) IS LIMITED AS SHOWN,
C

Detdtttetastatettcocdotatatttesttdetettrssietotdetiecttatciooatestetss ]

UC1)=TSUK
CAT=KARVTERN »
IF(CAT.GT.84) CAT=84
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IF(CAT.LT.~84) CAT=-84

U(2)=CAT + TIRVNL(IPB) + VOFFSET
IF(UC2) 6T VLTH) U(2)=WLTH
IFCU(2)WLTVLTL) U(2)=VLTL
IF(N.EO.1) GO TO 500

(R2228se0sstttaeetositesiettoiiteitncetioteediteecatecedteseitossettess]

THE STATES ARE SAVED IN CASE THE TINE STEP IS MODIFIED
c FOR ANOTHER STEP.

200 X1T=x(1)

X21=X(2)

X3T=X(3)

TSAVE=T
[M3debetensteboedtiettboteeetotttrosototosatetseiototeseteotetetosaters]
AT LINE 300 RKG IS CALLED TO MAKE THE NEXT STEP IN
TIME, DERIV IS A ROUTINE WITHIN RKG--IT CALCIRATES
THE PRESENT DERIVATIVE TO RE USED IN THE DERIVATIVE
£ FEEDRACK (D),

M tettatestsdsasdidoietintstiotestabibeaitaeeateatastertroertsd
300 CALL RKG6(IsDTsTsX2DX:Q)

CALL DERIV(X,DXsT)

M2t ettbtiateteretattitdiseaterertenosoetttroereertaioraersestestesteess
C THE ONLY PURPOSE OF THE NEXT BLOCK OF FILES IS TO
L SIMULATE A POSITION ENCODER, RKG MAKES A STEP IN

MO

£ TIME AND DISPLACEMENT X(2), IF THE TIME STEP IS TOO
¢ LONG i.e. X(2) STEPS BEYONR THE END OF THE INCREMENT
C (AI.SO BEYOND THE TOLERANCE ALLOWED) THE TIME STEP IS
e SHORTENED--A NEW DTI IS REFINCD AND RKG IS CALLED AGAIN
C THE PROCESS CONTINUES UNTIL X(2) IS WITHIN TOLERANCES,
[Redetsottiototbtioetsatteidtotittestiocteatatataentectonctecatieesed
IF(X(2),L7.,0) GO TO 345
320 TVIN=X(2)/(2,3P1ENCS)
TU2N= TUIN - AINT(TVIN)
PIPB=TV2NENCSENFC ¢+ 1
IPT=PIPR
TGT=DFLOAT(IFB) /DFLOAT(NPC)
IF(TV2N.LT..1,AND, IPR.EQ.NPC) TBT=0

IF(TV2N,LT,TGT4TOL . AND, TV2N,GT, T6T-TOL) GO TO 340
IFCIPT.EQ.IPB) GO TO 345

325 TV10=X2T/(2, ¥PTINCS)
TV20=Tv10- AINT(TVIO)
IF(TGT.£8.,0) TGT=1
NRT=DARS(TV20-TGT)/DABS(X(1))
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T=TSAVE
X(1=X1T7
X(23=X27
X(2)=X31
RT=NDT
DTI=NDT
60 TO 300

R 2288280008000 00t 000000000 todettetteitodttobtaitetitisttattetttite
THE PROGRAM STEPS TO 340 AT THE END OF EACH ENCODER INCREMENT
AND THE INCREMENT NUMBER (IPB) OF THE LOAD CYCLE IS INCREASED
BY 1. THE TIME STEP IS RETURNED TO ITS ORIGINAL VALUE 0DT.

SN SAVES THE SPEED AT THE END OF THE INCREMENT, XIRR MOVES

THE PREVIOUS SN TO THE DELTASPEED €QU. ABOVE, MODIFY ={ IS THE
SWITCH WHICH TELLS THE ALGORITHN TO MODIFY THE SCHEDWLE,

THE NEXT LINE CHECKS TO SEE IF THE LOAD CYCLE HAS BEEN
COMPLETEDR, IF IT HAS NOT WE GO TO THE PLOTTING ROUTINE (345).
IF THE CYCLE 1S COMPLETE THEN CALCULATE VOFFSET AND LINIT

IT 70 10 VOLTS, THEN RESET VINT=0 AND IPB T0 1 i.e. THE

FIRST INCREMENT IN THE NEXT LOAD CYCLE.

OO0 M 0 [or Maw TN ov |

3

- IPR=IPR#!

BT=0BT

X1RB=SN

SN=X(1)

HORIFY=1

IF(IPR.NE.NCSEINPCt1) GO TO 345
VOFFSET=KVRVINT
IF(VOFFSET.GT,10) VOFFSET=10
IF(VOFFSET.LT.-10) VOFFSET=-10
VINT=0

IF(IPB.EG.NPCH1) IPR=1
[Re82000308302808 000200800800ttt eetostodeseantentdeettsetetssy]

g THE RLOCK OF LINES WHICH FOLLOW PRINT THE SIMULATION TIME TO
C. SCREEN EVERY 300 TIME STEPSs CHECKS TO SEE IF THE TIME HAS

C EXCEEDED TSTOP (END OF THE SINULATION)s AND ON THE PLOT

€ INTERVAL IT LOADS THE ARRAYS WITH THE SINULATION VALUES SHOWN
c BELOW, AT THE COMPLETION OF THE RUN THE PROGRAM CALLS

£ *OUTPUT* WHICH IS A PLOTING ROUTINE,

¢

Metodsotetasostassttbedattetonttotettoestedetsttosetesieettitesett]
345 ITINE=ITINE$1

INRITE=INRITEH!

IF(IWRITE.NE.300) GO TO 350

WRITE(6sX) T

IWRITE=0
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350 IF(T.GT.TSTOF) GO TO 999
IF(ITINE.EQ.IPLOT) GO TO 400
6C T0 150

400 ITIME=0

500 TA(N)=X(3)

IR(N)=UML(IPR)

IC(N)=YTERM

DELT(M)=U(2)

THRQU(N)=DX(1)

TRON=T

TOF (N)=TSUMB

THR(N)=X(1) .

TH{N)=VOFFSET

WRITE(698) NeTP(N) s THBD(N) » TAF (N) s TH(N)

N=N#1

IF(N.EG.2) 60 TO 200

G0 TO 150

999 N=N-1
CALL OUTPUT(TSTOPsMsTPsTHDs THRDsDELTsTQF s IAs IR+ IC) TH)
60 TO 40

1000  STOP
END

Lo ]
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