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ABSTRACT 

This thesis presents the iTiodeling and control system design of a 

linear motor used for controlling a machine tool system. 

The mathematical model of the linear motor was developed using mass, 

resistance, inductance, flux density, back e.m.f., and length of the 

controv coil as its parameters. 

The controllers were designed for the linear motor tool control system 

using position and velocity feedback loops. Two methods of compensation 

techniques were used during the course of this work to satisfy system 

requirements. The performance of the system was judged by the surface 

finished products and the minimum position error signal. The compensation 

technique used the Bode diagram, the phase diagram, the step response, 

and the closed loop response of the system. The analytic compensation 

technique was based on the high value of the velocity error constant and 

the ratio of pole (zero) to zero (pole) of the compensator (a < 15). 

Whereas in the experimental compensation technique approximate values of 

RC components of the compensation were selected first and later tuned to 

achieve minimum position error signal. The analytic design was developed 

after the experimentally obtained compensation was working well. 

The final compensation of the linear motor system obtained by these 

two different technqiues was simulated on the computer using the Continuous 

System Modeling Program. The results achieved by the computer simulation 

of different techniques were compared for overall system performance. 

Finally, the experimental1 y determined compensation was installed 

on the linear motor control system. 
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CHAPTER I 

INTRODUCTION 

In recent years the demand to produce parts having high quality 

surface finishes and precision contours in the machine tool industry has 

accelerated. One area in which these precision parts are required is 

laser fusion research and development. Surface finishes ranging from 

one to three microinches, peak to valley, and having a contour accuracy 

of ten to twenty microinches are desired to insure correct focus and 

reflection of laser beams. A principal method for producing these parts 

requires a turning machine using a diamond point tool. The turning 

machine consists of a spindle which rotates the part at a near constant 

RPM, two slide axes, usually referred to as the x and y axis, and 

auxiliary hardware for percision control of these axes. 

The X and y slides are normally driven by torque motors. Each 

torque motor is connected to a lead screw-ball nut combination that is 

used to convert the rotary motion of the torque motor into linear slide 

motion. There are two common problems encountered with this system. 

First, the lead screw will not be exactly straight. Thus for each 

revolution of the lead screw there will be a slight movement perpendicular 

to the lead screw axis. This slight movement will cause a cyclic error 

in the surface finish of the part. The second problem is the friction 

between the lead screw and ball nut. This friction causes a stick-slip 

effect in the slide motion. 

To circumvent these problems, direct drive systems has been con 

sidered. One such system is a linear motor which has been developed 
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so that a smooth and accurate slide motion can be obtained. 

The linear motor produces motion parallel to the control axis. 

This motion is caused by a force established between a strong magnetic 

field and current carrying conductors. The detailed construction and 

working principles are discussed in the following paragraphs. 

Linear Motor 

Linear motion implied motion along a straight line. A force producing 

linear motion is termed thrust, propulsion force, or traction force.^ 

A machine wich produces this propulsion force is called a linear motor. 

The linear motor also is said to produce a solenoidal action. The 

principle of the linear motor can be understood easily with analogy to 
g 

the conventional rotating motor. The stator is designated as the primary 

or exciting coil and the rotor as the secondary or controlling coil. 

The current flowing through the primary coil creates a strong magnetic 

field along the axis, producing a force which causes the exciting coil 

to move. The conventional rotating machine exerts torque about the axis 

or rotation and angular acceleration of the motor, whereas the linear 

motor exerts force on the translator or rotor and produces linear 

acceleration. The axial and radial flux distribution of the linear 

motor are shown in Figure 1.1 and Figure 1.2, respectively. The theory 

of coil windings is the same as employed in conventional rotary electric 

machinery. It should be noted that the rotor or secondary cylinder is 

made of iron and is hollow. The control coil is wound around the 

secondary cylinder. The stator or the primary cylinder has an exciting 

coil and serves as a magnetic return path. The radial component of the 
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Center Pole Piece Motor Frame 

xciting Coils 

Control Coils 

Radial Flux 

Figure 1 .2. Radial Flux Distribution in the Linear Motor. 



air gap flux which interacts with the current circulating in the control 

coil (secondary) to produce an axial force. The direction of an axial 

force may be found by applying the left hand thumb rule. By changing 

the direction of the current in the control coil externally, the direction 

5 
of travel of the moving member or secondary cylinder is changed. 

Linear electric motors have broad industrial applications. In most 

of these applications either the linear "DC" motor, the linear induction 
g 

motor (LEiM) or the linear synchronous motor (LSM) is used. This thesis 

presents the analysis and design of a control system utilizing linear "DC" 

motors for a turning machine having a diamond point tool. 

Scope of Thesis 

This thesis is devoted to the modeling, simulation, and control of a 

linear motor drive system. The model will be used to develop a working 

digital simulation of the total system. Actual test data from an existing 

prototype hardware system will be used to verify the system simulation. 

The advantage of having an accurate simulation model is that control 

methods can be easily verified without the expense of installing actual 

hardware on a trial and error basis. In this application, the controlling 

technique utilizes feedback from the position loop as well as the velocity 

loop. The controlling technique of a system which is very stiff and 

insensitive to external disturbances is of great interest. This type of 

analysis, simulation, and control design will be valuable in developing 

present as well as future linear motor systems. 
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The following areas of the linear motor drive system will be 

considered; 

(1) Development of a complete analytical model of the system 

using actual system parameters such as mass, flux density, rotor winding 

resistance, winding inductance and force constants. 

(2) Performance of dynamic tests on the prototype hardware system 

and modification of the simulation model as necessary for corresponding 

performance. 

(3) Evaluation of the performance of the system that can be achieved 

using conventional compensation techniques. 

The selection and description of the system components are given in 

Chapter II. The derivation of the general transfer functions of the 

basic components are developed in Chapter III. A detailed analysis and 

design of different compensators is given in Chapter IV. The comparison 

of the results from the prototype hardware model and simulation using 

block diagrams of the system are included in Chapter IV. Chapter V 

contains several suggestions, the conclusion and recommendations for 

future work. 



 

 

 

 

 

 

CHAPTER II 

SYSTEM COMPONENTS 

An important phase in the design of a control system is the selection 

of components. In general, this depends on several factors such as 

economics, individual component requirements, precision, and system 

performance. 

The system components that have been selected for the Linear 

Machine - Tool Control System include: 

- A linear motor, 

- A laser interferometer system, 

- Frequency-to-voltage converters, 

- A Mark Century numerical control unit, 

- A direct current power amplifier and 

- Compensators. 

The criteria used in the selection of the above components will be 

discussed in this chapter. The development of transfer functions will 

be presented in Chapter III. 

Position Control 

In a position control system, it is desirable to have the final 

position of the output to be in exact correspondence with the reference 

position. The comparison between the input and the output position 

yields an error signal which is applied to a controller. The controller 

develops a correcting signal for the horizontal motion which is delivered 

to the output shaft to reduce the position error. The block diagram of 

a basic position control system is shown in Figure 2.1. 



out 
Power 

Controller Motorin Amp]ifier 

Position Loop 

Figure 2.1. Position Control System. 



Another configuration which improves the damping of the system is 

shown in the block diagram of Figure 2.2. In this case, minor loop rate 

feedback is used to improve the stability of the system by introducing 

2 
additional damping. The improvement in the system behavior is discussed 

at length in Chapter IV. 

Description of Components 

When the components of the system are selected, it is required that 

each must satisfy a number of individual specifications involving space 

limitation, weight, power consumption, voltage level, and others. After 

the components have been selected, they are coupled together, and their 

performance as a unit should satisfy system requirements based on 

sensitivity to disturbance, transient, and steady state specifications. 

The linear motor tool control system shown in Figure 2.3 consists 

of air-bearing slides and an air bearing spindle. The system also 

includes a linear motor, a laser interferometer system, and a numerical 

control unit. The simple block diagram of the linear motor configuration 

is shown in Figure 2.4. Figure 2.5 is a complete block diagram of the 

system for purposes of simulation. The position command is given in 

the form of pulses within the numerical control unit. The numerical 

control unit also receives pulses from the laser interferometer as an 

output of the system. The laser interferometer detects the position 

of the linear motor. Hence, the laser interferometer system creates 

the position feedback loop. The position error signal and the output 

of the frequency-to-voltage converter are applied through compensation 

electronics to a direct current power amplifier whose output drives the 
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Figure 2.2. Position Control With Inner Loop Velocity Feedback. 
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linear motor. A detailed description of each of the basic system 

components is given below.^ 

Linear Motor 

The linear motor consists mainly of a stator or stationary member 

and a translator or moving member which surround the central pole piece. 

A cross section of the linear motor is shown in Figure 2.6. The stator 

has an exciting coil which generates the direct current magnetic fields. 

The exciting coil has layers of round wire and has twenty two hundred 

turns. The maximum current, 11 amperes, is delivered by a 34 volt DC 

power supply. The copper cooling coils, with circulating water, are 

provided to cool the stator winding.^ 

The control coil, which is wound around the moving member, has two 

layers of square wire and has seven hundred turns.^ The supply voltage 

of the control coil is also direct current. Reversing the polarity of 

the control coil changes the travel direction of the moving member. The 

moving member is attached to an air-bearing slide. The operation of the 

linear motor is analogous to a direct current torque motor except for the 

travel limit imposed by the moving member stroke. Figure 2.7 shows the 

moving member, control coil, motor frame, end piece, tool base and 

mounting for cutting a metal work-piece. 

Analysis shows that the axial force is a function of the electric 

current flowing through the control coil, flux density in the air gap, 

and length of the control coil. The linear motor is designed to have a 

nominal force rating of 20.0 pounds with a maximum available force of 

50.0 pounds. The force generated is approximately equal to 4.0 times the 
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control coil current in amperes. A plot of approximate current required 

for different size linear motors at three different positions of moving 

coil for 20 lb. forces is shown in Appendix A.^ Control current is 

responsible for yielding a force to move the moving member both inward 

and outward. 

Laser Interferometer 

The machine motion in the horizontal direction is recorded or 

monitored by a feedback measuring unit, which may be electric, mechanical, 

optical, electromechanical, or of some other form. For this particular 

system, Hewlett-Packard laser interferometer produces pulses which are 

used to determine position. Pulses from the laser interferometer system 

are also applied to frequency-to-voltage converters (F/V) to determine 

velocity as explained in the following section. A resolution extender 

is used to obtain a pulse resolution of approximately 16 millimeters 

(0.6228 microinch) per pulse.^ The laser interferometer system has an 

accuracy of +0.5 parts per million and a maximum velocity of 72 inches 

per minute. 

Frequency-to-Voltage Converters 

Since the linear motor has no rotating parts or components, it is 

not feasible to use a tachometer to provide a velocity signal. The 

information regarding the position of the linear motor obtained through 

a laser interferometer system is in digital form. The laser pulses 

are coupled to individual forward and reverse direction frequency-to-

voltage (F/V) converters to generate an analog signal. The output of 
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the frequency-to-voltage converters are located in the feedback path. 

The full scale input frequency is 10 Kilohertz and the full scale output 

voltage is 10 volts. 

g 
Numerical Control Unit 

The Mark Century 7500 Series Numerical Contouring Control continuously 

directs two motions of a machine tool (normally called the x and y motion) 

and provides storage for auxiliary machine-functions. To understand how 

the control performs these functions, it is broken into four major 

function-areas of the control. 

(1) Timing and Reference Signals Area 

Signals are present or absent during a particular time 

period with reference to some established zero time; the timing and 

reference signals allow the identification of any bit or bits of 

information. 

(2) Computations Area 

The Computations area performs almost all of the numerical 

operations required by the control. It consists of word registers 

containing binary coded decimal (BCD) data representing the buffer and 

active position, velocity, departure, and other dimensions for the axes 

of motion. 

(3) Per-Motion Area 

The Per-Motion area receives rate and direction signals 

from the computations area. It generates the necessary signals to run 

the machine motions in order to execute the programmed commands. 
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(4) Data Input 

The Data Input section of the control accepts, distributes, 

and stores command information from punched tape or from the manual data 

keyboard. The data readout may be used to display information contained 

in any storage area of the control. 

In general, the position signals of the linear motor are fed to the 

numerical control unit to compare it with the input signal. The output 

of the numerical control unit is in analog form. 

Direct Current Power Amplifier 

The linear motor must be driven by a power amplifier. The particular 

amplifier is a 100 watts. Inland, transistorized unit used for small 

machine tool systems. It is ideally suited for low power industrial 

drives such as those employed for cutting, drilling, grinding, and 

milling machines. This versatile transistorized drive system can be 

controlled either of two ways: 

(1) By a MC control for contouring, 

(2) With switch closures for point-to-point applications. 

The output voltage is +15V.DC. The bandwidth of the amplifier is 300 

Hertz. The power amplifier contributes a gain of 10 to the system 

transfer function. 

Air Bearing Slide 

The linear motor must move a very heavy load. A typical load is 

6000 lbs. The base of the linear motor is mounted on hydraulic pads to 

avoid picking up the building vibrations. The building vibrations 
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have an adverse effect on part finishes. The base has honed "v" and 

rectangular notches for linear slide. Figure 2.8 shows the base for 

both the X and y axes. The x slide carries the diamond tool for cutting 

a workpiece. The slide rides on the top of the base which is shown in 

Figure 2.9. The slide has graphite pads in three sections. A nominal 

90 psi air pressure applied to the graphite pads causes the slide to be 

lifted from the base to form a non-contact slide. Hence, large loads 

can be moved by the relatively small force produced by the linear motor. 

The derivation of the transfer function of each component is 

discussed in Chapter III. 
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CHAPTER III 

ANALYTICAL DEVELOPMENT OF THE SYSTEM 

Any linear stationary, continuous control system can be described 

by a set of linear differential equations with constant coefficients. 

The differential equations constitute the mathematical model of the 

physical system, from which the characteristics of the system can be 

studied. A convenient tool for this study is the Laplace transform. 

The transfer function of a system is defined as the ratio of the 

Laplace transform of the output to the Laplace transform of the input 

with all the initial conditions of the system equal to zero. Since the 

transfer function is obtained by Laplace transforming the differential 

equations of the system, it contains the basic information concerning 

the essential characteristics of the system. Transfer functions play an 

important role in control theory. 

Forming the block diagram from the transfer functions of each 

component is the first step for studying the system behavior. The 

derivation of the transfer function of any system component is achieved 

after performing several tests in order to determine certain parameters. 

The parameters of the system are then used in deriving an analytical 

transfer function. Analytical development of the transfer function of 

a linear motor, a frequency-to-voltage converter, NC unit, and a direct 

current power amplifier is given in this chapter. 

Linear Motor 

It is necessary to know the operating principle of the linear 

motor before deriving its transfer function. The basic principle has 

23 
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been discussed in Chapters I and II. As stated earlier, the linear 

motor operation is analogous to a D.C. torque motor, with the exception 

of the travel limit imposed by the moving member stroke. A complete, 

straightforward derivation of the transfer function is presented here, 

along with some comments on important related characteristics. 

In order to derive the transfer function of the linear motor, the 

equivalent circuit of Figure 3.1 is used. The following notations will 

be used in deriving the transfer function of the linear motor: 

k|^ = back electromotive force (volt/inch/sec.) 

X = motion of the moving members and control coil (inch/sec.) 

M = weight to be moved by the moving members (pounds) 

R = resistance of the control coil (ohm) 

= equivalent resistance of the power source (ohm) 

L = inductance of the control coil (henry) 

e(t) = voltage applied to the control coil (volts) 

i(t) = current flowing through the control coil (ampere). 

It is assumed that constant magnetic flux density is maintained in 

the air gap by the exciting coil. 

Kirchoff's law of voltage may be applied to the electric circuit 

3 
shown in Figure 3.1 which gives: 

e(t) = i(t)(R + Rj) + L ^. (3.1) 

The force developed by the linear motor is proportional to the 

product of flux density, length of the control coil, and current flowing 

through the control coil. 
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i t 

e(t) 

T 

777777777777 

Figure 3.1. Equivalent Circuit of Linear Motor Drive by a 
Power Amplifier. 
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Fj(t) = BL^i(t). (3.2) 

v;here 

2 
B = flux density in the air gap (lines/inch ). 

L.|= length of the control coil (inch). 

The developed force must be equal to the accelerating force applied 

to the load, assuming that the load viscous and static friction are 

negligible.^ 

F ft) = M^. (3.3)
^ dt"^ 

f^it) = Fj(t). (3.4) 

The developed force must overcome the effect of static friction, 

load viscous friction, and accelerate the load. The load viscous friction 

and static friction are the primary causes of the distrubance in the 

linear motor. Simply, it can be represented as 

Fd(t) = Fjt) + D(t). (3.5) 

where 

D(t) = disturbance effect due to static and viscous friction of the 

1 oad. 

The electromotive force (emf) is directly proportional to the 

3 
horizontal motion of the moving members, as expressed by 

EMF = ^. (3.6) 

To determine the transfer function of the linear motor, the Laplace 

transform of Equation 3.1, 3.2, 3.3, 3.5, and 3.6 must be found assuming 

zero initial conditions. 
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E(s) = I(s)(R + R^) + sI(s)L + sX(s)K^. (3.7) 

F^(s) = BL^I(s). (3.8) 

F^(s) = Fg(s) + D(s). (3.9) 

F (s) = Ms^X(s). (3.10)
d 

From Equations 3.4, 3.8 and 3.10, it can be shown that 

B L^I(s) = Ms^X(s). (3.11) 

Defining sX(s) = V(s), Equation 3.11 becomes 

BL^I(s) = MsV(s). (3.12) 

Solving Equation 3.7 for I(s) gives 

E(s) - K.V(s) E(s) - K V(s) 

R.R 
s
Al = R,

T
.sL (3.13) 

where 

R^. = R + R . 
T s 

The block diagram of the system using the above equations is shown in 

Figure 3.2. At this point, the change in position output, X(s) due to 

the disturbance, D(s) and input reference, E(s) is developed by using 

Mason's formula as 

^ . Ms). 
MsR.p(l + ̂ s) ^ 

X(s) = 

sCl + ^ r—]MsR^d + ̂ ^)s 
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However, it seems beneficial to give a system block diagram without 

considering the disturbance effect in order to derive the simplified 

transfer functions of the system as shown in Figure 3.3. Hence the 

transfer function for V(s)/E(s) is given by 

BL, 

v(s) "sTirfTiq
ETTT ^ BL,K^ 

Ms(Ry + SL) 

Equation 3.15 can be simplified to 

V(s) _ ^b 
(3.16)

EW - ,2 ML , ^ , 
BL^Kl BL,Kl 

It can reasonably be assumed that 

MRt l 
BL,K. 

>> 
R 

I b 

Using this approximation, one can write Equation 3.16 as 

^/k
V(s) _ % 
rriT" 2 LM L ' c Lm ^ / \ k 1+ 1 

or 

V(s) ̂  
ifsT ^ . (3.18) 

Biq^' + R^^' 
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MRy 
BOC " PL = "^e 

1 D T 

T and T„ are called the mechanical time constant and the electrical 
m e 

time constant, respectively. Each time constant has units of seconds. 

Using the definitions for and simplifies Equation 3.18 to, 

Vjs) _ _ ,3 ,.. 
(1 + T^sj (1 + TgS) • 

Hence, 

^/kX(s) _ b f'' T)!
£[ij- s(l + y)(1 + T^s) • ^^*20) 

Equation 3.20 is the total transfer function of the linear motor 

without considering the disturbance effect. The simplified transfer 

function is a tool used for designing compensators and for simulation 

purposes. The calculation of the mechanical time constant and the 

electrical time constant can be found in Appendix B where it is shown 

that T = 9.0 seconds, T = 0.0027 seconds, and K, = 0.53 volts/inch/seconds, 
m e ' b 

Inserting the values of T^, T^, and in Equation 3.20 gives 

X(s) _ 1.5873 
ETsT" s(l + 9.0s) (1 + 0.0027s) ' ^ ^ ^ 

Frequency-to-Voltage Converter 

Since the linear motor does not have rotating components, it is not 

possible to use a tachometer to provide a velocity signal. Instead the 
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laser pulses are coupled to frequency-to-voltage (F/V) converters to 

generate an analog signal. The frequency of the laser pulses is 

proportional to the slide velocity. A separate converter is used to 

determine velocity in the positive and negative directions. The output 

of the frequency-to-voltage converters provide an analog velocity signal 

and is summed with the output of the numerical control unit to form the 

signal subsequentially applied to the servo amplifier signal. 

The block diagram of the frequency-to-voltage converter is shown 

in Figure 3.4. The input to the frequency-to-voltage converters is the 

velocity of the linear motion; that is, the input is taken from just 

before the integration block. The velocity of the linear motor is 

measured in inches per second. The laser interferometer detects the 

position of the linear motor by pulses. One pulse corresponds to a 

movement of the linear motor of 0.6228 micro-inches. The output of 

the laser interferometer is ten volts if it receives one hundred thousand 

pulses per second. From this information, the gain of the frequency-

to-voltage converter is calculated as follows. If 10 volts = 100,000 

pulses/second and 1 pulse = 0.6228 micro-inches, then, 1 inch/second = 

160.56 volts. 

According to the information provided by the manufacturer, the 

frequency-to-voltage converter has a first order lag. The time constant 

of the frequency-to-voltage converter is given by the empirical formula 

as T^^y = 10 (0.0022 + milliseconds where is an external 

capacitor expressed in microfarad. In this case, C . = 1 microfarad. 
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Thus, = 0.01 seconds. The complete transfer function of the frequency-

to-voltage converter is given below and shown in Figure 3.4. 

X(s) _ "^f/v (3.22)
1 + T^/^s 

Inserting the values of and T^y^ in Equation 3.22 gives 

X(s) _ 160.56 (3.23) 
~ 1 + 0.01s 

Actual laboratory measurements have confirmed the correctness of this 

transfer function. 

Direct Current Power Amplifier 

The overall gain of the direct current power amplifier is measured 

as a ratio of the output signal to the input signal. The gain of the 

power amplifier is 10 volts/volt. As a transfer function, the power 

amplifier can be treated as a fixed gain of 10 since it has a bandwidth 

of 300 Hz which is well beyond the system bandwidth. 

Numerical Control Unit 

As stated earlier, the numerical control unit receives pulses from 

the laser interferometer and compares these pulses with the input command 

pulses. The conversion of the digital signal to an analog signal to form 

the position error takes place within the numerical control unit. The 

conversion factor is 10^ volts/inch. 



35 

The transfer functions of all components are connected together 

to form a complete system which is shown in Figure 3.5, 

The different compensators and controlling techniques suitable for 

this system are discussed in Chapter IV, 
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CHAPTER IV 

DESIGN AND ANALYSIS OF THE LINEAR MOTOR CONTROL SYSTEM 

The application of control system design and analysis techniques 

can be most effectively illustrated by considering the overall analysis 

of a complete control system. Based on the concepts developed in Chapter 

III, a complete design and analysis for the linear motor control system 

will be discussed here. The linear motor system must provide a fast 

response for various inputs. Bode diagrams, root locus methods, and 

digital computer simulation are applicable to fast responding system 

design and are used in this analysis. 

The system under study must meet the following specifications: 

(1) A velocity error coefficient, K^, of 10^ or greater. 
(2) Step response overshoot less than 40%. 

(3) Settling time less than one second. 

Fundamental Design Considerations^>7,10 

The transient performance of a system is determined by the location 

of the poles and zeros of the closed loop transfer function. For a 

second order system, generalized time response curves based on damping 

ratio are available. Many higher order systems have a dominant complex 

pole pair and additional poles located far to the left of the imaginary 

axis so that the system can be approximated by a second order system. 

The effects on the system performance, of additional poles and zeros 

nearer to the dominant poles should be taken into account. However, if 

a pole is very near to a zero, then both the pole and the zero may be 

37 
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neglected. The effects of other poles and zeros near the dominant poles 

are difficult to determine except in the simplest cases. The typical 

effect of an additional pole near the dominant pole pair is to increase 

the peak time, and the effect of a zero is to decrease the peak time 

while increasing the overshoot. Peak time can be increased by shifting 

zeros to the left and poles to the right. This knowledge about the 

effects of noncritical poles and zeros on the system performance should 

be a helpful guide to the designer in the placement of closed loop poles 

and zeros. 

The process of introducing additional combinations of poles and 

zeros into a system to reshape its root locus and Bode diagram, in order 

to improve system performance, is called compensation or stabilization. 

When applying cascade compensation techniques to produce a low 

steady state error, care must be taken that the location of the 

compensators' poles and zeros will allow satisfactory transient response, 

During the tuning of the controller (compensator), the location of poles 

and zeros should be noted and compared with those of previous cases. 

The direction in which the poles and zeros should be moved may be pre 

dicted for the next adjustment of the controller. A well compensated 

system will have a good transient response and a gain large enough to 

meet the steady state error specification. The object of providing 

compensation is also to prevent any abnormal values of damping factor, 

overshoot, phase margin, gain margin, rise time and settling time from 

adversely affecting the overall efficiency of the system. The 

compensation devices may consist of electrical networks or mechanical 

equipment, such as levers, springs, and dash pots. 
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The overall performance of a control system may be judged by its 

transient response and its steady state error. The steady state error 

is defined as the difference between the input and the output as time 

tends to infinity. The steady state error may be found using the final 
9 

value theorem. 

e^g = lim [sE(s)J 

s 0 

For a unit ramp input to a type 1 system, it can be readily shown that^ 

ss ~ lim sG(s) Ky 

s -> 0 

where G(s) is the open loop transfer function of a unity negative feedback 

system. For the above case 

= lim s G(s) 

s -> 0 

Ky is denoted as the velocity error coefficient and has units of 

(sec)"^. This error coefficient is used to determine the steady state 

error of the output with respect to a ramp input or command. This error 

is often referred to as the system following error. The steady state error 

for a ramp input will decrease when the velocity error constant is 

increased. For a type 1 system, the steady state error is zero for a 

step input, finite for a ramp input, and infinite for a parabolic input. 
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It has been determined from practical considerations, such as system 

disturbances from an interrupted cut, that the for the linear motor 

system must be much greater than the of a system using a ball nut and 

lead screw. 

Selection of the location for inserting the compensator is largely 

dependent on the control system. Cascade compensators are generally 

inserted before the major energy source (power amplifier) in the forward 

path so that power dissipation is relatively small. Cascade networks 

used for compensation are usually called lag, lead, and lag-lead 

compensators. 

Lag Compensation 

Lag compensation is used to increase the error constant of the system. 

Well designed lag compensator will not significantly influence the dominant 

poles of the system as displayed on the root locus. Furthermore, a lag 

compensator has a pole to the right of a zero and nearer to the origin 

of the s-plane. This pole-zero location usually causes a slight increase 

in the step response overshoot of the system for the same root locus gain 

as without compensation. However, the lag compensator allows the low 

frequency gain to be increased and hence the steady state error is 

decreased. 

Lead Compensation 

The lead compensator accomplishes improvement of the transient 

response. The effect of lead compensation on the system is to increase 
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the speed of the transient response by changing the natural frequency of 

the dominant poles. A larger value of the natural frequency gives a 

faster transient response. 

Lag-Lead Compensation 

A lag-lead compensation if basically a lag compensator and a lead 

compensator in cascade. This form of compensation is used to improve 

both the transient response and the steady state response. Realization 

of all three compensators (lag, lead, lag-lead) with resistors, capacitors, 

and operational amplifiers is discussed in Appendix D. 

These design considerations are applied to the present system to 

meet the required specifications. 

System Design 

Several controller designs will now be applied to the system shown 

in Figure 4.1. Before presenting these designs, it is best to determine 

the performance of the system that can be achieved without additional 

compensators. The following transfer function notation is frequently 

used in the process of designing compensations: 

G.J (s)H.j(s): Open loop transfer function of the position loop. 

InI(s)^ loop transfer function of the position loop. 
G2(s)H2(s): Open loop transfer function of the velocity loop. 

j1121gI • Closed loop transfer function of the velocity loop. 
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The Uncompensated System 

The pole-zero location of the open loop transfer function and the 

closed loop transfer function can be used to give insight into the 

system's behavior. This behavior generally serves as a guideline for 

designing compensators. The closed loop response of the uncompensated 

system can be judged by calculating the closed loop poles and zeros. 

In the process of determining the closed loop performance, one must 

first use the open loop transfer function of the velocity loop to 

determine the inner loop closed loop transfer function. For this case, 

the velocity open loop transfer function is given by 

n f^\u 10372675 
(s+G.ll)(s+370)(s+100j ' 

The inner loop closed loop transfer function is expressed by 

OUT(s). 
iN2(s) "rrs^TsTH^TsT • ' ' 

Upon simplifying this expression, 

OUT(s). 646 (s+100) 
IN2(s) (s+45.2+j26.3}(s+379.7) " 

The velocity error constant can be found from the open loop transfer 

function of the outer loop (position loop). 

r = 64603000 (s+lOQ) ^ , 
s(s+45.2+j26.3)(s+379.7) 

= lim s G^(s)H.|(s) = 622.0 sec"^. 
s -> 0 
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The velocity error constant of the uncompensated linear motor system is 

low compared to requirement of 10^ or higher. The system closed loop 

transfer function is given by 

OUTl(s) (4.5)WTsT"~ l+G^(s)H^(s) • 

With appropriate substitution and simplification. 

OUTl(s) 64603000 (s+100) 
INl(s) " (s+86.6)(s+590.9)(s-103.7+j340)' 

Equation 4.6 indicates that the closed loop dominant complex poles are 

located in the right half of the s-plane. This clearly indicates 

that the uncompensated system is unstable, and in addition has a low 

value for the velocity error constant. 

Selection of Compensation 

There are numerous ways to compensate a system with different gains 

and compensators at different locations. Several compensators were 

designed and tested on the linear motor control system. The linear 

motor control system did not respond satisfactorily to all combinations 

of gains and compensators because the input voltage to the operational 

amplifier was high enough to saturate it and the position error was high. 

A compensation format that gave satisfactory results is as follows: 

(1) A lag compensator in the forwards path of the velocity loop. 

(2) A lag-lead compensator in the forward path of the position loop. 

(3) Gain in the velocity feedback path. 
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The designs presented below are distinguished from one another by 

the parameter a of the compensator, a as used here is the ratio of zero 

to pole for a lag compensator and the ratio of the pole to zero for the 

lead compensator. A value of a smaller than 15 allows compensator 

construction with reasonable small capacitors in its RC networks. However, 

depending upon the system performance, values of a greater than 15 are 

acceptable. In this case, the experimental design has an a value equal 

to 188 for the lag compensator in the forward path of the velocity loop. 

The calculation of RC components of the compensator is given in Appendix 

D. The different designs mainly emphasized are listed below: 

Design 1. Analytic design (inner loop lag compensation a < 15). 

Design 2. Experimental design and adjustment of gain to achieve 

analytic stability (inner loop lag compensation a = 188). 

Design 1. Analytical Design (Inner Loop Lag Compensator a < 15) 

As discussed earlier, a high value of the velocity error constant 

must be obtained. To meet the requirement of the velocity error constant, 

the following criteria were followed while designing the compensation: 

(1) Gain in the velocity feedback path should be as small as possible. 

(2) Gain of the forward path of the velocity loop should be larger 

than that of the feedback path gain. 

(3) The compensation in the forward path of the velocity loop does 

not affect the velocity error constant of the system. 

First consider the velocity loop of the uncompensated system. The 
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open loop transfer function is given by Equation 4.1 which is 

p / \i i c \ 10372675.34 i\= (s+0.11)(s+37G)(s+100)' ^ 

The Bode diagram and phase plot of G2(s)H2(s) are shown in Figure 4.2. 

The gain crossover point occurs at frequency w = 144 rad/sec. The phase 

margin is only 14°. Additional phase is required in order to decrease 

the overshoot and to increase the stability of the inner loop. From 

Figure 4.2, it is noted that reduction in gain can increase the phase 

margin. The gain crossover point can be changed from oj = 144 rad/sec to 

0) = 0.3 rad/sec after shifting the Bode plot down by approximately 60 db. 

This reduction in gain gives a phase of -70°. Thus the new phase margin 

of the inner loop is 110°. The gain reduction of 60 db can be achieved 

in the velocity feedback path by changing the gain from unity to 0.001. 

The object of reducing this gain is to increase the velocity error constant 

of the system. It is obvious that the system with 0.001 gain in the 

velocity feedback path has a slow responding step response compared to 

unity feedback gain for the velocity loop. The open and closed loop 

transfer functions of the velocity loop, with the changed gain in the 

velocity feedback path,, are given by 

G2(s)H2(s) = (s+o.ll)(s+370)(s+100) 

and 

OUT(s) _ 646 (s+100) (a 
(s+0.39)(s+99.6)(s+370.1)' 

https://10372675.34
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From Equation 4.8, the pole at -99.6 is very close to the zero at -100. 

The resultant effect of the pole at -99.6 and the zero at -100 is negligible. 

Hence Equation 4.8 reduces to 

OUT(s) _ 646 
IN2(s) (s+0.39)(s+370.1)' ^ ' 

The open loop transfer function of the position loop is calculated as 

= r?&Ts^37^ • 

which gives 

Ky = lim s G^(s)H^(s) = 448327 sec"^ . 
s ->■ 0 

A gain increase of 2.23 in the forward path of the position loop is 

required in order to raise the velocity error constant, K^, to one million. 

With this gain increase, the open loop transer function of the position 

loop becomes 

r / t^\ _ 144122600 /
" s (s+0.39)(s+37O.l) • 

The Bode diagram and phase plot corresponding to Equation 4.11 are shown 

in Figure 4.3. The gain crossover occurs at u = 500 rad/sec with a phase 

of -230°. Thus, the system is unstable. A lag-lead compensator may be 

used to stabilize the system and to provide acceptable transient response. 

In general, there is no fixed procedure available for the design of the 

lag-lead controller.^ Usually a trial-and-error procedure, using the 
design techniques outlined for the phase lag and the phase lead controller. 
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provides a satisfactory design arrangement. Using a trial-and-error 

approach leads to the following lag-lead controller. 

G (s) ^ ^ ^ wr 
(Lag-Lead) i + - i + _ 

Phase Lag Phase Lead 

The lag-lead compensator has a lag a of 15 and a lead a of 10. The 

compensated open loop transfer function and the closed loop transfer function 

of the position loop of the system are expressed as 

r /.X _ 96081733 (s+15)(s+100) (4.13) 
s (s+0.39)(s+370.1)(s+1)(s+1OOO) 

and 

OUTl(s) _ 96081733 (s+15)(s+100) . (4.14) 
INl(s) ~ (s+14.9)(s+148.2)(s+51.3+j237.7)(s+1105.7) 

The Bode diagram and the phase plot of the compensated system of Equation 

4.13 is given in Figure 4.3 where the following is observed. The system 

is conditionally stable with the gain crossover of 200 rad/sec and a phase 

of -160°. The low phase margin of 20° for the system predicts high 

overshoot for the step input. 

Computer Simulation. A CSMp" block diagram of the compensated sys-
tern is shown in Figure 4.4. The CSMP program and unit step response for 

the compensated system are shown in Figures 4.5 and 4.6, respectively. 
Figure 4.6 reveals that the transient response has a peak value of 1.79 
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initial 
PARaM m=i.o» n=i.o 
OYNaMjC 
INI = STEP(O.O) 
ERRi - INl-OUTI 
D1 s lOOOOO.O^ERRl 
02 = lEDLAG(1.0/100.0,1.0/1000.0,01)
03 = lEOLAGCI.0/15.0,1.0/1.0,02) 
IN2 = 2.23»03 
ERRs s IN2-0UT2 
A1 s iO.O»M»ERR2 
A2 = l.58^^Al 
A3 s REALPL{0.0,1.0/0.11,A2)
OUT = REALPL(0.0,1.0/370.0,A3) 
SI = 160.56O0UT 
92 s fiEALPKO.0,1.0/100.0,01) 
0UT2 = 0.001»N<»82 
OUTi = INTGRL(0.0,OUT) 
PRTpLT OUTI 
TINer FINTIM = 0.5, OUTOEL = 0.005 
UASel l-M-17, SAIN CHANSE vel-loop. leolag outer loop 

Figure 4.5. The CSMP Program of the Step Response of 
Design 1 Shown in Figure 4.4. 
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1.8 

1.6 

1.4 

1.2 _ 

+j 
1.0 _ 

° 0.8 

0.6 

0.4 

0.2 

0.0136 

Figure 4.6. 

0.5 1.0 

Time in Second 

The Step Response of Design 1 '(No' Inner Lag 
Compensation) Shown in Figure'4.4. 
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at 0.0136 second. The system has 79°^ overshoot for the unit step in 

put. The excessive overshoot of the system is due to the following; 

(1) The uncompensated Bode diagram of the position loop shown in 

Figure 4.3 reveals that the slope at the gain crossover frequency, 

ca = 500 rad/sec, -60 db/dec. At break frequency, oj = 370 rad/sec, 

the slope changes to -40 db/dec from -60 db/dec as w decreases. 

The slope of -40 db/dec and -60 db/dec give a -230° phase at the 

gain crossover frequency. 

(2) Figure 4.3 shows that the uncompensated magnitude plot has a 

single break frequency at w = 0.39 rad/sec which gives a high 

gain crossover frequency of cj = 500 rad/sec, and a low phase 

of -230°. 

(3) Due to the factors described in (1) and (.2), a lag-lead 

compensator could not be designed which, in itself, could 

eliminate the excessive overshoot. 

(4) The closed loop poles of the compensated system are -14.86, 

-148.19, -51.34 + j237.73 and -1105.67. The damping ratio of 

the dominant complex poles is approximately 0.21 if the required 

is maintained. 

Gain reduction in the velocity feedback path and the addition of 

lag-lead compensation in the forward path of the position loop is not 

sufficient to meet specifications as outlined earlier in this chapter. 

In order to meet specifications, a lag compensator is required in the 

forward path of the velocity loop. Use of a lag compensator has the 



55 

following advantages: 

(1) In the phase lag compensation block, the ratio of the pole to 

the zero is less than unity. Hence the root locus gain of the 

velocity loop is less than that of an uncompensated velocity 

loop. As a result, the break point due to the low frequency 

pole may be obtained from the uncompensated open loop transfer 

function of the position loop. 

(2) From Figure 4.2, page 47, it is observed that phase increases as 

frequency decreases from the gain crossover frequency of 144 

rac^sec. Therefore, a lag compensator can be designed in the fre 

quency range of u = 0.1 rad/sec to u = 10 rad/sec. The compensator 

should be designed such that it provides the dominant complex 

poles for the closed loop transfer function of the velocity 

loop. 

(3) Due to lag compensation, the closed loop transfer function of 

the velocity loop has complex poles. As a result, the Bode 

diagram for the position loop has a double break frequency. A 

-40 db/dec slope can be achieved at the gain crossover point 

of the Bode diagram for the uncompensated position loop. A 

-40 db/dec slope at the gain crossover point gives a better 

phase margin than a -60 db/dec slope. Considering the above 

mentioned points, a lag compensator is designed to meet the 

system specifications. 

First consider the velocity loop of the uncompensated system. The 

open loop transfer function of the uncompensated velocity loop is given 
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by 

r fc-\u fr-\ - 10372675.342^^^"2^S) - (s+0.n)(s+370)(s+100)' (4.15) 

The Bode diagram and phase plot of Equation 4.15 are shown in Figure 

4,7. The gain crossover point occurs at frequency u = 144 rad/sec. The 

phase margin is only 14°. An additional 56° of phase is introduced in 

order to decrease the overshoot and to increase the stability of the inner 

loop. Thus the new phase margin of the inner loop is 70°. As broadly 

explained earlier, a lag compensation^ is required in the forward path 

of the velocity loop. The compensation is assumed to have the form of 

Gjs) = 

(Lag)'̂  
From Figure 4.7, it is noted that when the phase is -110° (70° 

, ' I 
phase margin), cj = 25 rad/sec and the gain is 20.4 db. m is the 

^ c 

frequency at which the desired phase margin occurs. For this case, 

1 -1^1— ' 20 ' 
a = 10 = 0.0955. (4.17) 

Placing the zero of the lag compensator one decade below the proposed 
I 

new crossover frequency of yields 

I 

a 25 

Thus, 

^ (4.19) 
(Lag) 1 + s 

or 

https://10372675.34
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The frequency plot including the lag compensator of Equation 4.19 is 

shown in Figure 4.7, At oj = 25 rad/sec, the phase is -108° and hence 

the phase margin is 72°. This same phase margin can be achieved at 

OJ = 0.26 rad/sec by reducing the loop gain. The gain crossover point 

can be changed from oj = 25 rad/sec to co = 0.26 rad/sec after shifting the 

Bode plot down by approximately 60 db. The gain reduction of 60 db 

achieved in the velocity feedback path by changing the gain from unity 

tc 0.001. The object of reducing this gain is to increase the velocity 

error constant of the system. It is obvious that the system with 0.001 

gain in the velocity feedback path has a slow responding step response 

compared to unity feedback gain for the velocity loop. The velocity 

feedback gain of 0.001 is used for this design. The block diagram of 

the compensated velocity loop is depicted in Figure 4.8. The open loop 

transfer function and the closed loop transfer function of the velocity 

loop are calculated as 

R (.)u _ 991.1 (s+2.5) (4.20)b2(sjH2(.sj - (s+0.24)(s+0.11)(s+370)(s+100) 

and 

OUT(s) _ 61.73 (s+2.5){s+100) . (4.21) 
INKS) (s+0.19+j0.24)(s+99.96)(s+370) 

In Equation 4.21, the pole at -99.96 is very near to the zero at -100. 

Hence Equation 4.21 reduces to 

OUT(s) _ 61.73 (s+2.5) . 
INl(s)" (s+0.19+jO.24)(s+370) 

The open loop transfer function of the position loop becomes 

https://b2(sjH2(.sj
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r f.\u f.\ - 6173000(s+2.5)
]( ) ]( ) ~ s(s+0.19+jo!24)(s+370) " (4.23) 

which gives 

\ = lim s G^(s)H^(s) = 446000 sec"^ 
s ̂ 0 

A gain increase of 2.3 in the forward path of the position loop is 

required in order to raise to one million. With this gain increase, 

the open loop transfer function of the position loop becomes 

(1 - 13858385 (s+2.5) 
r r '' s(s+0.19+j0.24)(s+370)' (4.24) 

The Bode diagram and the phase plot corresponding to Equation 4.24 

are shown in Figure 4.9, The gain crossover occurs at cj = 184 rad/sec 

with a phase of -207°. Thus, the system is unstable. A lag-lead 

compensator may be used to stabilize the system and to provide acceptable 

transient response. In general, there is no fixed procedure available 

for the design of the lag-lead controller.^ Usually a trial-and-error 

procedure, using the design techniques outlined for the phase lag and 

the phase lead controller, provides a satisfactory design arrangement. 

Using a trial-and-error approach leads to the following lag-lead controller, 

(4.25) 

(Lag-Lead) ^ 
Phase Lead Phase Lag 

The lag-lead compensator has a lag a of 15 and a lead a of 10. 
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The compensated open loop transfer function of the position loop of the 

system is now given by 

G fslH fsl - 9243542 (s+2.5)(s+30)(s+0.15)
r' s(s+0.19+j0.24)(s+370)(s+300)(s+0.01)' 

The phase and magnitude of the compensated system is given in 

Figure 4.9 where the following is observed. The system is conditionally 

stable with the gain crossover at 88 rad/sec and the phase margin 40°. 

The operating range of frequency for the system lies between 9 rad/sec 

and 300 rad/sec. Simultaneously, the maximum variation of the outer 

loop gain between the two extreme operating frequencies is 126, that is, 

42 db. 

The root locus of the open loop transfer function of the position 

loop is shown in Figures 4.10 (a) and (b). Figure 4.10 (b) is an en 

largement of the locus near the origin. There are three crossings of 

the imaginary axis by the locus. The locus is in the right half of the 

s-plane whenever the gain is between 5 and 300,000 or higher than 

60,000,000. Hence the system is conditionally stable. The closed loop 

transfer function of the system is given by 

OUTl(s) _ 9243542 (s+2.5)(s+30)(s+0.15) 
INl(s) (s+0.15)(s+2.49)(s+60.76)(s+66.5+j72.5)(s+475)' ' 

The closed loop poles of the system are -0.15, -2.49, -60.76, 

-66.5 +j72.5, -100, and -475. Due to the complexity of the system, it 

is difficult to find the effect of poles and zeros on the complex poles. 

The damping ratio of the complex pole pair is approximately 0.68 and 

https://s+2.5)(s+30)(s+0.15
https://s(s+0.19+j0.24)(s+370)(s+300)(s+0.01
https://s+2.5)(s+30)(s+0.15
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Figure 4.10. (a) Root Locus of Gi{s)H,(s) of Design 1 of Equation 4.26; 
(b) Enlargement of the Rbot Locus at the Origin of 
Figure 4.10 (a). 
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the natural frequency is 98.4 rad/sec. The rise time of the system can 

be approximated by 

t 
r 'V 

0.8 + 2.5 ; 
— 

0 < C < 1. (4.28) 
to 
n 

where c is the damping ratio and to^ is the natural frequency of the 

dominant poles. For this case t^ = 0.025 seconds. 

Computer Simulation. A CSMP^^ block diagram of the compensated 
system is shown in Figure 4.11. The CSMP program and step response for 

the compensated linear motor system are shown in Figure 4.12 and 4.13, 

resoectively. The characteristics of the step response are given 

bel ow: 

Rise time = 0.017 second 

First Peak time = 0.035 second 

Settling time = 0.08 second 

Overshoot = 39.68% 

These characteristics indicate that the system's performance will be 

satisfactory for this design. 

The stability of the system may also be checked by the closed loop 

frequency response shown in Figure 4.14. The peak resonance Mp is 1.5, 

which is satisfactory. The system bandwidth is 155 rad/sec, that is, 

24.67 hertz. However, in general, a steep cutoff characteristic may be 

accompanied by a large peak resonance, which corresponds to a system with 

a low stability margin.^ In this case, the peak resonance is 1.5. Hence 

the system has a slow cutoff rate and high stability margin. In the process 
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INITIAL 
PARAM M=1.0» N=0.C>01 

DYNAMIC 

INI = STEP(O.O) 

ERRI = INl-OUTl 
01 = 100000.O^ERRl 

02 = LEDLAG(1.0/0.15»1.0/0.01»01) 

03 = LEOLAG(1.0/30.0»1.0/300.0»02) 
IN2 = 2.245»D3 

ERR2 = IN2-0UT2 

A1 = LEOLAG(1.0/2.5,1.0/0.24»ERR2) 
A2 = 10.0<»A1 

A3 = A2 

A4 = 1.58»M»a3 

A5 = REALPL{0.0,1,0/0.11»A4) 

OUT = REALPL(O.O^l.0/370.0»A5) 

81 = 160.56»OUT 

82 = REALPKO.0,1.0/100.O»01) 

0UT2 = N«B2 

OUTl = INTGRL(O.OtOUT) 
PRTPLT OUTl 

TIMER FINTIM = 1.0* OUTOEL = 0.01 
LABEL SP-X-0» LAG INNER* LEAD OUTER 

END 

STOP 

ENDJOB 

Figure 4.12. The CSMP Program of the Compensated System 
(a <15) Shown in Figure 4.11 for the Step 
Response. 
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Figure 4.13. The Step Response,of the Compensated 
System (a < 15) of Figure 4.11. 
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of designing the compensators, difficulties arise because of the compensation 

format restrictions. Such restrictions are: a should be less than 15, 

and the high value of the velocity error constant. 

This design can be realized by RC networks and operational amplifiers. 

Design 1 was developed after Design 2 was installed on the system. The 

system is operational and cannot be shutdown for the purpose of changing 

controls. Thus, Design 1 has not been placed on the system. 

Design 2. Experimental Design and Achievement of Analytic Stability 

Design 1 was developed after the system was operational with the 

experimental design and controllers. Modification of the resistor and 

capacitor values were made in the compensator using the change in 

performance of the system as a guide. Experimental design was achieved 

by adjusting the RC component values for best response to the velocity 

inputs and insensitivity to disturbance. Acceptable performance for the 

expected operating range was obtained in this manner. 

The nature of this system, with the two feedback loops, cause several 

factors to be taken into account before any attempt to modify the system's 

performance can be made. 

(1) The input voltage level to the operational amplifier should be 

below the voltage that causes the output of the amplifier to 

saturate. 

(2) The output of the system is a series of pulses through the 

laser interferometer; therefore, it is not possible to measure 

directly the analog signal of the position output. 
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(3) The output of the laser interferometer is connected to the 

numerical control unit internally. 

(4) The command signal to the numerical control unit is a series of 

pulses and is controlled by the velocity and the displacement 

of the cutting tool. 

(5) The output of the numerical control unit should be as small as 

possible to improve the quality of the finished product. 

Otherwise, the register's overflow indicator on the numerical 

control unit turns on and the reset procedure must be performed. 

Hence, the output waveform of the numerical control unit with 

disturbance input and the overflow indication are the only 

measures to judge the stability of the system. 

Considering the above points, approximate compensation is connected 

to the linear motor system shown in Figure 4.1, page 42 . The values of 

resistors, capacitors, and potentiometer gains are adjusted such that the 

system yields minimum position error signal from the output of the numer 

ical control unit. Also input disturbances (such as those obtained by 

striking the tool post) must be minimized. 

Using the values of RC components shown in Figure 4.15 results in 

system stabilization experimentally. Conversion of the RC network 

compensator into a block diagram of the system including the compensators 

and gain which make the system stable is shown in Figure 4.16. 

The experimentally determined compensation should be justified 

analytically by plotting frequency response diagram and calculating 

the closed loop poles of the system. The velocity error constant is 
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calculated prior to calculation of the closed loop poles of the system. 

The open loop and the closed loop transfer functions of the velocity loop 

are calculated as 

r I c-\ - 367110 (s+23,8) //, 9n\ 
" (s+0.n)(s+0.127)(s+100.0)(s+370.0) 

OUT(s) _ 0.686 (s+23.8)(s+100.0) 
WT?)" (s+8.8+jl6.7)(s+8$.2)(s+373.4) • 

The open loop transfer function of the position loop is given by 

0 rOH r.l - 13321003 (s+1.3)(s+130) ^ OUT(s) ,,
" s(s+O.16)(s+5O0O.0) ^ IN2(s] 

= lim sG.j(s)H.|(s) = 547 sec"l 
s 0 

6 -1The velocity error constant is low relative to 10 sec~ . The Bode 

diagram and the phase diagram of the open loop transfer function of the 

position loop of Equation 4.31 are shown in Figure 4,17. The following 

results are observed from the frequency plot: 

Gain crossover point: u = 33 rad/sec, phase = -197° 

Phase crossover point: oj = 21 rad/sec, gain = 13 db 

= 64 rad/sec, gain = 12.33 db 

Phase margin = -l/'^. 

The gain crossover point falls where the phase is approximately -17°. 

The stability of the system may be checked by the location of the closed 

loop poles. The closed loop transfer function is given by 
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QUTI(s) _ 9138208(s+23.8)(s+100)(s+1.33)(s+129.87) 
IN!(s) (s+1.4)(s+15){s+90)(s+370.2)(s-3+j33.4)(s+5000)' 

The location of the closed loop complex pole pair is located in the right 

half of s-plane. Hence, the system is conditionally stable. 

Computer Simulation. The Continuous System Modeling Program 

(CSMP) for any system's simulation using block diagrams is given in 

Appendix C. The CSMP program for the step input response of the system 

of Figure 4.16 is shown in Figure 4.18. The computer plot of the 

step response of Figure 4.19 also shows that the system is unstable, 

that is, the magnitude of step response is increasing with 

time. 

Referring to the frequency plot of Figure 4.17 and the closed loop 

poles, the system was conditionally stable. This design was not stable 

for the given model that was used. This is not because the model was 

very inaccurate but rather due to the conditionally stable system. The 

non-linearities (not included in the model due to the difficulty of 

determining non-1inearity proporties of air bearing slides and the day-

to-day change in the slide system air pressure) cause the model to be 

inaccurate enough that the system operates in the unstable region. 

Changing the gain in the feedback path and the forvard path of the velocity 

loop makes the system stable. It is believed that the system non-1inearties 

caused the effect gain to be changed such that the system operated in a 

stable region. 

https://9138208(s+23.8)(s+100)(s+1.33)(s+129.87
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initial 
paRAM M=1.0, N=1.(} 

DYNAMIC 

INl = STEP(O.O) 

ERPl = INl-OUTl 
01 = 100000,O^-ERRl 
D2 = LEDLAGd.0/129.87» 1.0/5000.0,01) 
03 = LEOLAG(1.0/1.33,1,0/0.1575,02) 
IN2 = 10.98-»2.667^03 
ERR2 = IN2-0UT2 

A1 = LEOLAGd.0/23.81,1.0/0.127,ERR2) 
A2 = 10,0»0.2<»A1 

A3 = A2 

AA = 1.58»M«A3 

A5 = REALPL(0.0,1,0/0.11,A4) 
OUT = REALPL(0.0,1.0/370.0,A5) 
Bl = 16G.56»0UT 
82 = REALPLCO.0,1.0/100.0,81) 
0UT2 = 33.33»32 
OUTl = INTGRL(0.0»OUT) 
PRTPLT OUTl 

timer FINTIM = 0,5, OUTOEL = O.Ol 
LABEL SP-X-O, LAG INNER, LEAD OUTER 
END 

STOP 

EN0J09 

Figure 4.18. The CSMP Program of the Step Response 
of Design 2 Shown in Figure 4.16. 

https://LEOLAGd.0/23.81
https://LEDLAGd.0/129.87


78 

time 

0.OOOOE+OO 

2.OOOOE-0? 

4.OOOOE-02 
6.OnOOE-02 

^,OOOOE-02 

I.OOOOE-01 

1.2000E-01 
1.4000E-01 

1.6000E-01 
1.3000E-01 
2.0000E-01 

2.2000E-.T1 

2.4000E-01 

2.6000E-01 
2.8000E-01 
3.OOOOE-01 

3.2000E-0I 

3.4000E-01 

3.6000E-01 
3.8000E-01 

4.0000E-01 

4.2000E-01 

4.4000E-01 

4.6000E-01 
4.8000E-01 

5.0000E-01 

-i.i952E*oi
OUXl J 

o,ooooE*oo 
1.7952E-01 
0.2094E-01 
1.1943E*00 
1.8971E+0O 
1.'^ssAE^oo 
1•76l4E-''00 
1.2354E*0n 
5.3161E-01 

-6.9600E-02 
-2.9770E-01 
-7.2I07E-03 
7.4562E-0I 
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Figure 4.19. The Step Response of Design 2 
Shown in Figure 4.16. 
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Achievement of Analytic Stability. Although Design 2 provides 

acceptable performance, analytic performance on the CS.MP program is 

unstable, as seen in Figure 4.19. Since the design is workable, changing 

of the resistance and capacitance values in the compensator is not 

desirable. However, by changing the values of gain in the forward path 

and the feedback path of the velocity loop, the system can be made 

analytically stable. 

The value of the velocity error constant must be high enough to 

reduce the friction in the system. System with numerical control unit, 

the following error should be minimum to avoid overflow of the registers 

in the numerical control unit. High gain in the position loop or high 

velocity error constant provides a stiff system. Design 2 provides a 

satisfactory velocity error constant to insure experimently acceptable 

performance. By changing the gains in the velocity loop in Design 2, the 

calculated velocity error constant is increased by approximately an order 

of magnitude. This provides acceptable analytic performance on the CSMP 

program without any change in the RC values of the compensation. 

The value of the velocity error constant for Design 2 was calculated 

to be 547. After changing the gain in the forward path of the velocity 

loop from 0.2 to ten, and decreasing the velocity feedback gain from 33.33 

to 3.3, the new calculated velocity error constant is found to be 5527. 

A CSMP block diagram of the system with adjusted gain is shown in Figure 

4.20. The open loop and the closed loop transfer functions of the velocity 

loop are calculated as 
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rb2lsjH2lsjfOH fO -- 18l7378(s-t-23.8)(s+o.ll)(s+0.127){s+100)(s+370)'' 

OUT(s) _ 34.3(s+23.8)(s+100) 
iMTiT" (s+42.35j(s+21.2+j46.5)(s+385.5) " 

The open loop transfer function of the position loop is given by 

G f-lH (-) - 11837931(s+129.9)(s+1.5) „ OUT(s)" s(s+5000)(s+0.158) ^ TTIW • 

= lim sG^(s)H^(s) = 5527 sec'l 
s ̂ 0 

The frequency plot of the Equation 4,35 is sketched in Figure 4.21. The 

frequency response gives the following results: 

Gain crossover point: w = 229 rad/sec, phase = -161° 

Phase margin = 19° 

Phase crossover point: to = 900 rad/sec, gain = -26.5db. 

A significant feature of the phase diagram is that the system has a 

positive phase margin until a frequency of 900 rad/sec is reached. The 

gain crossover frequency must be less than the phase crossover frequency; 

thus the closed loop stability is also determined by this criterion. In 

this case, the gain phase crossover frequency is 229 rad/sec and the phase 

crossover frequency is 900 rad/sec. Thus, the system can operate over 

a wide range of frequency. The closed loop poles can be a guideline 

for interpeting the system's behavior. 

OUTl(s) _ 406041046(s+129.9)(s+l.5)(s+23.8)(s+100) 
INl(s) (s+15)(s+23)(s+79)(s+45+j225)(s+260)(s+5017) • 
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The dominant complex pole pair has a damping ratio of 0.2 and natural 

frequency of 229 rad/sec. The rise time can be calculated by the empirical 

formula 

0.8 + 2.5 c 
t„
r 03 0 < c < 1. (4.27)

n 

where c = damping ratio 

0)^= natural frequency rad/sec. 

Therefore, 

0.8 + 2.5x0.2t.. % 229 = 0.006 sec. (4.28) 

The system therefore responds very fast to step input commands. The 

step response of the system with experimentally obtained compensation 

has the following characteristics: 

Rise time = 0.006 second 

First peak time = 0.015 second 

Settling time = 0.12 second 

Overshoot = 63% 

The comparison of results of Design 1 (with inner loop lag compensator) 

and Design 2 is tabulated in Table 4.1. The step response of the system 

with experimentally obtained compensation has 63% and first peak occurs 

at 0.015 second. 

In this chapter, Design 1 is achieved analytically and meets the 

system specifications. Using the basic design technique, the RC values 

were changed experimentally until minimum position error was achieved. 
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Using experimentany determined compensation tried on computer, the 

results were unacceptable, although performance in a practical situation 

was good. Changing gains, the system was found to work well on the 

computer. Design 2 was achieved in this manner. Results of Design 1 

and Design 2 are tabulated and compared from Table 4.1. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

A dynamic model for the linear motor machine-tool control system 

has been developed in terms of the electrical time constant, and the 

mechanical time constant. The linear motor model has been found to 

resemble the model of a D.C. torque motor. Conventional compensation 

using the Bode diagram, the phase diagram, and the root locus techniques 

have been designed which give acceptable performance. 

In Design 1 (a < 15), compensation is designed analytically and 

meets the system specifications. The settling time for the step response 

is 0.08 second which is better than the rest of the designs. The system 

has a bandwidth of 144 rad/sec and moderate dut off rate of the closed 

loop frequency response. It has 39.1% overshoot. 

Using the same basic design, values of resistance and capacitance 

were varied experimentally until minimum position error was achieved. 

Using the experimentally determined resistance and capacitance values, 

the system design was again tried on the computer. This design was not 

stable for a given model that v/as used. This is not because the model 

was very inaccurate but rather due to the conditionally stable system. 

The computer results were unaccepted (63% overshoot), although in actual 

practice performance was good. 

As the system was operational with Design 2, no more changes were 

made on the compensators. However, Design 2, which retains the same 

values of resistor and capacitor but changes the gain in the forward and 

the feedback paths of the velocity loop, was found to work well on the 
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computer. After achieving Design 2, no change was implemented on the 

actual machine because Design 2 cuts high quality surface finished parts. 

The step response of Design 2 has a 0.006 second rise time. The settling 

time is 0.12 second. The overshoot is 63% which is higher than that of 

Design 1. Since system operation is acceptable with Design 2 (a = 188), 

no further modifications were made in the practical system. 

Several areas of research not covered in the scope of this work are 

apparent and could be the subject of future projects to futher improve 

knowledge of the linear motor-tool control systems. Some of these areas 

are: 

(1) The study of the sensitivity of the linear motor-tool control 

system to variation of system parameters. 

(2) The determination of the effects of friction and non-

linearities on the stability of the system. 

(3) The effect on the stability of the system when making interrupted 

cuts. 
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APPENDIX A 

This appendix gives plots of approximate current required for 

different size linear motors at three different positions of moving 

coil for 20 lb. forces shown in Figure A.l. 
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The Linear Motor Under Study 

O. Out 

•M 
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o 

In 
CD 

5 20 25 30 35 

Size of Linear Motor-Travel Inches 

Figure A.l. A Plot of Approximate Current Required for Different 
Size Linear Motors at Three Different Positions of 

Moving Coil for 20 lb. Forces. 



 

 

APPENDIX B 

This appendix contains the determination of the electrical time 

constant, and the mechanical time constant, T of the linear motor, 
e m 

The linear motor develops a force in the horizontal direction due 

to the interaction between the strong magnetic flux established by 

exciting coil and the current carrying conductors of the moving member. 

Force developed and inductance of the linear motor are relative to the 

position of the moving member. Hence, the parameters of the linear 

motor are calculated when the moving member is fully extended, in the 

center and fully retracted. Parameter values of the linear motor 

obtained at the center position of the moving member are considered for 

design and simulation purposes. The maximum and minimum flux linkage are 

obtained when the moving member is fully retracted and fully extended, 

respectively. From Chapter III, force developed, the mechanical time 

constant, and the electrical time constant are derived as 

F = BL^I 

m r 

BL^ 

The values of M, R.J., and K|^ are constant irrespective of the position of 

the moving member. It is measured that mass, m = 6000 lb, R.^ = 1.45 ohm, 

and = 0.53 volts/inch/second. Whereas, the values of L and BL-j are 

not constant at different position of the moving member. 
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The bridge circuit is used to measure the inductance, L,of the linear 

motor at different positions of the moving member. Force developed by the 

linear motor is calculated analytically at three different positions of 

the moving member. The values of inductance, force, the mechanical time 

constant and the electrical time constant are shown in Table B.l. The 

transfer function of the linear motor is given by Equation 3.20. 

J 

X(s) "^b 
Elsy- s (1 + s)(l + Tg s) 

The magnitude plot of the linear motor transfer function at three different 

positions of the moving member is shown in Figure B.l. It is concluded 

that consideration of parameters of the linear motor at the center position 

of the moving member allows the variation of parameters whether it is 

fully extended or fully retracted. 
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APPENDIX C 

This appendix gives an overview of the continuous system modeling 

program (CSMP) which was developed by IBM. It provides an application 

oriented input language that accepts problems expressed in the form of 

either an analog block diagram or system of ordinary differential equations. 

Data input and output are faciliated by means of application oriented 

control statements, A brief description of the functions is given along 

with equivalent Laplace transform. 

Function Equivalent General Form 
Laplace Transform 

Y = X dt + Ic 
1 
s 

Y=INTGRL (IC,x) 
Y(o) + IC 
INTEGRATOR 

dx 
Y = 

dt Y=DERIV (IC,x) 
x'(t=o)=IC 
DERIVATIVE 

PY' + Y = X Y=REALPL (IC, P,x) 
Ps+1 Y(o) = IC 

1st ORDER LAG(REAL POLE) 

P2Y'+Y=P^x' + X ^1^ + 1 Y=LEDLAG(Pl,P2,x)
P2S + 1 PI and P2 are parameters; 

initial conditions are 

not used with function. 
LAG-LEAD 

Y=0 t<P Signal Source Y=STEP (P) 
P=Starting time of 

Y=1 t>P the step. 
STEP FUNCTION 
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For the control system under analysis, the block diagram is shown 

in Figure 4.7, page 57. The CSMP statements for this block diagram are 

given in Figure 4,8, page 59. The output at any stage can be printed -

and plotted by the use of Executive Control statements. The following 

are Executive Control statements: 

(1) PRTPLT OUTl (ERRl) 

The quantity OUTl (Final Position Output) will be printed and plotted 

while quantity ERRl within parenthesis will only be printed at each step. 

(2) TIMER FINTIM = 1.0, OUTDEL = 0.01 

This statement causes OUTl to be printer-plotted every 0.01 seconds 

until 1.0 seconds is reached. OUTDEL controls the output increment of 

the independent variable for printer-plots. 



APPENDIX D 

This appendix contains the realization of lag and lead compensations 

using RC network and operation amplifier. Figure D.l (a) shows the general 

representation of compensation. E. (s) and E .(s) are the input voltaqe 
in out ^ 

and the output voltage of the operational amplifier, respectively. Z^(s) 

and Z^.^(s) are the feedback impedance and the input impedance of the 

operation amplifier, respectively. Hence, the input voltage and the 

output voltage are expressed as 

Eout<=' , . 
E-TD 2^ • (0-1) 

The negative sign is due to signal inversion of the operational amplifier. 

Lag Compensation 

A lag compensator is expressed as 

Lag compensation using an RC network is shown in Figure D.l (b). The 

feedback impedance, Z^(s) and the input impedance, are calculated 

from Figure D.l (b) as 

Ro Ri s)
^f^^^ " I + (R^ + R2) C^s ' 

and 

= R3. (D.4) 

Using Equations D.3 and D.4, ^ ^ < may be written as 
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Z.(s) 

I.As)
in 

Operational Amplifier 

(a) 

^2 
-V\A-

S, , ^1 
—j '^VW ' 

■in^b^- -vvw- -o 
R 

3 

(b) 

-AAA^ 

'1 "1 

^in(^b- _| I—vw^ 

-^vw-
Ro 

(c) 

Figure D.l . (a) General Representation of Compensation Using Operational
Amplifier and RC Network; (b) Realization of Lag Compensator;
(c) Realization of Lead Compensation. 
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(D.5)E~Tsl~ R3 [1 + (R-] + RpjC^sJ 

By comparing the coefficients of Equation D.2 and Equation D.5, values of 

resistors and capacitor are calculated for realization of the lag 

compensator. 

Thus, 

R,C, = I 
I I a 

(R^+R2)C^ = T 

For simplicity the value of capacitor is chosen first, and then R^ R^ 

and R3 are found. 

Lead Compensation 

A lead compensator is assumed to have the form of 

Lead compensation using an RC network is shown in Figure D.l (c). The 

feedback impedance, Z^(s) and the input impedance, Z^.^(s) are calculated 

from Figure D.l (c) as 

Zf(s) = R3 

z. (5) = (D-8)in^^^ 1 + (R., + R^jC^ s 
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Substituting Z^(s) and Z^.^(s) in Equation D.l, ^out^^^ found. 
E. (s)
1 n ̂ ' in 

rrrrr " " Rj c + RiC, s) 

By comparing the coefficients of Equation D.9 and Equation D.6, values of 

resistors and the capacitor are calculated for realization of the lead 

compensator. This yields; 

^2 ̂  "^3 

(Ri+R2)Ci = ^ 

RlC^ = T 

For convenience the value of capacitor is selected first and then R^ 

and R^ are found. 
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