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ABSTRACT

This study investigates an adaptive control scheme designed to

maintaiu 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 bg

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 drlve 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 load. 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 (~ O), 3) 12-50 times better reduction in speed fluctuation, and

4) the schedule controller gaius were much easier to find than PID gaius

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 is 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 linkages 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 is 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.

1
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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, 6, is the angle between the stator magnetic axis and the rotor

mgnetic axis and is ideally equal to 90°. The work in Chapter 1

Suggests motor control would be much simplier if 6 is 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 [1]. Fixing

6 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 led 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, 6. The coordinate transformation matrix is

implemented with summing amplifiers and stored sine and cosine

functions. This logic generates the desired current level 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

3
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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 is 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 12% using perturbation adaptive control [3]. This method

models the linkage 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.
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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 is 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 linear 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 rmagnet rotor

machine is 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 sections.

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

synchronous motors.

1.5 Torque Scheduling Controller — describes a new method of speed

6
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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

is 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. If the fingers of the

right hand curl in the direction of current 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-hb. The rotor experiences
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an alignment torque given by

T = F sin(6)

where F is a measure of the rotor and stat0t magnetic field strength

and 6 is the angle between the rotor and stator magnetic axes. The

maximum value of alignment torque occurs when 6 equals 90° and sin(6)

equals one (see Fig. 1-4c).

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 totot will align on each phase

axls 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 is 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 (wet) 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
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produced by a given phase winding is proportional to the current 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 Fa, Fb, and Fc

which are generated by the instantaneous currents ia, ib, ic in the

windings at wet = O (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, Fmax, in the direction shown. Figures 1-7a,b

show flux vector summations for wet =• 11/3 and 211/3, respectively.

The net flux vector formed from the vector sum of the individual

phase vectors is called the net stator flux vector.

It can be shown that the net stator flux vector has a constant

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 wet. This

can be seen in Fig 1-7 where a 60° step in the direction of the net

stator flux vector corresponds to a 11/3 change in wet. 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 is said to be turning at synchronous speed with torque

angle 6 equal to zero. If the load torque on the shaft is lncreased,

the angle 6 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 6 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 is generated by three equal amplitude

sinusoidal currents in the stator windings.

3. The net stator flux can be visuallzed as a vector which rotates

at the electrical frequency of the phase currents and whose

amplitude is 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(6) where 6 is the angle between the stator

flux vector and the rotor flux vector.

5. The average speed of the motor is determined solely by the
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frequency of the driving currents.

6. Motor torque output is a function of torque angle 6 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) sinusoldal 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.)

ia = IS cos(wet) (1-1)

ib = IB cos(wet + 2w/3) (1-2)

ic = IS cos(wet - Zw/3) (1-3)

Following the usual convention, the lowercase "i's" represent the _

instantaneous current in each of the phase windings (A, B, and C). The

upper case "IS" is the amplitude of the current waveforms and must be

the same for each phase though IS is not necessarily a constant

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

Ge equals zero when the net stator flux vector is aligned with the

phase A magnetic axis. Since 86 = wet, it will be convenient later on

to find Ge from the method used to generate the phase A current

waveform, given by Eq. (1-1). The electrical angle Ge 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 is 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 6 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 is achieved when

6 = 90° and IS is large enough to cause total magnetic saturation.

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 IZR losses) the Magnetic Field Energy Out

This derivation ignores energy losses from flux leakage and iron

reluctance. Neglecting iron reluctance is a good approximation for

permanent magnet motors since the air—gap reluctance is very large.

(The reluctance of the new high flux density magnets is about the same

as air - which doubles or triples the effective air gap.) It is assumed

here that flux leakage losses do not significantly change the

synchronous motor torque production characteristics.

Fitzgerald derives the equation below:

T888 =- ig- * 18 =•· 18 * 1.88 * amg- am (1-a)

Tgsn = torque output from one phase of the motor

P = number of poles on the rotor

is = current in one phase winding of the stator

(proportional to stator flux vector)

ir = current in the rotor (proportional to rotor

flux vector)

Lsr sin P/2 Gm = mutual inductance between rotor and stator as a

function of Sm.

Gm = 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 ir and Ls!.

into a single term KT. LSI, is a constant for any given motor and ir

must also be constant since it is proportional to the rotor flux which

E constant (being generated by a permanent magnet).

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

TA = KT ia sin(9m) (1-5)

TB = KT ib sin(6m + 2vr/3) (1-6)

TC = KT 1c (1-7)

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

on the rotor is therefore:

TTOTAL = TA + TB + TC (1-8)

1.3 Overview of Control Strategies

Given the torque equations just developed and the previous descrip-

tion of synchronous motor fundamentale, it is possible to describe the

conditions necessary for speed control. It is 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 IS) and (2) the

angle 6 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 6 or some combination of the

two. Though stator flux nuagnitude can be varied only by altering the

stator current IS, the torque angle 6 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 is determined entirely by the load torque on the rotor. A large

load torque tends to slow the rotor and increase 6 until the alignment

torque equals the load torque. If the load torque gets smaller, the

rotor tends to accelerate to make 6 smaller and balance the torques.

When 6 is changed by a variation in the load torque, the rotor will

experience a speed transient while it is "hunting” for the new

equilibrium value of 6. 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 IS can also effect 6. For example, if the load torque is

constant and IS is increased, then the stator flux vector gets longer or

equivalently the stator flux field is stronger which pulls the rotor

into closer alignment thereby decreasing 6. This may be a very slow

method of varying 6 if system inertia is high. It takes time for the
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rotor to accelerate to the new value of 6.

A third and faster way to change 6 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, increasing the frequency of the stator

sinusoldal currents will cause the statct flux vector to accelerate up

to the higher speed. As the stator flux vector begins to move away from

the rotor flux vector, 6 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.

6 could also be regulated by varying the stator current amplitude

alone. For example, given a constant load torque, the current amplitude

IS could be adjusted to achieve any desired steady-state value of 6

between 0 and 1r/2. The minimum value of IS possible corresponds to

6 = 1r/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 6 has been established, it can be maintained during a load

transient if Is is varied to meet the changing load. Note that

frequency control is not used here. The sinusoidal currents are being

supplied at the desired frequency and only the waveform amplitude IS is

being varied to maintain 6 and meet the load torque requirements.

To summarize, only the stator current frequency and amplitude can

be varied to achieve speed control of the permanent magnet type

synchronous motor. Rotor speed is 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 6 using frequency control, current amplitude, or the load

itself. Torque also varies with stator current if the torque angle 6 is

held fixed. In most applications, 6 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 is intended 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. In 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 is the type used later in 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 inverters also use silicon controlled rectifiers. A
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v
3

Fig. 1-8a. Phase A voltage, three - phase bridge iuverter
output waveform.

v
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Fig. 1-8b Phase A voltage. Simisoidal approximatiom by the
pulse - modulatiou method. Adapted. from Dewau [6],
p•225•
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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 is 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 Be, the angle of the stator flux vector equals BA, the angle of the

phase A waveform being replayed from memory. (See Fig. 1-10.) BA (and

hence Be) 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 Be 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 less IZR losses associated with
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current square waves. It has other advantages, which will be discussed

later.

It is important to note again that the motor drive circuit is

separate from the motor controller logic. For the inverter 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 controlling frequency, power factor correction, maintaining

synchronization by limiting the rate of change of frequency, and

occasionally some simple control over the angle 6. In some AC servo

applications 6 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; 6 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 present control methods are adequate.

High frequency periodic loads however, tend to drive the motor into

large periodic speed fluctuations; i.e., a condition of continual

"hunting" for equilibrium. Present control methods are not adequate for

this type of load.
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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 synchronous 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 Variations in motor parameters, mild satura-

tion effects and thermal effects. This method also adapts to non-

periodic slowly varying load components. This section is 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 load 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 = To + T1 s1¤(6m + 4,1) + T2 s1¤(26m + q>2) + T3 s1n(36m + ¢3)

+ 6 + ...T4 s1n(4 m ¢4)
(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. A11 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 To 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(6m) cos(wet) (1-10)

ib = Is(9m) cos(wet + 2n/3) (1-11)

ic =- I8(0m) cos(w€t - 21r/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(9m) before amplification. A value of IS(0m) which

corresponds to each point in the load cycle is 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 6 is fixed. Note that varying IS(6m) changes only the length of the

net stator flux vector. The speed of rotation of the net stator flux

vector is fixed by the frequency we. Recall that we is controlled by

varying the frequency of the clock used to latch the stored waveforms

out of memory.

The most important point here is that
i£_IS(9m) 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 6 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(9m)

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 couvenience 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 is 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 into 100 increments of



34

0.06283 (Zw/100) radians each. For each increment, there 1s a corres-

ponding current value, IS(1), in the torque schedule used by the stored

waveform motor drive to generate the instantaneous currents given 1n

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.

1S(1) -
1„(1) [1 - Kl * (si - si_l)1 (1-13)

where IS(1) = 1th value of current 1n memory, discrete

equ1valent of IS(9).

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

K1 ¤ adaptation or schedule ga1n.

Si = Speed sampled at the end of the ith

increment. (See F1g. 1-12.)

Si_1 = Speed sampled at the beginning of the ith

increment. (See Fig. 1-12.)

Figure 1-12 shows how the increments are labeled and where the

speed terms 1n Eq. (1-13) are sampled.

Equation (1-13) 1s evaluated at the completion of each increment,

when S1 has been sampled. The modified value of IS(i) is then returned

to memory for use during this increment in the next load cycle. The

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

that the controller can replay the schedule from the beginning.
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Fig. 1-12 Diagram of one load cycle. Method of labeling incre-
ments and speed sampling points shown.



36

The values of IS(i) in the schedule before it adapts must be chosen

by the user. The initial values of IS(i) 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 IS(i), 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 6 will approach some constant value

between 0 and n/2.

The manner in which the torque schedule controls speed and torque

angle 6 can be seen by considering a simple example. Given that the

rotor is loaded with a sinusoidally 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,

Si - Si_1, is maximum. It is apparent from Fig. 1-13 that the largest

control action is taken in the increment where motor speed slope is

maximum (increment #1 in Fig. 1-13). Note also that almost no control

action is taken over increment #2 in Fig. 1-13 since Si — Si_l is nearly

zero.

Increment #1 can be examined more closely in Fig. 1-14 where the

change in velocity is shown to be linear. The constant net torque that

produced this change in speed is shown in Fig. 1-14. Since Si —
Si_1 is

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

the net torque. (In this example, IS(i) is increased to counter the
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Si-1

~
Asi: si - si_1

ith increment

S.1

1-1 1

F1g‘•1-14a. Tonque imbalance with corresponding ASi

for the ith increment„

$1-1

S1

1-1 1

Fig,1-14b Torque imbalance and AS. reduced by lowering
motor current in this 1n¢1£rement•
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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 is that the sinusoidal

variations in speed and 6 collapse onto their respective mean values.

Equation (1-13) does not affect the synchronous speed or the mean value

of 6. Equation (1-13) acts only to reduce changes in speed and

hence 6 is fixed in the process.

Controlling the Steady-State Value of 6

This section describes how the torque schedule can be further

adapted to control the steady-state torque angle 6 and compensate for

slowly-varying non-periodic loads.

Recall that 6 is the angle between the rotating stator flux vector

and the rotor magnetic axis:

6=9 -9
e m

where 9e = the electrica1_angle of the net stator flux

vector - found as described on pages 18,19.

Gm = mechanical or rotor angle as measured by the

position encoder.

The relationship between rotor and stator flux is analogous to a

nonlinear spring-mass system. The rotating stator flux pulls the rotor

mass via a magnetic spring. The spring stiffness or spring constant
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corresponds to field intensity (1.e., IS or net stator flux vector

length). From the mechanical engineers perspective, controlling 6 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 6) is 6 = n/2 since maximum torque is achieved using the

minimum current (or minimum spring constant). It is essential

that 6 not exceed n/2 since this corresponds to "breaking the spring" or

loss of synchronization.

The purpose here is to maintain some explicit control over 6 to

help maintain synchronization, minimize current consumption, and prevent

6 from drifting due to slowly-varying non—periodic loads.

The steady-state value of 6 is proportional to the average value of

current stored in the schedule. Increasing the mean level of current

decreases 6. Decreasing the mean level of current increases 6. Care

must be taken that the control action for correcting the steady—state

value of 6 does not inhibit the control action of Eq. (1-13), which

regulates the instantaneous value of 6. For example, there may be some

increment in the cycle which, because of the load, requires more current

but at the same time the lnstantaneous value of 6 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 6 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, is to average 6 over each load

cycle and alter the mean value of the schedule based on this average

value of 6. This allows 6 to be controlled once per motor revolution

without affecting the control action of Eq. (1-13). The modified

equation for adapting the torque schedule is given below.

IS(i) = IS(i) [1 - K1 * (S1 - Si_1)] + IOFFSET (1-14)

where = ' K2*N

2 (61 - des1re6 6)
i=1AVGDEN

= number of times 6 is sampled per load cycle

Note that AVGDE is the average error in 6 over one load cycle based

on N measurements of 6 over the load cycle.

In summary, the torque schedule adaptation equation has two

parts. The first term, corresponding to Eq. (1-13) is used to eliminate

high frequency fluctuations in speed and 6 and contains no explicit

control of the steady-state value of 6. The second term, IOFFSET, is

used to adjust the mean of the current values stored in memory to

control the steady-state value of 6 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 integration 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 6 is determined by the load).

Load Case I - Viscous Damping

Load Case I is a viscous damping load which contains no high

frequency components. This type of load is easily driven at synchronous

speed and constant 6 by either motor configuration. The open-loop motor

can only drive this load at 6 = 0.8 with a stator current of 10A. The

schedule values of the controlled motor however, are modified (reduced)

once per revolution by the IOFFSET term to reduce current and increase

6. 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 is a reasonably smooth transition from 6= 0.73 to

6 = 1.25 and from IS = 10 A to IS = 7 A.

Figure 1-16 shows the system response when the IOFFSET gain 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 IOFFSET term is essentially that of an
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error integrator. Gain K2 regulates the rate of integration. Unfor-

tunately, the optimum value of K2 is a function of 6. It can be shown

that when 6 is small, A6/AIS is small. When 6 is large, A6/AIS is

large. For example, if K2 is chosen too large then the rate of integra-

tion will be adequate until 6 gets large and then the rate of integra-

tion will be much too great; resulting in overshoot and perhaps loss of

synchronization. If K2 is chosen small enough to ensure small overshoot

then controller response is slow initially.

Load Case II - Four-bar Linkage

Load Case II is a four-bar linkage. The periodically varying

torque requirements and inertia 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 revolution. 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 6 to 1.25 radians.

Speed and 6 for the open loop motor are shown in Figs. 1-18,19.

The steady state speed error is 16% and the mean value of 6 is 0.87

radians with appoximately 10.07 rad. fluctuation.
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Figure 1-20 shows the speed response while the schedule is

adapting. The schedule currents were able to reduce the periodic speed

error to .01% after 8 adaptation cycles. Speed transients from control-

ling 6 with IOFFSET are less than 0.06% at t = 3 secs. Figure 1-21

shows the response of 6 over the same time period. Figure 1-22 shows

the progression of the schedule as it 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 increment of the load cycle. This arrangement 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 is no current lag or "overflow" into the next

increment. Therefore, selecting the number of increments per cycle

(NPC) is 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 obtainable. Cases

were run for schedules with 8-bit storage corresponding to a :I:15A range

(30/256 = 0.1172 A/step resolution) and for 12-bit storage for a 1:15A

range (30/2048 = 0.0146 A/step resolution). The speed accuracy for the

8-bit storage was t0.1% and t0.01% 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 is a discussion of the simple



I
50

67.6

66.2 I
I In IE 62.6 I
2 I I0I I I‘·•

qmmI0—• •

I+7.5 „ I „
I · I
I I

I I
+6.2 I I I

2 I 2 ä
Time (sec)

Fig'. 1-20 Speed response of torque schedule controlled three—phase
3Y¤chroncus motor (K1=2, K2=O.7, NPC=100). Load Case II.



51

1.*-1-

I
1.2

Ä

5··-•
E
es

-6*•-•

E

ZE

I

Eb
‘

Z I 2 2
Time (sec)

Fig, 1-21 Delta response of torque schedule controlled threephase
synchronous motor (K1=2, K2=O.7, NZPC=100), Load Case II.



WW



53

15.Z

12.5 I
Ä ‘ I

'I I
Tg I
I: II21.21 I
¤«

“ IC

I IHIHII°’
7.5 Iä I II I·¤ 5_@ s"“

I2.5

' ' II
—

I I
ELZ I I I

I
Ä

I1.75 IEM 1.55 IFIE 1.*25

Time (sec)

Fig. 1-25 Plot of the adapted torque schedule. Load cycle spans
t=1.78 to t=1,91 sec. Schedule values are 12—bit.



54 I

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 loss of

synchronization. When the synchronous motor is driven this way, it is

dynamically similar to the permanent magnet D.C. motor, which is to be

discussed next.
l



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 field flux in

d.c. mctors with separately excited field windings.

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

2.1 D.C. Motor Model Equations · 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 loads 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 conditions 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 is

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 _
VT- 1a am . (2-1)

where VT - terminal voltage

ia - instantaneous armature current

Ra - armature resistance (includes terminal resistance)

La - armature inductance

Ke - motor back-emf constant

Öm — rotor speed

The equation describing the mechanical characteristics of the motor

and load are found from a summatlon of the tctques applied to the rotor.

E Trotor = JT

(2-2)

where JT - lumped inertia of the rotor and load

Em - rotor acceleration

B - lumped viscous damping coefficient for the motor and

load

Öm - rotor speed

KT - motor torque constant



57

‘
/'\

av E
¤

Er
•@a

•Ä° °a °2 §
3

I-•

° -¤5 ä
VV ,5,

*3
E

O

o

ä 66• “$
CE S-.q:

E

E
E¤•

*6· + I 0. ¤=¤°al
,4 aa

·äen
·¤aa
-•-«••-«

-•-•7:*.
·•-nd

U1

ai‘“
.

7*
C\|

Q.}
2

>
—'%

M

+ I



58

ia - armature current

TL - 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 limita-

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, is decreasing and

the motor is about to overspeed on its 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 limit 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 compensatlon for large changes in load level, speed level or motor

parameters. PID control requires the measurement or derivation of three

state quantities and is 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 6 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 loop 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 load. Integration

feedback is included 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.

v1~11.(1) -· (vru.(1) - KS * AS,.) - KV # VOFFSET (2-3)

where VML(i) - stored voltage for the ith increment of the

load cycle

KS - schedule gain which regulates the rate of

schedule adaptation

ASi · same as before, the change in speed over the

ith increment of the load cycle.

KV — integrator gain

VOFFSET
— speed error integrator term defined below

The VOFFSET term is defined as

1 211 _
VOFFSET

S
2? g (Spdcom - Sm) dem (2-4)
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äm - 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 is evaluated.

The motor, controller and load were simulated by numerical integration

of the governing differential equations using a fixed—step fourth-order

Runga—Kutta integration 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 is a

four-bar linkage. 4 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 102 of the full load torque capacity
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of the motor. Table 2-1 summarizes the motor aud load specifications

for each load case.
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Table 2-1 Motor and Load Specificatlons

Motor Specification Customary S.I.

armature resistance 7.0 ohms 7.0 ohms
armature inductance 19.43 x IO'3 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 given below, the
actual linkage dynamics were calculated from a model)

Inertia 0.7 + 0.07 sin(Sm + ¢1) in-oz—s2

(0.005 + 0.0005 sin(6m + ¢1) N—m-sz)

Centripetal Load Component 0.06 Ömz sin(20m + oz) in-oz
• 2(0.00042 Gm sin(26m + ¢2) N—m)

Gravity Load Component 6.0 sin(0m + ¢3) in—oz

(0.042 sin(6m + ¢3) N—m)

Viscous Damping Coef. 0.35 in-oz·s (0.0025 N-m-s)

LOAD CASE II - Periodlc Step Load

Inertia 0.7 in-oz—s2 (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 is modeled here as second order. This system is stable for any

gain setting, however the damping uratio falls with increasing gain.

Speed error, the magnitude of the fluctuations and the mean value error,

both decrease as forward loop gain KP is increased.

System response for three gain settings and two speed levels are

plotted in Figs. 2-5,6,7.

Figure 2-5 corresponds to KP = 14.64 which yields a damping ratio

of E = 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 -2% and

speed fluctuations were 14% for a speed command of 50 r/s (Spdcom = 50

r/s). Mean speed error was -2.0% and speed fluctuations were 15% for

Spdcom = 75 r/s. Armature current, which has been limited to 12A, is

also shown in Fig. 2-5.

Figure 2-6 corresponds to KP = 41.2 which yields a damping ratio of

E = 0.6. The roots for the closed loop system are -180 1 240j. Mean

speed error was -0.4% and speed fluctuations were 12% for Spdcom = 50

r/s. Mean speed error was -0.7% and speed fluctuations were 13.4% for

Spdcom = 75 r/s.

Figure 2-7 corresponds to KP = 500 which yields a damping ratio



68 _

··-"—-•„- S

#3:::- xx Q
1:::::: IZ; S

ä’

-•
..#3:::-,

J7!

-:::21:. •·•-•-.2;‘‘‘’' 8
o

::1:J

2

1S
S S S S 3*:GII .¤ ä· N

I"
(s/pc.:)paadigS

Smrv § S E Q
l C\|

(SSIRCIIIIE) 1,KIB-LIDQ 8•'I!'|q,'E!1!Iv ••1:-.



. 69

.1*;::::1.1 §

.-—•—.•-—«•„..........-
:::_—_·__—_-_- U1 0 cu

-:1:*;::: EÜ_EEi=_’___ ä 5;-.._____·;

—·—•——··-·¤·:::__··;_·_·;• S
"·'—ZZ'-1Z°.",,,2

L-,,„
dj ox
¤ 5¤•

‘ IB
0):-4

N 8.
aE S S
.8
UI

.. S 1;;
S g S

S ,-4
_

¤¤ ..¤ J. Q sz EQ
4-* 1-

(3/P!-T) 'pöédg :1:04oN § ff

\l
F

SIrv § S QI
| 5]

(saxadum) q,ua:¤:nQ a:mq:am.::v - - -

_

E?¤=•



70

A
8
LONQ
Ei

H

-::}:·}E·"" ¤¤
’·?

ä

,;_I_I_I_Z_Z_Z_ {ix? ä Ä°' J1
•::::.':,":_ S gg

TEEEEEEEÄ 2
IDL. __*_ g

si S.
3I-•
E
0

ng 3*
‘ S 3ä E ä

— ä'
'd

S S Q
°cn .¤ :- E

(s/pa.:) paadg IOQOW

.
[Q § S § E Il;

I | ba
(sazadma) 4¤a:.1:n.;) a:z¤.:g,2u¤v —

- - E



71

E = .17. The roots of the closed loop system are -180 1 1028j. Mean

speed error was -0.05% and speed fluctuations were 10.2% for Spdcom = 50

r/s. Mean speed error was -0.27% and speed fluctuations were 10.67% for

Spdc°m = 75 r/s.

System performance as shown for a very large forward loop galn (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 E = .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 is eliminated without using a large KP. The PI

controller gains were found by first selecting KP = 14.64 and then

examining the root locus of the system as K1 was varied. The system

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

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

-59, -61 and -240. System response for Ki = 400 was fast but the

overshoot exceeded 35%.

Figure 2-8 corresponds to KP = 14.64, Ki = 8 and closed-loop roots

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

14% for Spdcmm = 50 r/s and 15% for Spdcom = 75 r/s and cannot be

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

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

Derivative feedback limits the rate of change of speed error and

helps reduce the periodic speed fluctuations. The derivative feedback

gain Kd was found by choosing KP and Ki and then examining the roots of

the characteristic equation as Kd is varied. Results from the simula-

tion runs were also used to select Kd. Initially gain settings were KP

= 14.6, Ki = 8 and Kd was varied. The root locus showed a root near

-0.54 which was affected very little by Kd as it was varied from 0.0004

to 2.0. The root at -0.54 gave good performance with PI control 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 K1 to 80. The

integrator then dominated the initial response to the speed command

which also allowed the derivative feedback to be larger 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, K1 = 80 and Kd = 1.32. The system roots were

-5 t 5.2j 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, Ki = 80, and Kd = 1.32.

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

fluctuations t0.4% for Spdcom = 50 r/s. Overshoot was about 5%, mean
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speed error near zero and speed fluctuations 10.6% for Spdcom = 75 r/s.

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 14% to 10.015% for Spdcom = 50 r/s. The schedule integrator drove

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 KV * VOFFSET.
The schedule values were modified once per revolution by the voltage

levels shown. The KV * VOFFSET 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 KV = 1.26 and

KS = 84/126 (for Spdcom = 50/75 r/s). A method for choosing these gains

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, Spdcom = 50 r/s, set KS = 84

3. ez feedback loop saturates and increases motor speed rapidly

4. the voltage schedule begins adaptation when motor speed exceeds

(°8) (Spdcom)

5. ez feedback approaches zero as the integration term KV *

VOFFSET adjusts the schedule voltage to drive speed error to

zero

6. step input, Spdcom = 75 r/s, set KS
-

126

7. steps 3-5 are repeated

8. simulation ends.

The ez 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 80% of the desired level so

as to not interfere 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 tO.4S% to 0.015% (factor of 30) for Spdcom = 50 r/s and

from t0.7% to i0.014% (factor of 50) for Spdcom = 75 as compared to PID

control. Note that the speed error for the schedule controller motor at



80

the two speed levels differs by 7%. 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 ez feedback loop alone.) The relatively

large speed transient is necessary for rapid schedule 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 is very small for the schedule controlled

system but not driven to zero because of a small interference between

the KV * VOFFSET control action and the K8 * ASi term in Eq. (2-3).

Essentially the KV * VOFFSET gets so small that the KS * AS!. term (which

is also small) is about the same size. The terms are opposite in sign

and their difference is lost during quantization so adaptation ceases.

It is important to note that speed controller performance in a

simulation such as this may not be obtainable in a real system. The

purpose here is 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 inertia 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 Spdc°m = 50 r/s are plotted in Figs. 2-13,14,15.

Figure 2-13 shows speed response for KP = 14.6 (E = 1.0). Mean

speed error was -5% and speed fluctuations were t3.2%.

Figure 2-14 shows speed response for KP = 41.2 (E = 0.6). Mean

speed error was -2% and speed fluctuations were t1.6%.

Figure 2-15 shows speed response for KP = 500 (E = 0.17). Mean

speed error was less than -0.4% and speed fluctuations were t0.7%. The

expected large overshoot for a system with E = 0.17 is not present

because of amplifier saturation.

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

the simulation. For reasons stated earlier (Section 2.2), perhaps a

more reasonable estimate of P controller performance corresponds to KP =

41.2 and E = 0.6. The current waveforms in Figs. 2-13,14,15 show that a

true current square wave is (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 Ki = 8. The integrator gain happens to match

the load conditions and there is 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 t5%.

Proportional - Integral - Derivative Controller Performance

The system response for gain settings KP ¤ 14.6, Ki = 80 and Kd =

1.32 at Spdcdm = 50 r/s is shown in Fig. 2-17. Mean speed error was

very close to zero after 1.25 secs and speed fluctuations were t1.0%.

Overshoot was approximately 30%.

The current waveform is close to a true square waveform. The

derivative feedback greatly improves system response and eliminates the

"ringing" associated with a large forward loop gain. Derivative

feedback can cause the current "r1nging" if Kd is too large. In this

simulation, Kd is well matched to the load conditions.

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 t4% to 0.08%. The schedule integrator drove mean speed error

to 0.01% in 12 load cycles. Figure 2-19 shows a plot of the integrator

output voltage KV * VOFFSET. The schedule values were modified once per

revolution by the voltage levels shown in Fig. 2-19. The KV * 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 armatute voltage. Figure 2-22 shows the

corresponding current waveform for several load cycles.

The adaptation equation gaius for the simulation shown where KV =

1.26 and K8 = 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 fluctuatious were reduced from

i1.0% (PID) to t0.08% (factor of 12). The schedule controlled system

overshoot was very small (0.1%) compared to PID overshoot of 30%. 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 KV * VOFFSET 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 load

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 i0.04 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 1mportant 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 1, is

caused by the load torque. When the net torque over the increment 1s 1n

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 wh1ch 1s too large, then the change in speed over the

increment will 1nd1cate that the schedule voltage should be reduced. A

problem can arise 1f the P or ez control action creates a_£g£ torque in

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

adaptation equation responds in opposition to the P or ez control action

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

plant plus the P or ez controller should have effectively dominant real

eigenvalues.

Controller stability was tested by s1mulat1ng an overloaded motor

and a rapid loss of load. F1gure 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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"ring1ng" phenomena in the schedule which damps out slowly but doesn't

effect speed control significantly. A smooth reduction in the load as

shown in Fig. 2-25 is 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 t0.000l% 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 ASi is large and corresponds

to a net load torque. This leads to a situation where it is 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

level. The schedule adapted 30% faster when the ez method was used over

P feedback with KP = 14.6 (E = 1.0).

The number of increments stored per cycle (NPC) also effects the

adaptation rate. Faster adaptation was obtained with NPC = 64 than NPC

= 100 (for the same KS) because A31 is larger over each increment as NPC

is reduced. The lower limit on NPC is dictated by the expected

frequency components of the load.
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One additional consideration is 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 is 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 increment.

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 is not noticeable. In the periodic step or

impact load, a ripple or °‘ringing°' effect in the schedule values 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 s 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 is easily calculated from the first order response

of the system. The initial slope is AVT/La (AVt is the step change in

terminal voltage, La is the armature inductance). A linear voltage

amplifier is used here so the slope AVT/La will vary with the step

changes in voltage called for by the schedule in each increment. A

switching amplifier or so called current amplifier will have a fixed VT

(and La) and therefore a fixed slope of response. Generally, the
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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 increment is longer than five electrical time constants

(La/Ra). That is, 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 is 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 is not as likely. 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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Fig. 2-30. Events following a random impact load.
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increment or in the second or perhaps third. The algorithm will now

respond to the ASi 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 ASi is positive. If the adaptation equation

gain KS is not too large, the increment (1) voltage in the schedule will

return to its initial value after several cycles. Increment (1+1)

voltage must go negative to reduce the current flow in that increment

back to its 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 KS, consider the

following development.

The net torque over an increment (Tnet) can be approximated:

Asimax
Tnet

S J (2-5)

J = estimate of system inertia

Asimax =¤ maximum change in speed over an increment in the
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load cycle

At = estimate of the real time of the increment.

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

delivered in that increment.

T * Rnet a
Vmin T

(2-6)

where Ra = armature resistance

KT = motor torque constant

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

VminK. * E** (2*2)
imax

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

function of AS .imax

J Ra8. * (2*8)

A speed command of 50 and NPC = 64 yields:

ZwAt ¤ T-—7(——————$ ¤ 0 002 secs
NPC Spdcom

and with J = 0.7, Ra = 7.0 and KT = 29.6, the gain KS equals 84, which

was the value used in the simulations presented here. The gain KS can

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

(S dcom)(NPc)(J)(Ra)
-
..B................. -Ks 21r K1, (2 9)

If a fixed value of KS 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 KV is based on Eq. (2-

4). Tn1s

21r
f (speed error) dBm
o

VOFFSET Kv * """iT«T'—— (2%)

equation shows that VOFFSET is 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

49 r/s then VOFFSET = KV * 1.0. If an ez 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. KV = 1 should then bring

the schedule value very close to the desired voltage. Simulation runs

showed that for KV = 0.63 to KV = 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 KV = 1.26, steady state

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

and 14 cycles at Spdcom = 75 r/s. Integrator convergence took twice as
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many cycles for each load level at IQ, = 0.63.

P control requires a different KV galn 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 KV = 10, or to be conservative, IQ, ==

5.0 might be used. VOFFSET was modeled so as to saturate at 10 volts in

the simulations. This was considered a realistic coustraint and also

helped limit 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 ez 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 ö

makes this control method difficult and loss of synchronization

is likely.

2. It is easy to fix the torque angle using the hardware already

necessary for the scheduling controller. This configuration is

superior.

When the torque angle 6 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, 1.e., fixed 6) 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.

2. The scheduling controller reduced steady state speed error

fluctuations 12-50 times better than the best PID performance.

3. The PID controller response was only slightly faster than the

scheduling controller response. However, overshoot of 10-30%

seemed unavoidable in obtaining fast PID response.

4. 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.

5. 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).

6. The scheduling controller can also adapt to fairly rapid, non-

periodic, smooth changes in load conditions.

7. 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 ez 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 BSE torque of the system including the schedule feedback

loop (i.e., the ez or P feedback loop plus the motor and load)

must be in the direction of the load torgue 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 waveform.

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 loading can only be

determined by building and testing an actual controller.
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RECOMMENDATIONS

Results from the simulation studies indicate 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. lf 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 conditions.

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 construct the stator

flux vector ninety 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 is 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 is 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 scaling is as follows. The three values from memory are sent

to digital-to—analog converters (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. In this way, the

torque schedule values can "scale" the magnitude of the stator flux at

each increment in the rotor revolution. Synchronization is maintained

at all times and the system dynamic characteristics are identical to

those of a mechanically commutated d.c. motor.
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C THIS IS THE MAIN PROGRAM F THE SYNCHRONOUS MOTOR SIMULATION•
C 3-PHASE 2-POLE SYNCH•MOTR MODEL
C CURREMT DRIVEN

IMPLICIT REAL¥8 (A-H:O·ZI
REALXS IRT:IBT:ICT:KT:KJ:IHIIHHIIIIDIUFSET

REALX8C

THESE ARE THE ARRAYS USED IN THE MATRIX EO•
DIMENSION XI€4I:X2(4):C(4•?)

C THESE ARRAYS ARE SENT TO THE PLOTTING ROUTINE•

DIMENSION TH(6000I:THD(6000I:THDD(6000I:TP(6000I:TOF(6000)
DIMENSION DELT<6000I:IA(6000I:ID(6000I:IC(6000I:IML(501I
DIIIEHSIOH AHA):B(4:5I:XH)•DX(4):U(4I:OH)
CÜHIIÜN A:B:U

C THIS SECTION REOUESTS DATA FOR THE SIMULATIOM FROM A
C PARAMETER FILE · · e•s• FOR010•DAT

50 I¤!RITE(6:!I
’

ENTER PARAMETER FILE NUMBER'
READ(5:X) H

52 REAUTHJI DT:TSTUPsIPLOT•BD:Ü:IH•KT•KJI•X(II!X(2I
HRITE(6:55I UT:TSTUP•IPLUT:DD:X(2)

55 FURHAT(5Xs ’DT=' :F6•5:4X• 'T$TÜP='sF¢•2•4X• 'IPLOT='!I3:4X• 'BD='
X•F·I•2!4X:’THIC=’:F7•3)

60 HRITE(6:65I
65 FORMAT(' 1 TO RUN THIS FILE':/:' 2 TO CHAIBE FILE S':/:' 3 TO EX

¥IT’I
READ(5:XI J
GO TO(80:50:1000I: J

C THE PARAMETERS BELOU HILL BE DESCRIBED HERE• 'THE' IS THE
C ELECTRICAL ANGLE: DSUM IS TIE SUM OF SAMPLED DELTA VALUES
C OVER THE LOAD CYCLE: P=SECS/REV :IPD IS TIIE IIICREMENT IN
C THE LOAD CYCLE: THIC = IHITIAL THETA: HPC=NUMDER OF III1‘RE—
C MENTS PER LOAD CYCLE: TOL = ALLOHED ERROR IN POSITION
C ENCODER(Z): NCS=THE # (IF CYCLES SAVED: ODT=ORI6INAI. TIIE
C STEP: DTI=TEMPORARY TIIE STEP: PH1=120 DEGREES IM RADS•
C OO IS A MATRIX USED BY THE RUNGE-KUTTA RWTIME•

80 THE=0•0
DSUM=0
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P=(2•#PI)/H
IPB=1
THIC=X<2J
IÜFSET=0•°
TSUH=0
NPC=100
TOL=„01/DFLOAT(NPC)
NCS=1
PI=3•141592654
T=0•O

ODT=DT
IYTI=I>T
N=1

ITIHE=0
PH1=2•094395102
.DO 100 I=1»4

100C

INPUT OAINS AND LOAD PRAHETERS FRH TE SCREEN•
C E T1=COEF OF CENTRIFUOAL LOAD COHPONENT(•06)
C T2=COEF OF THE GRAUITY LOAD CONPONENT(10·50IN·OZ)
C T3=COEF OF ARBITRARY SINUSOIDAL LOAD•(50 IN·OZ)
C K1=ADAPTATION 6AIN¤K2=IOFSET CONTROL GAIN•
C SLP=SLOPE OF THE SPEED CHANGE•

HRITE(6•!) ' T1? T2? T3? K1? K2?SLP?C

LOAD THE INITIAL CURRENT VALUES INTO THE SC1£Ill.E•

DO 110 J=1»NPC
INL(J)=IH

110 CONTINUE

C - THIS BLOCK OE LINES OEFINES THE A AND B HATRICES•

120 SX=X(2)
IF(SX•LT•0) SX=0
NSS=1
KJ=KJI
A(1:1)=·KJ!BD
A(1!2)=o•o

A(2:1)=1•0
H(2v2)=O•O
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C THIS LOCK BEFIHES A SPEED CHANCE OVER T=1•75

TO150IF(T•LT•1•75) OO TO 175
IF(T•OT•2•75) GO TO 175

H=50C

THIS BLOCK DEFINES A BALANCED CURRENT HOEL FOR TE
C THREE PHASE SYNCH• HOTOR•

175 -THE=U¥T
OELTA=THE·X(2)

FBA=DSIN(X(2))
FBB=OSIH(X(2) + PH1)
FBC=DSIN(X(2) · PH1)

IAT=IHL(IPB)tDCOS(TE)
IBT=IHL(IPB)tBCOS(THE+PH1)
ICT=IHL(IPB)tDCOS(THE-PH1)

AA=IAT¥FBAI
AR=IBTtFRB
AC=ICT¥FBC

C THIS BLOCK HOOIFIES THE SCEDULE: OUAHTIZES ANO LINITS
C THE VALUES STORED• HODIFY IS SET =1 AT THE ENO OF EACH
C INCREHENT• DELTASPEED IS CALCULATEDs THE SCHEDULE ICR•
C (IPB-!) CURREHT IS HODIFIED AND TE HODIFY SHITCH SET
C BACK TO 0•



120

IF<HOOIFY•NE•1) GO TO 250
OELTASPO=X1R·X1RR
IP=IPR-1
IF(IP•EO•0) IP=NPC
INL(IP)=IHL(IP)¥(1•-KIIOELTASPO) + IOFSET
JCB=IHL(IP)$(1024•/30•)
INL(IF)=JCB¥(30•/1024•)I
IF(INL(IP)•GT•30) IL(IP)=30
IF(IHL(IP)•LT•-30) IHL(IP)=·30
HOOIFY=0

C TT IS THE TOTAL NOTOR UTPUT TOROUE• TL IS THE SUN OF THE
C LOAO TOROUE CONPOHENTS APPLIEO» TSUHO IS THE TOTAL LOAO
C (INCLUOINO VISCOUS OAHPINO) CONUENIENT FOR PLOTTINS•
C U1 ANB U2 ARE THE INPUTS TO THE SYSTEN•

250 TT=—KTt(AA+AB+AC)
ARG=X(2) _
IF(ARG•LT•0) AR6=0 .
TL=TltTLCC + T2!TLGG + T3¥SIN(X(2))
TSUHO=TL + X(1)$BO

U(1)= TT
U(2)= TL
IF(N•EO•1) GO TO 500

C THE INITIAL VALUES OF THE STATE EFRE THE NEXT TIHE STEP
Q ARE SAUEO IH CASE THE STEP HOST E TAKEN AOAIN UITHAnC

HOOIFIEO TINE STEP•

TTH=T
OET=OE
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C RKG IS CALLED TO HAKE THE STEP IN TIHE• RKG IS A 4TH ORDER
C RUNGE - KUTTA ROUTINE• IF BISPLACEHENT (X(2)) IS NEG• HE
C GO AROUND THE POSITION ENCOOER ROUTINE•

300 CALL NKG(21BT1T•XsBX1U)
IF(X(2)•lT•0•0) GO TO 350

' IF(NSH•EO•1) GO TO 320
SN=X(1.)
NSH=1

C THE ONLY PURPOSE OF THIS BLOCK OF FILES IS TO SIHULATE A
C POSITION ENCOBER• AFTER EACH STEP IN TIHE (BY RK6) HE
C CHECK TO SEE IF HE ARE NEAR THE END OF AN INCREHENT•
C IF HE OVER STEP THE TOLERANCE ZONE THE TIHE STEP IS
C HODIFIED UNTIL THE STEP IS HABE HITHIN TOLERANCES
C. (SPECIFIEB BY TOL)• TIE HODIFIEB TIHE STEP IS LABELED
C NDT• AT THE COHPLETION OF EACH INCREHENT HE SO TO 340e
C FOR TIHE STEPS TAKEN HITHIN AN INCREHENTI HE GO TO 350•

320 TV1N=X(2)/(ZJPIINCS)
TV2N= TVIN — AINT(TVIN)
PIPB=TV2NtNCSXNPC + 1
IPT=PIPB
TGT=DFLOAT( IPB)/BFLOAT(NPC)

IF(TV2N•LT„1•AHB•IPB•EO•NPC) TOT=0

IF(TV2N•LT•TOT+TOL•ANO•TV2N•OT•TGT·TOL) M TO 340
IF(IPT•EO•IPB) GO TO 350

TV10=X2T/(2• !I‘I!NCS)
TV20=TV10· AINT(TV10)
II'(TOT•ED•0) TST=1
HDT=DABS(TV20-TOT)/DABS(X(1) )

T=TTH
X(1)=X1T
X(2)=X2T
DT = NDT
DTI=NBT
GO TO 300 .

C THE BLOCK BELOH IS EXECUTED AT THE END OF EACH INCREIENT
C IPB IS THE I OF THE INCREHEHT (THEREFORE INCREASE BY ONE)
C RETURN TO TIE ORIGINAUOBT) TIHE STEP• SN SAVES THE SPEED
C AT THIS TIHE TO BE USED IN TIE NEXT DELATSPD CALCULATION•
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C DSUN INTEGRATES ANOTHER OELTA: IIOOTFY IS SIIITCHEO ON: IF HE
C ARE ALSO AT THE COHPLETION OF A LOAO CYCLE TIE LAST GROUP OF
C LINES FINO THE AUERAOE OELTA ERROR OUIIR TIE LOAO CYCLE:
C NRITE IT TO THE SCREEN: RESET IPB FROH NPC+1 TO 1: ANO
C CALCULATES IOFSET•

340 IPR=IPB+1
OT=OOT -
X1RB=SN
SN=X(1I
OSUN=OELTA·IOSUN .
HOIIIFY=1
IF(IPB•NE•NCS¥NPC+1I SO TO 350
AI/ßOE=OSUN/NPC
OE=1 •25-AUOOE
IIRITE(6:t) AUOOE
DSUN=0
IPB=1 .
IOFSET=·K2!OE

C THE LINES BELOII CHECK TO SEE IF THE SIIIILATION $INI.|.D
C BE TERHINATEINTSTOPI: CHECK THE PLOT INTERVAL ANO FILL
C THE ARRAYS OEFINEO BETIIEEN LINE 500 ANO N=N+1• TIE ARRAYS
C ALONO IIITH N (TIE I OF POINTS TO BE PLOTTEO) AE SENT TO
C OUTPUT•FOR TO PREPARE FOR SCREEN OR PAPER PLOTS•

350 ITIHE=ITIHE·I1
IF(T•6T•TSTOP) GO TO 999
TF(ITIIIE•EO•IPLOT) OO TO 400
GO TO 120

400 ITIHE=0

500 IA(NI=IAT
IB(N)=IHL(IPBI
IC(N)=IOFSET
OELT(N)=OELTA
THOO(NI=OX(1)
TP(N)=T
TOF(N)=TSUHO
THO(N)=X(1)

. TH(N)=IPR
N=N+1
IF(N•EO•2) GO TO 300 _
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GO TO 120
999 N=H-1

CALL OUTPUT(TSTOPsN•TPrT}|DsTHDO•B€LTvTOF•IA•IB•IC•TH)
P

GO TO 60
1000 STOP

ENO
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C THIS SUBROUTIHE IS FOR SIHIILATIIIG TIE 4-BAR LIIIKAGE
C AS HAS BOHE BY S•O•CARLSOI( r•I84 OF HIS TIESTS•

SUBROUTIIE SOC(O10vO1rTLCOTLG•RJI•I(SU)

IHPLICIT REAL!8 (A-H10-ZI
REAU8 I1»I2sI3•HlsH2•H3 ‘

C COHSTAHTS °

”

R1=0•375

TH1=3•141S

TH3=0•0
AA1=0•75
M2=3•2s

AA3-'5•5
AA4=6•0

C CALCULATE THE IIIITIAL POSITIOII OF TIE HECHAIIISH

II·'(NSII•OT•0) OO TO 50

S6N3=-1
SGH2=i

CC3=(AA1!!2+AA3!¥2+AA4t!2·AA2¥!2)/2•/AA1/AA3
CC2=(AA1¤2+AA2!!2+AA4$!2—AA3!!2)/2•/AA!/AA2

C CALCULATE TIE CURREIIT POSITIOII OF TIE HECHAIIISH

50 A=BSIII(O1)
B=OCOS(Q1)·AA4/AAI
C=CC2-AA4/AA2XOCOS( O1 )
FF2= ( ·A+SON2¥BSORT(A!A+B!B+C$CI I/(C·B)
O2=BATAN(FF2)!2
B3=OCOS(O1 I-AA4/M1
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C3=CC3—AA4/AAZXIICOSIOI)
FF3=(MSGNBXDSORTIA!A+B3!$2—C3!¥2) )/(B3+C3)
G3=2•tUATAN(FF3)

C CALCULATE THE INFLUENCE COEFFICIENTS

C RGTATIGNAL

G3=AAl/AA3XDSIN(D1-Q2)/BSIN(93·Q2)
G2=AA1/AAZXBSINIG1-G3)/USIN(¤3·02)

C ACCELERATION I

H2=AA1/AA2!(DSIH(G3·02)tUCOS(0I·03)!(1•-G3)-

SH3=AA1/MSHBSIN(lI3—02)¥llZ0$(01-02)IH•-82)-
S DSIN(01·G2)!UCOS(03—Q2)!(G3·G2))/(DSINW3-02)¤2)

C LINK 2 TRANSLATIONAL INFLUENCE C0£F•

GBHB=R2!R2!G2¥H2+MI#R2¥(H2!ßCOS(·G1+02+T!42)—
S G2¥DSIN(-·D14ü2+TH2)¥(G2·1•))

C GRAUITATIGNAL INFLUENCE COEF•

X1=R1¥TlCUS(Ui+TH1)
X2=AA1tI¤COS(01)+G2!R2¥DCUS(02+TH2)
X3=R3!UCGS(G3+TH3)1G3

C CALCULATE TLG AND TLC

T|.G=Gt4H1¥X1+H2!X2+H3¥X3)
TLC=Q1II¥G1D¥( I2¥G2!H2+I3!G3!H3+H2$GB|IB)

C CALCULATE RJI

RETURN
END
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C THIS IS A STNDARD 4TH ORER RUNSE·KUTTA INTEORATIDN
C ROUTINE• NEO IS THE ORDER OF THE SYSTEM: THE A AND
C R MATRICES IN THE EO• XOT=AX+DU ARE IN COMON
C HITH THIS RUTINE: THEY ARE FOUND IN THE MAIN PROORM•
C H IS THE TIME STEP: X IS TIM: Y IS THE STATE: DY IS
C THE RATE OE CHNGE OE TE STATE OVER H•
C TATS ENOUBH HINTS •- YOU CAN TAKE IT FROM HERE!
C .

C
C

SUBROUTINE RKG (NEO:H:X:Y:DY:O) ·
IMPLICIT REAL!8 (A·H:O-Z)
DIMENSION A(2):Y(NEO):O(E0):DY(EO)
A!1)=0•292893218813452475
A(2)=1•70710678118654752
H2=0•5tH
CALL DERIV(Y:DY:X)
DO 13 I=1:NEO
B=H2¥DY(I)—O(I)
Y(I)=Y(I)+D

13 0(I)=O(I)+3•0!D·HE!DY(I)
X=X+H2
DO 20 J=1:2
CALL D€RIV(Y:DY•X)
DO 20 I=1:NEO
D=A(J)¥(H$DY(I)·0(I))

° Y(I)=Y(I)+D
20 O(I)=O(I)+3•0¥D-A(J)lHIDY(I)

X=X+HE
CALL DERIV(Y:DY:X)
DO 26 I=1:NEO
B=(H¥DY(I)·2•0$O(I))/6•0
Y(I)=Y(I)+D

26 O(I)=O(I)+3•0!D-HE!DY(I)
RETRN
END

SUROUTINE DERIV(X:DX:T)
IMPLICIT REALXO (A·H:0·Z)
DIENSION X(4):DX(4):A(4:4):D(4:5):U(5)
DIMENSION X1(4):X2(4)
CÜHHÜN A:O:U
CALL MATMPY(A:4•4:X:4:I:Xl)
CALL MATMPY(D:4:5:U:$:I:X2)
CALL HATADD(XI:4:1:X2:OX)
RETURN
END
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SUBROUTINEINPLICIT
REAU8 (A-H10-!)

C C=AXB
C A IS HA BY NA
C B IS NB BY NB
C C IS NA BY NB
C NA NUST EQUAL NB

DINENSIONDD
2 J=1¤NA

UO 2 I=1vNB
P=0„D ‘

DO 1 K=1!NA

1 P=P+A(J•K)!B(KrI)
2 C(JsI)=P

RETURN
END
SUBROUTINE MTADD(h•M•NhvB•C)
INPLICIT REAL!8 (A-N•0·Z)

C C=A+B
C MBANDCARENABYNA

DIPENSIONDU
1 1=1•HA .

DD 1 J=11NA
1 C(I•J)=A(I•J) + B(I•J)

RETURN
END
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E OUTPOT. vom
C THIS SUBROUTINE IS USEB TO PREPARE TIE PLOT BATA INTO
C THE FORIIAT USEB BY THE PLOTTING ROUTINE FASTPLT2•FOR•
C
C HE SENB TSTOP1 N (I OF POINTS TO PLOT)1 TP (TIIIE ARRAYI 1
C THB (SPEED ARRAYI1 THBB (ACCEL ARRAYI 1 ETC• THE OTHER
C ARRAYS HERE BEFINEB AS NEEBEB•
C

§§§@TINE 0UTPUT(TSTOP1N1TP1THBrTHBD1BELT1TT1IA1IB1IC1TH)
IIIPLICIT REAU8 (A-H10-Z)

3 .
C ONLY 4 ARRAYS ARE LOABEB AT ONE TIIIE TO BE SENT TO TIE
C FASTPLT2• THE 3 'Y' AXIS VARIABLES PLT1·PLT3 ANB THE
C 'X'-AXIS HAS AI.HAYS TIIIE•
C

BIHENSION PLT1(6000I1PLT2(6000I1PLT3(6000I1TPLOT(6000)
C
C
C TIE LINES BELOH ALLOH TIE OPTION OF ECSAPE FRON
C THE PLOTTING ROUTINE1 THEN BY CAL!. 'LIST' A CINIICE
C OF VARIABLES FOR PLOTTING IS PRESENTEB• THREE IIUST
C BE SELECTEB• THEN CALL ZOON• ZOOH ALLUHS SELECTEB
C VIEHIN6 BETHEEN ANY THO POINTS ON THE TIIIE AXIS
C FOR A BETAILEB LOOK AT TIE PLOT• THEN CALL LOAINIM
C THIS LOABS THE ARRAYS PTL1·PTL3 ANB TPLOT HITH TIE RANGE
C OF UALUES CHOSEN BY TIE ZOOH FUNCTION• THEN CALL
C FASTPLT2 ANB BELIVER THE CHOSEN ARRAYS FIR BISPLAY
C ON THE SCEEN1 OR TO BE PLOTTEB ON THE VERSAJUNK PLOTTER•
C

5 HRITE(6»10)
10 FORIIAT(’ TYPE’1/1’ 1 TO EXIT’1/1’ 2 TO CONTIN1E’)

RERB(51X) I
GO IÜ(90°!2o0)! I

200 CALL LIST(I11I21I3I
K=0
L=0
CALL ZOOH(N1TSTOP•K1L)

220 NC=1

GO II

240 NC=2

GO TO(650130013201340136O138014O014201440)1 I2

260 NC=3
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GU TO(6501300r320s340•3601380•400v420•440)1 I3

300 CALL L0ADUP(THD•KrLsTPrTPL0T¤PLT1•PLT21PLT3•HC)
GO T0 500

320 CALL L0AUUP(UELT1K•L•TPrTPLUT•PLTI1PLT2•PLT31NC)
GU T0 500

340 CALL LOAUUP(THUU!KrL•TP¤TP‘LUT•PLT1•PLT2•PLT3•NC)
00 T0 500

360 CALL LUADUP(IA¤K•L1TP1TPLUT1PLT1vPLT21PLT3•lKI)
60 TO 500

380 CML LOADUP(IB•K•LaTP•TPL0TrPLT12PLT2sPLT3rNC)
60 T0 500

400 CALL L0AUUP(ICrK1LvTP•TPL0T•PLT1•PLT21PLT3vNC)

60 T0 500
420 CALL LOAUUP(TT•K•L:TP•TPLOT:PLT1•PLT21PLT3•NC)

60 T0 500
440 CALL LOAD1P(TH•KrL•TPrTPLUTvPLT1vPLT21PLT3•NC)

500 60 T0(240•260¤650)• NC
600 NRITE(6•610)
610 FORNATI'1 PLOT T0 SCREENH/s' 2 PRINT T0 *•·‘~== ’)

NRITE(6•620)
620 FORNAT(' 3 PLOT T0 FILE’•/•’ 4 PRINT T0 FILE')

READ(5•X) N
SO T0(650e6601670•680)• H

650 N=L-K+l
CALL FASTPLT2(PLT1•PLT2•PI.T3•TPLOT•I1•I2•I3)

60 TD 5
660 60 T0 600
670 80 T0 600
680 60 T0 600
900 RETURN

END
SUDROUTINE LIST(I1•I2•I3)
NRITE(6•Xl ’UARIARLE LIST · PLEASE SELECT {NIE'
NRITE(6•10)

10 FORHAT(’ 1TND'•/•' 2 DELTA’•/¤' 3 THDUU/u' 4 IA'!/r' 5 IF':]
X u' 6 IC':/»’ 7 TT':/s' 8 TN')

C2345678 _
REAU(5•X) Il•I2sI3
I1=I1+1
I2=I2+1
I3=I3+1 _
RETURN
END
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SURROUTINE ZOON(NP•TSTOP•K•L)
IHPLICIT REALt8 (T)

5 URITE(6»10)
10 FORNAT(’ ZOON?’e/n' 1 FOR YES'e/•' 2 FUR NO')

READ(5•!) I —
GO TO(20•30)• I

20 HRITE(6•¥) 'STARTIG TIE?'
RERINSN) ST
IF(ST•GT•TSTOP) GO TO 201 25 URITE(6•!) 'FINAL TINE?'
REAl)(51$) FT
IF(FT•LT•ST) 60 TO 25
IF(FT•GT•TSTOP) FT=TSTP
CK=(ST/TSTOP)tNP + 1•0
CL=(FT/TSTOP)¥NP
K=CK
L=CL
GO TO 50

30 K=1
L=NP

50 RETURN
ENO

SURROUTINE LÜhBlP(PLDR•K•L•TTP•TPLUT•PLT1vPLT2rPLT3•NC)
IHPLICIT REALIB (A-N10-Z)
RERU4 TPLUTsPLTl1PLT2•PLT3
DINENSION PLOR(1)•TTP(1)vTPLOT(1)•PLT1(1)•PLT2(1)•PLT3(1)

SU TU(5•I5•25)• NC
5 TPLOT(1)=JSPLT1(1)=JS

OO 10 I=2¤JS+1
TPLOT(I)=TTP(I+K—2)
PLT1(I)=PLDR(I+K-2)

10 CONTINUE
GO TO 50

15 PLT2(1)=J
00 20 I=2•JS+1
PLT2(I)=PLOR(I+K-2)

20 CUNTINUE
GO TO 50

25 PLT3(1)=JS‘
DO 30 I=2•JS+1
PLT3(I)=RLR(I+K-2)

30 CONTINUE

50 RETURN
END
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C THIS ROUTINE IS USED ONLY TO LABEL THE 'Y'·AXIS OF THE
C PLOTS• EIOHT LAELS ARE AVAILALE (I=1-8)• SEE THE
C PLOT 10 OHNERS HAUAL FR DETAILS•
C

SUBROUTINE YLADELTI)
DIHENSION L1(4)eL2(6)•L3(5)•L4(3)•L5(7)•L6(3)•L7(3)•L8(3)

» DATA L1/3s84172s68/
DATA L2/5•68r69v76•8A•6$/
DATA LK/4aB4a72a68r68/
DATA L4/2:73r6$/
DATA L5/6173•77r4Or84•72•A1/
DATA L6/2•73¤67/
DATA L7/2s84¤84/
DATA L8/2•84•76/
I=I·1
GO TO(10•20•30s40•50•60•70•80)• I

10 CALL USTRIN(L1)
GO TO 90

20 CALL USTRIN(L2)
GO TO 90

30 CALL VSTRINYLST
. GO TO 90

40 CALL VSTRINLL4)
GO TO 90

50 CALL USTRIN(L5)
GO TO 90

60 CALL VSTRIN(L6)
GO TO 90

70 CALL VSTRINIL7)
GO TO 90 V

80 CALL VSTRINLLB)

90 RETURN
END
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C THIS IS THE HAIN PROCRAH OF TIE D•C• HOTOR SIHULATION•
C THIS PROCRAH IS USED FOR P•PI•PID AND SCHEDULE CONTROLLER
C SIHULATIONS•

IHPLICIT REAL!8 (A-H•O·Z)
REAL!8 LA1KT•KJ•JT•JH•JL•KF•KE:KJI•KS•KV•KD•NOT
REALIB IA•IB•IC•IAL•IBL•ICL•LND•KP•KI•KA•ODT
DIHENSION X1(4)•X2I4)•CI4•9)

C THESE ARRAYS ARE SENT TO THE PLOTTINC ROUTINE•

DIHENSION TH(6000)•THDI6000)¤THDD(6000)•TP(6000)•TOF(6000)
DIHENSION DELT(6000)sIA(6000)•ID(6000)•IC(6000)•lIIII.(501)

C THESE ARRAYS ARE USED IN THE HATRIX EO• XDOT=AX·IDU FOR
C SOLUTION IN RKG•FOR••• 4TH ORDER RUNCA·KUTTA ROUTIIL

DIHENSION A(414)•BH•5)•XH)•OXH)1UH)vO(#)
COHHONC

THIS SECTION REOUESTS DATA FOR THE SIHULATION FRINI A ‘
C PARAHETER FILE•
C

50 HRITEI6•i)
’

ENTER PARAIETER FILE NUHDER’
READI5•¥) H

52 READ(H•U OTsTSTU?rIPLOTsSP•T21T]1T4•T5•AL1BII
HRITE(6s5S) DT•TSTOP1IPLOT

55 FÜRHAI(5Xv'UT='1F6•5•4X1 'TSTOP='•F4•2MXv'IPLUT='•I3•4X)
HRITE(6•56) S?eT2rT3•TÄvT5•AL

56 FORHATIZXI 'SP=’1F6•2v3Xr 'T2='»F6•2•3X» 'T3=’ •F6•2•3X•
'TO=' rF(~•2s

UX:'T5='1F4•313X•'AL='•F8•6) _
60 HRITE(6•65)
65 FORHAT(’ 1 TO RUN THIS FILE’s/s' 2 TO CHANCE FILE

#’•/•’
3 TO EX

XII')
READ(5•$) J
GU TO(80•50•IOOO)• J

C THE PARAHETERS DELOU HILL BE DESCRIBED HERE• NPC IS THE # OF
C INCREHENTS IN ONE LOAD CYCLE• KS IS TI·|E SCHEDULE GAIN AS A
C FUNCTION OF THE SPEED COHHAND• RsKT•KE:AND LA ARE THE HOTOR
C PARAHETERS RESISTANCEJOROUE CONSTANTsBACK·EHF CON$TANTv AND INDUCTANCE•
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C DP IS VTSCOUS OANFING COEF• FH1= 120 DEGREES IN RADIANS•
C N AND IPR UILL DE DEFINED LATER• ODT IS THE RIGINAL
C DELTA T OR TIE STEP• DTI IS AN INTERHEDIATE TIE STEF•
C TOL IS THE PERCENT ERROR ALLOHED IN THE POSITION ENCOOER
C FOR EACH INCREHENTT U IS T}! PERCENT OF T}! SPEED COHNAND
C AT UHICH TE SCHEDULE IS TURED ON• TE REHAINI6 VARIADLES
C - UILL BE EXPLAINED LATER•

80 NPC=64
1 KS=1•68XSP

MSA
R=7•03

·
KT=29•63

KE=•209

LA=AL
¤P=•35 ‘ _

PH1=2•094395102
PI=3•141592654
N=1
IPR=1
OOT=DT
DTI=OT
TOL=•01/DFLOATINFC)
“=•8

T=0•o

TSUH=0
SN=0
X1RB=0
IT1HE=0
UH=0•°
VINT=0
DO 100 I=1:4

100 O(I)=0•0

C INPUT GAINS FRON THE SCREEN FOR THIS RN• KA IS THE FUER
C APLIFIER SAIN: KP IS THE PROPORTIONAL LOP GAIN: KI IS TE
C INTEBRATOR GAIN: KV IS T}! INTEORATOR SAIN IN THE SCHEDILE
C CONTROLLER: KS IS TE SCHEDULE ADAFTATION GAIN
C VLTH = VOLTAGE LIHIT OF T}! SCHEDULE 'HIOH’
C VLTL = VOLTAOE LIHIT OF THE SCHEDULE

’LOU'

C
URITE(6:!J’ KA? KP? KI? KV? KS? VLTH? VLTL?’
REAO($•Z) KA:KP:KI:KV:KS•VLTH•}}l.TL
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C SPDCOH IS THE SPEED COHHAND INPUT FROH THE PARAETER FILE•
C DO 110 LOADS THE SCHEDLE HITH ITS INITIAL (UH) VALUES•

SPDCOH=SP
ULT=£VLTH-ULTL)/2•0
DO 110 J=1¤NPC L
UHL<J)=UH

110 CONTINUE

C INITIAL UALUES OF THE STATES
DX(1)=0•0

‘

X<1)=0•0

X(3)=0•0

C THIS CALL IS TO A PROORAN BY S•O• CARLSON HHICH _ V _A__ 4NV_ V_ V V
C CALCULATES THE TORUE REOUIREENTS F THE FOUR-DAR
C LINKAGE (LOAD CASE I)•
C THE SUBROUTIE UES CURRENT SPEED(X(1)) AND POSITION (X(2))
C TO CALCLATE CENTRIFUOAL TOROUE COPONENT(TLCC)» GRAVITY
C TOROUE COHP•(TLGG) AND THE INVERSE INERTIA RJI(RJI=1/J)•
C NSS IS A SHITCH TO INITIALIZE A SUDROUTINE IN SOC•

150 CALL SOC(X(1)sX(2)»TLCC1TLGG•RJI•NSS)
NSS=1
KJ=RJI

C ENTRIES IN THE
’A'

HATRIX AND 'D' HATRIX ARE DEFINED

A<1•1)= —KJt(BD+DP)

A(1•3)=KT¥KJ
A(211)=1•0
A(2•2)=0•0
A<2•3)=0•0
A(3•1)=-KE/LA
A(3•2)=0•0
A(3•3)=·R/LA
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B(1!].)='KJ
R11»2)=O•0
B(2•1)=0•0
B(2:2)=0•0
B(3•1)=0•0
£<(3¤2)=1•/LA

X1R=X(1I
C THE NEXT FOUR LINES DECIIE IIHEN TIE SCHEDULE IS TO DE
C ADAPTED• 'MODIFY’ IS SET EQUAL TO 1 AT THE COMPLETIDN
C OF EACH LOAD CYCLE• 'NSH’=1 ANY TIME AFTER MOTOR SPEED

‘

C EXCEEDS 801 OF SPDCOM•

IF(MODIFY•NE•1I GO TO 160 “

IF(NSH•EO•1) GO TO 152
IF(X(1)•LT•II¥SPI GO T0 155
HSII=1

C
C INTHENEXTFEIILINESTIECIIANOEINSPEEDOVERTIE
C INCREMENTv DELTASPEED• IS CALCULATED• TIE SCHEIILE
C IS STARTED ONLY IF ILTASPEED IS LESS THAN •1•
C THE SS=1 MEANS THE SCIEDULE HAS DEEN STARTED SO
C CONTINUE THE MODIFICATION OF TIE SC|·EIIILE•
C DELTASPEED IS TRUNCATED TO 12-DIT ACCURACY•
C LIHES 153-155 UPDATE THE LAST SCHEDULE VALIEITRUICATE
C TD 12-BIT•AND DOUND THE SCHEDILE IY VLTH AND VLTL•
C
152 DELTASPD=X1R-XIRB

IP=IPB··1
IF(II‘•EQ•0) II‘=NPC
IF(SS•EO•1) OO TO 153
CI<=DADS(DELTASPD)I
IF(CK„6T••1) OO TO 155
HBH=DELTASPD!2048 Y _ _

_OELTASF'D=MRII/2048•
SS=1

153 UML1IF')=(VML(IP) · KSXIELTASPDI + UIFFSET
JC8=UHL(IP)t(2048•/VLT)
UHL(IP)=JCB¥(V1.T/2048•)
IF(UML(IP)•GT•VLTH) VMI.(IP)=ULTH »
IF<UHL(IP)•LT•ULTL) VIl(IP)=VlTL

155 MODIFY=0
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C THIS BLOCK OF FILES SIIITCIES TLP=1 ON AND OFF TO CREATE
C THE PERIODIC STEP LOAD IF NEEDEIL TIE LOAD APPLIED IS SUMMEII
C INTO ONE TERM TSUM• TSUND IS A SUN OF ALL THE LOAD COMPONENTS
C SENT TO THE PLOTTER im INCLUIIES TIE VISCOUS COMPONENTS•
C
160 IF(BSIN(X(2II•LT••3I 60 TO 162

TI.P=1•0

GO TO 163
162 TLP=0•0
163 TSUM= TLOO + T5!TLCC

TSOMD=T2!TLS+TL6S+(BD+DPIiX(1 I+TLCC·IT4¥TLP

C THIS BLOCK OF FILES SHITCIIES TIIE SPEED COMMAND AND UPIIATES
C TIIE SCHEDIILE GAIN KS•
C

IF(T•LT•T2I GO TO 170
IF(NS•EO•1I GO TO 170
SPOCOM=SPDCOM + 25
KS=1 • 68¥SPDCOM
NS=1

C THIS BLOCK OF FILES CONTAINS TIIE PII ANB D CONTROL
C EOUATIONS• TIE INTEGRATOR VINT BELO! DOES INIT
C INTEORATE ERROR OVER TIIE BUT OVER OISPLACEIIENL
C THE DERIVATIVE TERM IS ACTUALLY DERIVATIVE FEEDBACK:
C NOT TIE BERIVATIVE OF TIE SPEED ERROR• _
C VINT DOES INTEORATE OVER TIME IN PI OR PID CONTROL
C VINT INTEORATES OVER DISPLACEMENT FOR TIE SCIEOILE CONTRKLER

170 5PDERR=SPDCON~X1R
“

ASPDERR=((X1T+X(1II/2„I · SPDCOM
VINT=VINT·ASPDERR¥(X(2I-X2TI
DTI=DT
VDER=-KDXDX( 1 I
VPROI‘=KPXSPIIERR
VTERM=VPROP I KIBVINT I VDER

C TIIE BLOCK OF LINES ELO! OEFINE TIE INPUTS TO THE SYSTEM
C U(1I AND U(2I• VTERIIIS THESIIIIOFTIEPIDFEEDBACKFEII
C TO TIE PONER ANPLIFIER• U(2I IS LIMITED AS SIMM
C

U(1I=TSUM
CAT=KAXVTERII _
IF(CAT•GT„84I CAT=84
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IF(CAT•LT•-84) CAT=—84
U(2)=CAT + T3tVI4L(IPBI + VOFFSET
IF(U(2)•GT•ULTHI U(2)=VLTH
IF(U(2)•LT•_I/LTU U(2)=VLTL
IF(N•EO•1I GO T0 500

C THE STATES ARE SAVED IN CASE THE TINE STEP IS HODIFIED
C FOR ANOTHER STEP•

200 X1T=X(1) ·
X2T=X(2I
X3T=X(3I
TSAUE=T

C AT LINE 300 RKG ISCALLEDTOHAKE THENEXTSTEP IN
C TIE• DERIV IS A ROUTINE IIITHIN RKG-·IT CALCULATES
C THE PRESENT DERIVATIVE TO BE USED IN THE DERIVATIVE
C FEEDBACK (D).

300 CALL RKG(3•DTrT2X•BX10)
CALL DERIWXIDXITI

C THE ONLY PURPOSE OF THE NEXT BLOCK OF FI|.ES IS TO
C SIHULATE A POSITION ENCODER• RKG HAKES A STEP IN

C TIE AND DISPLACEHENT X(2)• IF THE TIE STEP IS TOO
C LONG i•e• X(2) STEPS BEYOND TIE END (IF TIE INCREHENT
C (ALSO BEYOND THE TOLERANCE ALLOIIED) THE TIE STEP IS
C SHORTENED·-A NEU DTI IS DEFIED AND RKG IS CALLED AGAIN
C THE PROCESS CONTINOES ONTIL X(2) IS HITHIN TOLERANCES•

IF(X(2)•LT•0I GO TO 345
320 TV1N=X(2I/(ZJPIXNCSI

TU2H= TVIN - AINT(TVlN)
PIPB=TV2N#NCS¥NPC + 1
IPT=PIPR
TGT=DFLOAT(IPB)/DFLOAT(NPC)
IF(TU2N•LT••l•AND•IPB•EO•NPC) TGT=0

IF(TV2N•LT•TGT+TOL„AND•TV2N•GI•TGT·TOL) GO TO 340
IF(IPT•E(I•IPD) M TD 345

325 TV10=X2T/(2•!PItNCS)
TV20=TV10- AINT(TV10)
IF(TGT•EO•0I TGT=I
NDT'=DABS(TU20-IGT)/DABS(X(1)I
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T=TSAVE
X(1I=X1T
X(2I=X2T
X(3)=X3T
DT=NDT
DTI=NRT
GU TO 300

C THE PROORAH STEPS TU 340 AT THE END OF EACH BEURER INCREIENT
C AND TIE INCREIENT NUHBER (IPB) OF TIE LOAR CYCLE IS INCREASED
C BY 1• THE TIIIE STEP IS RETURNER TO ITS ORIGINAL VALUE ORT•— _

C SN SAVES THE SPEED AT THE END OF THE INCREIIENT: XIRB IIUVESE
C I'HE PREVIUUS SN TU THE UELTASPEER EOU• AROVE• NUUIFY =I IS TIE
C SHITCH HHICH TELLS TIE ALGURITHII TO IIORIFY TIE SCIEDULE•
C THE NEXT LINE CIECKS TU SEE IF THE LUAD CYCLE HAS KEN
C CUIIPLETED• IF IT HAS NOT HE GU TU TIE PLUTTING RINITIIE (345)•
C IF THE CYCLE IS CONPLETE THEN CALCULATE VUFFSET AND LIHIT
C IT TO 10 VOLTS: THEN RESET VINT=0 AND IPB TU 1 i•e• TIE
C FIRST INCRENENT IN THE IEXT LOAR CYCLE•
C

340 .IPB=IPR·I1
RT=ODT
X1RB=SN
SN=X(1I
NURIFY=1
IF(IPB•NE•NCS¥NPC+1) GU TU 345
VOFFSET=KV$VINT
IF(VUFFSET•GT•10) VUFFSET=10
IF<VUFFSET•LT„-10) VUFFSET=·I0
VINT=0
IF(IPB•EO•NPC+1I IPR=1

C THE BLOCK OF LINES HHICH FULLUH PRINT TIE SIHULATIUN TINE TU
CI SCREEN EVERY 300 TIHE STEPS: CHECKS TU SEE IF TIE TIIIE HAS
C EXCEERED TSTOP (END UF TIE SINULATIUNII ANR UN TIE PLOT
C INTERVAL IT LUADS TIE ARRAYS HITH TIE SIHULATIUN VALUES SHUUN
C BELUH• AT THE COHPLETION UF THE RUN THE PRUGRAII CALLS
C ‘OUTPUT' HHICH IS A PLUTING RUUTINE•
C

345 ITINE=ITINE+1
IHRITE=IHRITE+1
IF(IURITE•NE•300) GU TU 350
HRITE(6•¥I T
IHRITE=0
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350 IF<T•GT•TSTOP) OO TO 999
IF(ITIHE„EO•IPLOT) 60 TO 400
GO TO 150 .

400 ITIHE=0
500 IA(N)=X(3)

IR(N)=UHL(IPB)
IC(N)=UTERH
DELT(N)=U<2)
THDR<N)=DX(1)
TP(N)=T
TQF(N)=TSUHB
THD(N)=X(1) .
TH1N)=UOFFSET

C URITE(6•¥) N¤TP(N)•T}|BO(N)•TOF(N)•TH(N)
N=N+1
TF<N•EO•2) OO TO 200A
GO TO 150

999 N=N—1
CALLBO

TO 60
1000 STOP

ENO




