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ABSTRACT

The wide interest in electron beam (PiB) manufacturing applications has in

tensified because of interest in high-productivity and high (pialitv manufacturing.

Applications for EB welding in space, defense projects, Strategic Defense Initiative

space stations, and the construction of NASA's space modules have also intensified

the interest for automated EB welding systems. A coTitroI system that will pro

vide robust automation and exceptit)n handling recpiires e.xtensive knowledge of

the process. For complex, multivariable, nonlinear, nonstatiotiary processes, vari

ous techniques are usually required to capture the knowledge necessary to handle

process exceptions.

This thesis develops a methodology and hierarchical control structure and ap

plies it to the EB welding control problem. The EB gun controller is specifically

used to illustrate the methodology and the mapping into the proposed hierarchical

control and analysis structure. Special attention is given to the proc(;ss evaluator

element of the hierarchical analysis structure, which utilizes a. combina tion of (piaT

itative, procedural, and mathematical methods to evaluate and to handle process

exceptions. The EB gun, filament controller, a,Tid emission controller are modeled

and integrated together so that the system/subsystem issues can be evaluated.
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1. INTRODUCTION

Overview

Given a relatively complex, nonlinear, time-variant, multivariable process, the

real-time decision-making process must include methods and procedures for han

dling all situations encountered with consistent, optimal, stable, and reliable con

trol. The control system must handle not only the steady-state situation but also

process exceptions, variability, and additional process information that is needed

to handle process excursions. The automation of the electron beam welder (EBW)

has several aspects of the nonlinear and nonstationary system previously described

and requires that the controller be capable of making control decisions that will

ensure that the final product, the welded material, will be of acceptable quality.

The major subsystems of the EBW are: (1) the electron beam (EB) and con

troller; (2) the vision, image processing, and inspection system; (3) the robotics

and motion system; and (4) the environment (vacuum) control system. To meet

the objectives of the EBW, a central controller is needed that can make optimal

decisions and also be able to receive information from the operator, interpret it,

and incorporate it into the control situation. In particular, the control system is

usually required to handle exceptions with minimal operator intervention; nev

ertheless, the operator is considered as a vital and necessary element within the

control hierarchy. The operator, however, has limited closed-loop, continuous,

active control capability. To better understand the qualitative and quantitative

aspects of the required level of interaction with the operator, a hierarchical control

architecture has been proposed and partially tested.

Figure 1 shows the overall architecture in terms of its major functional blocks

and a partial description of the functions of each block. This architecture is useful

in determining where to place the necessary control "intelligence" to accomplish
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the objectives. The lower levels of the architecture are more closely related to the

real-time operation of the process. For example, the lower levels within the control

hierarchy may be dominated by closed-loop, set-point control where the main

objective is to minimize the mean square error (MSE) of a single process variable

and set-point reference. In contrast, a higher-level process control function may

be dominated by planning and task organization; the control functions are not

necessarily associated with specific hardware locations. Communications between

levels are important but will not be addressed in this thesis.

Most complex decisions are resolved through the ordering of information as

indicated by this proposed architecture. This is not the only acceptable model for

complex control decisions, nor is it a complete model; rather, it is a workable model

to be studied and analyzed. An architecture that solves all control situations is

neither possible nor desirable. Solutions are based on the particular goals and

needs of a given process; however, any workable control architecture does have

distinguishable characteristics that can be used as reference and design tools when

considering the general approach to complex and/or highly automated control

problems.

One important observation of the architecture (Fig. 1) shows that the process

evaluation is a systematic procedure that ensures that the level of control deci

sions matches the level of control objectives. The process evaluator (PEV) is the

functional name for this part of the structure that concentrates data, with the

appropriate analysis required to produce the process status for a given layer of the

architecture. This will be explained and illustrated in later sections.

Another important area within the control hierarchy is the supervisory control

(SC) functions. Some of the functions are exception handling, executive permis-

sives, coordination, and interpretation of information from the operator. One of

the most important SC functions, and one of the hardest to implement with full

confidence, is the exception-handling feature. This feature monitors the process



and organizes other control functions such that the process objectives are being

met, even when a portion of the process, subprocess, and/or instrumentation has

failed or has been degraded. For example, if one of the process variables has mo

mentary outages due to power loss caused by a power supply restart (arc recovery),

the state controller may have to change to an alternate control mode and/or sus

pend a portion of the closed-loop control until the process variable can be restored.

In other cases, the process variable can be estimated from other process data, and

control is allowed to continue under these conditions until the process variable is

restored. A simulation of this and other SC functions will be analyzed in this

thesis.

The highly nordinear and nonstationary nature of the process compounds the

control problem, and consequences of these deviations from the linear, stationary

case deserve special attention. The need for an "intelligent" controller typically

increases as the process becomes more nonlinear and/or nonconsistent. The pre

diction of future states, based on present conditions, can be hindered and could

require at least one of the following techniques for resolution: (1) real-time model

verification, (2) real-time parameter estimations, (3) analysis of controller per

formance, (4) operator intervention under certain control situations, [5] complex

modeling of the process, or (6) acceptance of degraded performance. A nonlinear

process is used for the simulation of the hierarchical control problem analyzed in

this thesis, namely the EBW.

This thesis does not describe a systematic method for characterizing a general

class of complex control problems; however, the proposed hierarchy does fit many

of the continuous and batch processes found in industry and could be expanded

to include systematic approaches to multivariable, nonlinear, and nonstationary

systems.



Applications

To better illustrate and evaluate the implementation of a hierarchical control

architecture, a simulation of a nonlinear subprocess, requiring exception handling

to maintain process performance, coupled with a multivariable process state model,

will be evaluated. The control problem used to analyze the implementation of

the proposed hierarchical control architecture is an automated EBW. The total

problem requires several very sophisticated real-time analysis functions to ensure

the quality of the final weld, including pattern recognition techniques, infrared

imaging analysis, etc. The simulation will primarily concentrate on control and

modeling of the EB gun and on prediction and real-time evaluation of EB gun

process exceptions, based upon process data. The image processing functions are

not simulated because this technology is available as a stand-alone system and

will be modeled as a PEV element of the hierarchical control architecture. The

process status, from the PEV, will be simulated as needed to illustrate its impact

on the other control elements. Figure 2 shows a general overview and functional

block diagram of a complete electron beam welding system (EBWS). Only a small

portion of the overall system will be modeled, but the concepts could be applied

when considering or designing a totally integrated system.
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II. HIERARCHICAL CONTROL ARCHITECTURE

Description of Architecture

The purpose of an architectural outline can be twofold: (1) to organize infor

mation, control functions, and data such that the hardware aspects are emphasized

and/or (2) to show the functional requirements as they relate to the decision hier

archy. The hierarchical architecture proposed here is intended to provide guidance

of the second type and will be used as a model for decision classification. The other

distinction of this architecture is the PEV hierarchical analysis structure.

The first step in attacking a complex problem, such as that of the EBWS, is

to recognize that several objectives must be met and that the relationships among

these objectives are not necessarily simple or obvious. It would be advantageous to

have a systematic approach that could be applied at any level of the architecture

and provide compatibility of information throughout the system. The following

paragraphs will introduce a suggested format for this approach. At any level of the

architecture, similar control processes must occur to accomplish all of the given

objectives and to adhere to the constraints. Furthermore, ideally the objectives

would be met in some optimal fashion. At least in principle, the following state

ment will be hypothesized: Given any physical system or process, the eminent

domain to effect the state of the process (partially or fully), and the desire to

impose goals or constraints, then the problem can be posed as an optimization

problem. With this as an assumption, the following approach will be introduced.

Figure 3 illustrates this decision model with the following elements: (1) objectives,

(2) evaluation of the process state, (3) decision process, control law, etc., and (4)

interaction with the process, including the ability to observe and modify the pro

cess. The PEV is given a special identity because of its equal importance to the
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decision hierarchy, and it also has a structure of hierarchical analysis. The PEV

concentrates data and primarily provides the controller with evaluations of the

process performance that can be related to the process goals and objectives. A

couple of examples will help verify the concept. If, for example, at the lowest part

of the architecture, there existed a single control variable that could be controlled

by using a proportional-integral-derivative (FID) loop controller and if the pro

cess variables were observable, then the objective function might be viewed as the

set-point demand, the PEV could be viewed as the measurement and conversion

to engineering units of the process variable, and the decision could be viewed as

the action of the PID loop controller upon the error signal (e.g., the error signal

is defined as the set point minus the process variable.)

In a more complex situation, the objectives might be minimizing process cost,

improving efficiency, etc. The PEV concept, in the context of optimal control, can

be used as a reference model (real-time analysis) that predicts process performance.

This model could include mathematical and procedural models, decision trees,

information databases, and measurements from the process that would be used by

the PEV to arrive at the performance estimate. The control decisions woidd be

derived, either directly or heuristically, from the PEV estimates. The manipulation

of the control variables would direct the process to the predicted optimal state.

Typically, for a complex, nonlinear process, the performance index cannot be

expressed in quadratic form or numerically "closed form" bilinear equations, and

furthermore it does not represent a "unique" solution to the optimization problem.

The "qualitative" representation of the process performance and reasoning is not

an "exact" science; however, certain methodologies can be used to describe work

able "qualitative" spaces. A very good introduction to qualitative process (QP)

theory is presented in Qualitative Reasoning About Physical Systems (Bobrow et

al., 1985). Several of the analysis techniques described in QP theory are embodied

within the concept and definition of the PEV.



Application to Electron Beam Welding

By using the architecture as a guide, the EBWS can be mapped into the control

functions as indicated by the proposed architecture. The total solution to a fully

automated EBWS is an ongoing development effort, and the system will probably

not be totally automated within the next several years; however, great improve

ments can be made in performance, and the level of automation can be upgraded

such that the EBWS will be reliable, flexible, and easy to operate. The archi

tecture can give meaning and relevance to what would otherwise be a collection

of very diverse subsystems, each with its own set of very complex problems. For

example, the robotic vision and motion systems are in the infancy phase of devel

opment, with several key pattern and object recognition problems still remaining;

also, the current state-of-the-art robotics and robotics vision technologies are not

sufficiently developed to meet the requirements for the highly automated opera

tions. Accepting these development limitations and assuming that improvements

will be incremental, this thesis offers only a partial tool to accomplish one of these

incremental steps.

The electron beam gun controller (EBGC) is a subsystem of the EBWS, and

the same hierarchical approach used for the EBWS can also be applied to the

EBGC. The EBGC has basically all of the control elements that the overall system

has; for example, the EBGC has a supervisory control section, PEV structure,

state controller, etc. In Sect. Ill, a model of the EB gun is developed that shows

the dynamic behavior of the nonlinear filament-emission relationship. The model

can be used to evaluate the performance of a given control philosophy, with special

attention given to the simulation of process perturbations, excursions, etc. A good

illustration of an application of the PEV in the implementation of the EBGC would

be a PEV that would detect when process excursions have occurred, provide status

information that can be used to ensure optimal recovery (from the excursion), and

10



provide information that would be used in quality control, quality assurance (QA),

etc.

The usefulness of a systematic, unified approach for assimilating the primary

control tasks, subsystems, and integrated control functions is the main reason for

having, and adhering to, a systematic integration scheme.

11



III. MODELING OF NONLINEAR SUBSYSTEMS

Nonlinear Electron Emission Model

The EB current and power are crucial elements in the control scheme in terms

of producing a good-quality, consistent weld. The area of beam impact, where

the beam energy is concentrated and focused, will be referred to as the "heat-

affected zone" or "fusion zone." The beam power, in effect, determines the weld

temperature and the temperature distribution at the fusion zone, both of which

affect the metaJlurgic and physical aspects of the final weld. Depending on the

size of the part, the material(s), and the speed at which the weld is being made,

a relatively narrow band of acceptable beam currents and beam powers will ac

complish the desired results. Any instabilities and/or perturbations within the

EBGC can therefore have a profound effect on the weld quality. Two of the most

common perturbations that can occur in the EBGC are (1) the loss of high-voltage

bias, caused by arcing, within the EB gun and (2) filament^ activations. Because

of impurities, background and residual gases, micro-imperfections on the metallic

surfaces, dirt, foreign material in the vacuum vessel, etc., there will be occasional

arcing. Sometimes the first arc will dislodge impurities, internal gasses, etc., which

triggers a sequence of arcs. Depending on the duration of the arc sequence, the

temperature of molten metal (at the fusion zone) may drop enough to cause seri

ous imperfections in the weld. Since the arcing can never be totally eliminated,

the methodology of the controller should at least: (1) minimize the arc's effects

and causes, (2) attempt compensation, if possible, and (3) alert the operator, cen

tral controller, etc., that an excursion has occurred and describe the location and

severity of the possible flaw. Records of events that occurred during the excur

sion could be used for quality control and specialized inspection by demand (e.g.,

^Filament activation is sometimes referred to as filament "poisoning.''

12



when an excursion occurs). "Development and Application of High Power Electron

Beam Welding" (Kita et al., 1986) contains a classification scheme for arcing that

is useful when characterizing the type, and source, of the most common arc dis

charges, namely: (1) micro-arcing, partial capacitor (i.e., the high-voltage power

supply filtering capacitors) discharges, (2) single arcing, full capacitor discharge,

(3) multi-arcing, a sequence of single arcs (can be initiated by single arcs), and (4)

soft vacuum discharges, caused by local ionization and partially, or fully, sustained

current conduction (can be initiated by multiple arcs).

In the case of filament activation, this is a less-frequent event than gun arcing;

however, activation represents a major perturbation in the system in terms of the

normal filament-to-emission relationship. Gun activation is generally caused by

impurities within the system that become ionized directly upon impact with the

EE. Once ionized, these particles can be accelerated toward the gun cathode and

can be deposited directly upon the filament. Typically, the work function (of the

foreign material) will be different than that of the cathode and can cause a signif

icant change in the current density at the area where the impurities have lodged.

See the Appendix for a short description of the relationship between thermionic

emission current density and work function. The Richard-Dushman equation (see

the Appendix) clearly shows the direct dependency between work function and

current density. When an activation occurs, the relationship between filament

current and emission current will be detected by the EBGC and compensation

will occur. Typically, the activation will not remain for any appreciable time be

cause the filament is typically in the range of 2500 K, and for most materials at

that temperature the vapor pressure will cause a fairly fast dissipation. There are

cases where the activation could remain considerably longer due to oxide deposi

tion and/or chemical reaction with the filament; however, this type of activation

is not as common and will not be addressed in this thesis. For classification pur

poses, activations will fall into one of two categories: (1) short-term activation.

13



lasting less than 10 s, and (2) long-term activation, lasting more than 10 s. As

stated, only short-term activations will be addressed in this thesis; however, the

techniques for detecting an activated filament will be applicable for both cases.

Typically, once an activation is detected, it is treated as a class 1 activation; after

repeated unsuccessful attempts to clear the activation, it will then be declared a

class 2 activation. The steps required to clear the more severe activation usually

require that the high-voltage bias be removed (i.e., by turning off the beam) and

that the filament temperature be raised to enhance the evaporation of the for

eign material; otherwise, the filament may have to be replaced, etc. Although the

class 2 activation will not be simulated here, a complete control philosophy for the

EBGC should include class 2 condition handling.

The problems that result from the short-term activations are not as evident

but can cause micro-exclusions that may not be detected until the weld process

has been completed and the post-inspection has been performed. Additionally, a

short-term activation could cause a marginally stable system to fluctuate and/or

experience a "ringing," which would affect the beam quality, position, etc.

Considering these types of process exceptions, it is necessary to have the EBGC

respond (correctly) with minimum impact to the weld quality. To facilitate the

design of a robust controller, an energy-balance, dynamic model was constructed

for use in developing methodologies that handle the wide variety of process excep

tions.

Figure 4 shows a typical gun configuration used for EBGC system. The model

was constructed to accommodate the most general case, to allow for specification

of key parameters (such as filament type, filament dimensions, etc.), and to en

sure that the model would exhibit good closure with measured EB gun data (e.g.,

dynamic and steady-state). The model does not estimate or optimize the beam

characteristics at the fusion zone. In a full EBW design, the characteristics of the

beam at the fusion zone would be of prime importance. This type of modeling

14
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could be done and coupled to the gun emission model, but it would require cal

culations of electron trajectories, beam flivergence, electron energy distributions,

etc. As stated, the gun model is primarily used to address issues directly related to

the EBGC; however, activations and arcing do have a direct impact on the beam

divergence, focus (spot size), thermal aberrations, beam position, etc. Therefore,

the control philosophy of the EBGC can be primarily directed at minimizing the

immediate effects and still be consistent with the system philosophy.

The first steps in developing the electron emission model were to identify the

determining equations from the partial differential heal transfer equations, to make

realistic assumptions about the boundary conditions, and to build the model at the

lowest dimension possible and still obtain a good representation. The assumptions

are as follows:

1. the gun filament is housed within a vacimm environment and is maintained

at a pressure of at least lO"* torr (torr is defined as 1/760 of a standard

atmosphere),

2. the filament is the cathode (e.g., the electron-emitting surface),

3. the temperature of the filament and the surface area of the filament primarily

determine the electron emission current,

4. the gun is operated in a thermionic emission limited mode (space charge lim

itation is relatively small),

5. the primary heat loss from the filament is from radiant heat loss (conduction

loss is relatively small),

6. the filament cathode if assumed to be almost fidly enclosed by a constant

temperature enclosure,

7. the filament is heated directly by the filament current (e.g., resistive heating),

and

8. the temperature distribution along the filament is relatively constant.

16



Based on these assumptions, it is possible to formulate a one-dimensional

model. A two-dimensional finite-difference model would be necessary if not for as

sumption 8; however, that level of detail is not directly needed for the EBGC

and exception handling. One additional heating phenomenon included in the

one-dimensional model is not inherent in this model but is inherent in the two-

dimensional case: the filament heating due to the emission current. To accom

modate this heating effect, the average current increase is assumed to be equal

to half of the total emission current. This average is calculated and added to the

filament current heating term (i.e., the PR term) as needed by the heat balance

calculation. The heat balance terms are (1) resistive heat, (2) radiant heat loss,

and (3) conductive heat loss. The resistive heat is produced from the filament

current; however, the model will also have the capability of specifying filament

voltage as the forcing function. The filament current will then be calculated from

the resistance of the filament and used for the normal PR. heating calculation.

The radiant heat loss is determined by the temperature of the filament and the

temperature of the background that the surface is viewing. The view factor for

the radiant loss term will not have to be calculated from tlie RB gun geometry

since the filament cathode is assumed to be almost fully enclosed (assumption 6).

The differential heat equation, including conduction, is

where p — density, Cp = specific heat, and T = temperature in Kelvin.

By using assumption 8, the conduction term can be set to zero:

dT

The resulting equation now becomes

q  ̂̂{pCpT) . (3)

Both the density and specific heat are functions of temperature. The specific

heat has a relatively stronger dependence than does the density. Since the density

17



remains fairly constant with temperature, the specific heat will be calculated,

based on the current temperature estimate, for each iteration.

If these assumptions are used and if positive heat is defined as heat gain, the

heat generation term, q, can be written as:

? ~ ~ 9racl ~ 9rond • (6)

Calculations will be done for a unit length (tmit segment) as shown by Figs.

5a and 5b. The total resistance will be calculated by summing all of the segments.

Actually, the overall filament can be considered as a single segment having the

general shape as depicted in Fig. 5c, where d and w are specified. Note that, if d

and w are equal, then the geometry is a circular filament.

To calculate q, the physical properties of the filament that are dependent on

temperature must be estimated. Since data of this type are easily found in tabular

form and because highest accuracy is a primary concern, particidarly during the

first stage of the modeling effort, a cubic spline method will be used to estimate

these properties.

To expand q:

(IPR — (filament current) • R , (7)

where

R = resistivity • //Ac,

I = filament length,

Ac = cross sectional area of filament,

9rad = A, • CT • e • (T^ - i (8)

where e, emissivity, is a function of temperature, .4., is surface area, and is

temperature reference.

<7cond ~ ki ■ [T — T'ref) (9)

where ki is constant and depends on the specific gun design; it is used to model

the heat loss via the filament support and electrical connections and can be used to

18
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model the heat loss via the convection losses (e.g., in the event of tiigh backgronnri

pressure).

Converting Eq. (3) into a. backward difference equation and solving for

T(n + 1) results in the following equation:

r(n+l) = T(n)4-(r/-Af,)/(p- lp-Cp) ,

where T{n + 1) and T{n) are the filament temperatures at time steps n + 1 and

n respectively, p is the density of the filament temperature, I'p is the volume per

unit length, Cp is the specific heat at constant pressure, and A/, is the differential

time.

Since the difference equatioTi has several nonlinear temperat.iire dependencies,

the average temperature over one time step will be used for tbe calculation of

temperature-dependent properties:

[r(77,+l) + T(n)]/2 .

Therefore, emissivity, resistivity, and specific heat will Ij*' calculated using T.

Figure 6 shows the flow diagram used to solve the difference equation and

to calculate the filament and emission currents. Each time step must attain an

energy balance convergence before continuing to the next time step so that the

nonlinear effects will be not be propagated outside the time step. In other words,

the energy balance terms must converge before continuing to the next time step.

After the temperature of the filaaiient is estimated, the R icha rd- Dushman equa

tion can be used to estimate the total emission. The model is constructed to utilize

a cubic spline, if tabular data are used for the emission current density versus tem

perature. The Sckottky effect is not included in these calcrdations because of its

relatively small effect; however, the effective work function reducti(jn could easily

be calculated and included, if secondary effects are being considered. The Sckottky

effect is based on the increase of emission current density due to the electric field

present at the surface of the cathode. The magnitude of the normal field gradient

is included in the Richard-Dushman equation and is described in the Appendix.
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Once the emission model was completed and tested, a closed-loop system was

simulated by using the widely accepted PID loop controller to control the filament

current. The emission control unit, which also uses a cascaded PID loop, was also

included in the model. To achieve and verify model closure, the thermal/emission

model was tested in the open-loop configuration, using the filament current as the

forcing function. The filament voltage forcing function was needed so that the

filament step-down transformer could be modeled as a two-port network. The fil

ament voltage is not typically used as the controlled or set-point variable because

a step voltage across a cool filament will result in a very high filament current.

The cool filament has a low filament resistance at low temperatures (e.g., below

1000 K). The filament current forcing function offers a more stable and predictable

transfer relationship between input and output. The main objective is to maintain

a constant emission current with the least susceptibility to variations in process

parameters, operational demands, environmental perturbations, etc. The filament

current controller works well for this purpose and, typically, is a stand-alone con

troller that is implemented with only conventional analog circuitry.

Activations are simulated by changing the work function and Richardson coef

ficient of the Richard-Dushman equation. The simulation of the activation is done

in three parts: (1) initial deposition of the foreign material, (2) the coated state,

the sustained emission from the surface of the foreign material, and (3) the evap

oration stage, where the material has begun to deplete and the emission current

density has begun to return to the previous value. To model the activation pro

cess, step 1 is modeled simply by instantaneously changing the work function as

the activation begins; step 2 is modeled by sustaining the new values of the work

function and Richardson coefficient for a predetermined amount of time (i.e., time

of suspension is related to amount of material deposited); and step 3 is modeled

by an exponential decay rate for emission current difference. The activation simu

lation will require the specification of starting time, duration time, decay rate, and
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peak emission current multiplication factor (i.e., the ratio of the normal expected

emission current to the activated filament current). Typically, the activation cur

rent is greater (multiplication factor greater than one) than the normal emission

current before activation. The change in the localized current density is, of course,

based on the new work function and Richardson coefficient for that material; how

ever, the area of the activation and the mass of the foreign material cannot be

measured in real time. Since the exact characteristics of the complex physical

phenomena of an activation cannot be quantified and the activation operates in a

random, highly unpredictable manner, the multiplication factor will be sufficient

to study the effects of activation. As stated, real-time observation of the dynamics

of the activation can be done only through the normal measurement and charac

terization of the filament current versus emission current. Midtiplication factors

are chosen to simulate typical metallic or oxide material that woidd normally be

present in the EBWS, with a relatively small area of the filament area actually

being coated with the foreign material. Most EB guns are designed to minimize

the back-streaming of ions and to ensure that they are not likely to impact the

filament; however, since activation cannot be totally eliminated, it is important

that the EBGC be able to handle this type of exception.

The simulation of an arc is accomplished by setting the emission current to

zero while maintaining all other thermal calculations. The high-voltage power

supply (HVPS) usually has arc protection, delay, and recovery circuits. The HVPS

will detect an arc by sensing an arc surge (current), which will trigger the arc

recovery circuitry and immediately turn off the HVPS. The HVPS remains off for

a predetermined amount of time (typically for a few milliseconds) and then turns

back on and continues to check for current surges. This arc suppression sequence is

primarily designed to protect the HVPS and not designed for optimal EB recovery.

The HVPS cut-back time is important because it allows the arc-generated ions to

dissipate so that the EB can be returned to its previous power level. If the EB
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were turned on too soon after the initial are, the localized ions could initiate the

type 4 arc.

Electron Beam Gun Controller Simulation

Once the general numeric structure of the emission model was established, sev

eral test cases were constructed to simulate closed-loop performance, first without

arcing and/or activations and then with the addition of process exceptions. The

supervisory and PEV functions are utilized to prf)vide limited excerption handling

for the EBGC system.

Figures 7 and 8 show the strong dependence on emission dynamics and fil

ament size. The temperature of the filament is initially set to 2700 K (higher

than the normal operating range but used to show the ftdl riynainic range) and is

allowed to cool radiantly; Fig. 8 shows the (log base 10) emission current versus

time. Since the dynamics of the filament emission are so greatly dependent on

the radiant cooling of the filament and the fihunent size, a circular filament with

a diameter of 0.1 cm will be used for all subsystem comparisons. The filament

length will be selected and fixed at 1 cm, and this value will be used for all of the

subsystem evaluations so that meaningful comparisons can be machr. Additionally,

the filament emission will be based on the current density expected from a pure

tungsten filament cathode. Beam steering and focus control are not considered in

the model. The total calculated emission current will be used; however, most gun

designs will not emit the theoretical maximum due to a variety of limitations (see

Chapter 8 in Pierce, 1954). Basic EB gun parameters versus geometry are well

described in Pierce s book (a classic theoretical reference to PH design considera

tions). The actual beam current in most systems will be approximately half of the

calculated values in this thesis (with the same filament dimensions and filaiiient

current); however, without a. full rnorlel and description of the electron optics.
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etc., an emission model is ail that is necessary to model the system in terms of its

measured values. The filament is assumed to be a pure tungsten filament cathode

with direct filament heating and low heat loss due to the filament support (and

electrical connections, etc.). Model closure of the thermal model and comparisons

to theoretical emission current dynamics are discussed in the A|)pendix.

Figure 9 shows the equivalent diagrams of each element of the filament con

troller that will be used for the simulation. Typical control elements would include:

(1) the power electronics necessary to convert the electrical ACI power (e.g., 240-V

single-phase or 480-V three-phase step-down transformer) to an acceptable, high-

current, AC power; (2) a rectifier circuit; and (3) a smoothing filter. A single

fixed-parameter, dominant-single-pole transfer function is used with a voltage-

dependent current source and effective output impedance. Specific values for the

filament controller are listed in the Appendix.

The filament controller model was constructed and run for several conditions

and PID tuning parameters. The overshoot in the emission must be minimi7:ed

because the emission current is proportional to the weld power and because over

shoots in emission current could cause the HVPS to detect an over-current or

arc condition. In other words, if the IIVPS detects a peak oviu-current and cuts

back the voltage, this would cause an unnecessary perturbation to the system and

could cause the HVPS to repeatedly cycle in this (false arc) condition. Figure 10

shows a relatively stable filament current loop that would normally be considered

properly tuned. For example, the mean square error (MSE) woidd be minimized,

etc.; however, the filament over-shoot causes a very large, and unacceptable, emis

sion current over-shoot. The amplified and delayed emission current is caused by

the very nonlinear thermionic emission phenomena. This causes a s light d ilemma:

when using only a fixed-variable PID loop, the effective emission current delay,

dynamics, and loop gain are changing with the operating coiulitions. Further

more, closed-loop performance is optimized only to a narrow band of emission

27



FILAMENT

CURRENT -
SET POINT

Kp, K|, Kq G(s)-

PID
K

St +1

FILAMENT ^
CURRENT

MEASUREMENT

* ESTIMATES CONTROL DEVICE. STEP-DOWN TRANSFORMER,
RECTIFIER. AND FILTERING

^ EFFECTIVE OUTPUT IMPEDANCE

FILAMENT
CURRENT

SET POINT

FIGURE 9

BLOCK DIAGRAM OF FILAMENT CONTROLLER

28



Ijj

a:
a:
Z3
o

z

o

CO
CO

LiJ

a:

O
z

2.5

2.0

1.5

1.0

0.5

1 1  1 1

\  ̂l^^EMISSION CURRENT "

FILAMENT

I  —

CURRENT* 1

/  ■ 1
"normalized to -

/  1 y

STEADY STATE VALUE

1  1 1

0 8 16 20

TIME (s)

FIGURE 10

EMISSION, FILAMENT CURRENT STEP RESPONSE
WITH FILAMENT PID NOT PROPERLY TUNIUl

29



currents. There are several solutions to this dilemma, however; the "mode" con

trol technique will be used for improved system performance and will be discussed

in another section.

Use of a standard commercial PID loop controller, without optimization or

self-tuning, is assumed in the model. Figure 11 shows the step response to the

filament controller with the PID parameters that will be used throughout the

rest of this thesis. Two control modes will be considered: filament mode and

emission mode. The filament mode assumes that the filament current is specified

by the operator or host computer and does not consider the state of the emission.

This mode is used for diagnostics, manual control, and/or start-up control.^ The

emission mode is used to control the beam current (and power).

Figures 12 and 13 show the complete EBGC system. Typically, the filament

controller, Fig. 12, would be implemented with strictly analog components and the

emission controller would be implemented with primarily digital components (i.e.,

stand-alone microcomputer,.etc.). Figure 13 shows a diagram of the closed-loop

EBGC and the equivalent functions during "normal" operation. During exception

handling, the EBGC would suspend the PID control actions and execute special

control actions to handle exceptions. The model includes all of the control ele

ments in Fig. 13. Control actions, process signals, and exception handling will

be simulated as needed. The emission controller. Fig. 12, is assumed to have

the necessary hardware (inputs/outputs) to provide the set point for the filament

controller and HVPS. In addition, the HVPS signals the EBGC that an arc has

occurred and that the HV is being cut back. The "arc detect" signal (Fig. 12)

is assumed to be a binary signal that has a relatively fast response, as compared

with the cutback time. The emission current is assumed to be measured from the

2start-up control refers to the initial filament heating and out-gassing of the EB gun and

the slow "ramping up" of the HV bias to condition the system. Typically, a high arc rate is

present before the out-gassing is complete.
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current of the HV bias supply. The filament current supply is assumed to have

negligible leakage current and to have sufficient HV isolation at the output so that

the emission current is essentially equal to the HYPS bias current.
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IV. ANALYSIS OF SUBSYSTEM PERFORMANCE

Exception Handling

Once the closed-loop EBGC was constructed, the ability to handle process

exceptions was considered. As stated earlier, the two process exceptions to be

considered here are HV arcing and filament activation. The first step was to

consider the necessary decisions and control actions that are required to give the

maximum probability of success in meeting the objectives (Fig. 3). The objectives

have been stated earlier: "to respond to process exceptions with minimal impact

to the quality of the weld." This requires a good bit of qualitative reasoning on the

part of the designer, but it can be an important aspect when considering a com

plex control problem where classical and/or deterministic methods are inadequate

to handle process exceptions. The usefulness of any method and/or algorithm will

be judged by the consistent adherence to the objectives. The PEV can be a single

element or multiple units, but its primary purposes are to give relevance to the

observations of the process, with respect to the objectives, and to accommodate

a predetermined decision process that will compare and/or use the evaluation of

the PEV to make the "optimal" decision. In the case of the EBGC, a PEV can be

constructed to give status information and detection of the following: (1) normal

emission mode, (2) normal filament mode, (3) HV arcing or instrumentation fail

ure, (4) filament activation, and (5) general detection of instrumentation failure

and/or fault. The methods for accomplishing these real-time evaluations are nu

merous and limited only by the imagination; however, the designer typically finds

that a single format for representing all of the "knowledge" about the process is

inadequate. For example, a database could contain sets of process patterns that

were gathered as typical operating conditions but that would not necessarily give

any ability to extrapolate outside the normal operating ranges, especially during
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an excursion. A mathematical model of the process could he constructed, hut

there again, this method would not he the best method for containing operational

procedures, etc. In other words, several methods of knowledge capture may be

necessary to contain the diverse knowledge that is usually recpiired when handling

a complex process excursion.

Consider the diagram in Fig. 14 as a method to represent the normal, steady-

state, operational regions. For example, if the system is stable, the filament current

and emission can be compared with the diagram to establish the initial status of

the EBGC. The "normal emission region" could be established from real-time

parameter estimation or regression methods. For example, a. predefined math

ematical model could be formulated from first principles, and the unknown pa

rameters/constants could be estimated from process data. With this model as a

reference, this method is very useful in determining when an activation has (oc

curred. If the model is a dynamic model, the reciuirement thai the system be at

"steady state" would not be necessary. A dynamic model can he used to compen

sate and decouple the dynamics.

Once an estimation model has been formulated, the detection of the steady-

state condition is possible, and the application of the two Triethods (steady-state

reference shown in Fig. 14 and dynamic model) gives a. "robust" prediction. A

PEV that uses this methodology was constructed and tested; il was successful in

predicting the correct" status of the FB gun and was used to correctly determine

when excursions had occurred.

If the system equations can be estimated in the form y{t) f{y, x), then the

system can be written as a set of linear differential equations (i.e., if the functions

are continuous, etc.), even though x may be nonlinear with respect to y. Theory

and Practice of Recursive Identification (Ljung and Soderstrorn, 1986) is a good

resource and programming guide for recursive parameter estimation techniques.

There is neither time nor space to elaborate on these methods; however, the re-
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cursive least squares (RLS) method can be used to estimate the emission current

versus filament difference equation, which could be used to establish the "normal

emission region" (Fig. 14), and, furthermore, to provide an empirical, dynamic

model of the process. One important point must be made about the utilization of

the RLS algorithm: if an excursion occurs during the estimation of the parameters,

the RLS algorithm will estimate erroneous process parameters. The usefulness of

the PEV concept is again illustrated. The RLS method requires special handling

during a process excursion; otherwise, the estimates will be corrupted and/or the

RLS algorithm will become divergent (e.g., the covariance matrix will become

ill-conditioned).

The principle is the same: there must be a distinction and detection of process

excursions, and there must be adequate supervisory control to halt, modify, and/or

change control strategies, in real time, to handle the process excursion. Figures

15a and 15b show how the RLS prediction responds to an HV arc situation. Note

that the RLS algorithm converges very rapidly, even in the presence of significant

process noise, but when the arc occurs, the estimates quickly become corrupted.

As stated before, the algorithm can become divergent and/or numerically unstable

if it is continually allowed to to iterate during the process exception. Recognizing

and designing for process exceptions represent the greatest challenges to the design

engineer.

The HV arcing, process perturbation occurs randomly during process opera

tion and causes the emission current to be extinguished. Figure 16 shows a typical

response of the closed-loop emission current during an arc sequence. The emission

current, as shown in the plot, is quickly extinguished when the HV bias is removed

(e.g., during the HVPS cutback) and resumes when the HV is restored. A scheme

is developed and implemented that will minimize the impact on the filament and

emission currents and minimize the recovery time.
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Activation recovery is also addressed, as is the special case of both activation

and arcing occurring at the same time. The next section gives the results and

implementation of the proposed recovery schemes. The principle is as follows:

(1) identify the regions of normal operation, (2) determine and define the regions of

known process excursions, process exceptions, and/or faults, (3) develop a reliable

means of detecting the exception regions, (4) determine the proper control actions

and procedures to recover from these exceptions, and (5) integrate these control

actions into the control structure. Each of the steps described is used to arrive at

workable solutions to the arcing and activation process exceptions.

Performance Evaluation

Using the diagram in Fig. 14, a mode control scheme was applied to the closed-

loop EBGC system. As stated before, the PID loop controller has several inad

equacies when implemented with fixed tuning parameters; however, a self-tuning

PID would need special attention during an exception. Figure 17 shows the step

response of the emission and filament current versus time, where the emission

loop is closed and the filament is initially set to 1000 K. Note that the emis

sion is fairly slow in achieving the desired set-point value, mainly because of the

sluggish response of the filament and the resulting thermal delay in the filament

temperature. The approximate 12-s time delay could be detrimental to the weld

quality and would need to be shortened. One option is to retune the PID; how

ever, the overshoot would increase, and the resulting tuning parameters would not

be optimal for the normal emission current values. It should be noted that the

emission delay cannot be treated as a linear delay, or fixed-time delay, and that

methods such as the Smith Predictor (Smith, 0. J. M., 1957) or similar process

delay estimators, would be applicable only with special provisions for the nonlin

ear relationship that exists between the process delay and filament current. There
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again, the process exceptions must be quantified, qualified, and evaluated in order

to use these predictors. As stated before, the PEV is an attempt to do just that.

The method used, and the one evaluated in this thesis, is "mode" control, as

indicated in Fig. 14. If the emission current is found outside the "normal emission

region," then the appropriate control action will be taken. Figure 18 shows the

result of utilizing the mode switching scheme, with the same initial conditions as

in Fig. 17. The time delay of the emission is reduced by approximately 8 s. Note

the cross-over from filament mode to emission mode when the emission exceeds

0.1 A.

Figure 16 shows the filament and emission current response to HV arcing (i.e.,

at time = 0.5 s and time = 1.0 s). The HVPS provides the HV cut-back signal

that is used to determine the control mode. Unlike the other process exception,

the HV arcing does not have to be estimated from process data. The control

mode is switched from emission mode to filament mode when the arc occurs and

the desired results are achieved. The HV arcing recovery scheme is illustrated in

Fig. 19.

Filament activation requires a more elaborate method for exception handling

and detection. The filament activation was simulated, and methods for supervisory

control were considered. Figure 20 shows the steady-state, emission mode response

to a simulated activation. Typically, an activation of this magnitude would cause

HV cut-back and arc recovery within the HVPS. If, for example, the HVPS cutback

current (maximum peak current) were set at 1.2 A, an activation current, like the

one shown in Fig. 20, would cause the HVPS to cut back. This combination of

excursions will be considered later. Stabilizing the closed-loop, emission mode

EBGC system during an activation will require an approach similar to that of the

HV arcing and will also utilize the region exclusion technique shown in Fig. 14.

One additional problem with the activation detection and correction is the fact

that the duration is not as predictable as was the HV arc. Real-time determination
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of the activation and activation type will be required. Corres|)()nding impacts on

the beam quality, focus, etc. will not be considered because these qualities are

not included in the model. The rec(^very scheme will consid(>r only the class 1

activation, as described in Section III.

The activation current can perturb the system in two possible ways: increase

the emission current or decrease the current. If a moderate change in emission

current is experienced, then constant power can still be maintained by changing

the HV bias such that the power in the beam remains constant; however, any

sudden increase in the HV bias could cause arcing. Conversely, a decrease in the

HV bias typically will not directly cause an arc. Because of this fact, the "de-

activation" case will not be addressed in this thesis; furthermore, since the pure

tungsten filament material is assumed in these studies, the "de-activation" case is

very unlikely. As stated before, very few compounds/elements have work functions

that are less than that of pure tungsten.

To minimize the impact of the activated filament, the following scheme will be

used: (1) determine normal emission current versus filament current steady-state

values, (2) determine the activation region by looking for points that exceed a

predetermined threshold and classify all points that are not within the "normal

operation region," and, if an exception is suspected, (3) switch to the proper

control mode and (4) execute the pre-defined recovery scheme until the exception

is resolved and return to step (1) on completion; otherwise, convert to operator

(or host) control. If, for example, a class 11 activation is declared, then the system

would be turned over to operator control or host control.

Figure 21 shows the normal response of the emission and filament without

exception handling. The activation PEV was used to estimate ( he activation limit,

or threshold, that would represent the boundary line as described in Fig. 14 (i.e.,

the activation limit as estimated by the activation PEV). In Fig. 21 the control

mode remains in the emission mode during the excursion.
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The PEV typically must be able to run in real time and consequently must be

constructed so that the least amount of numerical computation is required. The

PEV can usually be developed by using post-process data, or archived data, where

the performance of the PEV can be evaluated and tested. .Vnother technique that

could be used in the development of the PEV is to implement the PEV in real

time and display and/or record the rtisults. The confidence of the predictions

could be established, and several techniques could be "tried and tested." The

latter approach has been taken and is illustrated in Fig. 21. In other words,

the activation limit in fig. 21 is the PEV estimate of the u|)per threshold,

at which point the activation should be declared and shows that the activation

PEV prediction is usable. The estimate is done by using an empirical formulatirm

and is described in the Appendix. When considering a large control system, one

can appreciate the accumulative computation requirements of the PEV when the

number of PEVs becomes quite large. 1 he PEV must be robust, accurate, and

most importantly, very efficient.

Once the activation PfW was tested and evaluated, a recovery and exception

handling scheme was developed by using the PEV estimate l,o determine when

activation occurs and to switch the "(a)ntrol mode" (i.e., frotii emission mode to

filament mode). Figure 22 shows the implementation of an activation recovery

scheme where the activatirjn PEV estimate is used to switch the control mode so

that the perturbation to filament current will be minimized, fii other words, when

the emission current exceeds the activation limit, the EBCC will switch to the

emission mode.

The beam power (i.e., 1^. x HV) can be maintained at a constant value, if de

sired, by using the activation PEV to trigger an appropriate ll\" set-point change.

The HV set point would be adjusted so that the net power in the beam would be

maintained at the previous value (before the activation occurred). Since the EB

optics are not described in this EBCiC model, this option is oidy mentioned as a
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possible design consideration and may not be a. viable option when considering a

particular system.

Figure 23 shows the combination of effects, HV arcing and activation, occur

ring together. Note that, when the arc (time =; 2.0 s) occurs, the filament is not

activated (as far as the EBGC is concerned); however, when the HV is turned back

on, the activation is detected. In a real system, this c(.)uld ha|)pen as follows: the

filament becomes activated and instantaneously (i.e., with respect to the sampling

time of the EBGC) causes the emission to rise, which in turn causes an immediate

HV arc down. In Fig. 23, all recovery schemes are disabled to show the full effect of

the perturbations. In Fig. 24, the activation limit is displayed and shows how the

activation PEV is used directly (i.e.. when the measured emission current becomes

greater that the activation limit) to (jredic.t the activation. The activation flag and

control mode are plotted in Fig. 24 to show when the activation detection occurs

and when the control mode changes. Note that the control mode is switched when

the HV arc occurs and when the activation is detected. The filament current is

maintained fairly constant throughout the entire excursion setpience. As stated

before, maintaining a constant beam power would require the modification of the

HV set point during the activation; however, there are usually other parameters

within the beam steering, focus, and beam position controller that can be used

to lessen the impact of the class I activation. These considerations are, of course,

dependent on specific EB designs; however, as shown in Fig. I, information and

process status developed within the lower-level PEVs woidd be passed among, or

shared with, other layers of the architecture. There is not space here to elaborate

on the issues of implementing a real-time distributed database; however, the sta

tus of the EBGC would be shared, where appropriate, with olher hardware a.nd

functional blocks of the architecture.

To further enhance the model closure and to enhance the simulation, the capa

bility to add random Gaussian noise was included. Ihe noise generators simulate
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normal process noise and thermal noise that is found in all physical processes. The

instrumentation noise and data conversion noise are also present, are assumed to

be additive with all other process noise, and will be modeled with a single Gaus

sian noise source. The average (or mean value) of the noise is assumed to be zero.

Instrumentation offsets (constant values) are not included in the noise generator.

The model will add the noise, when specified, and needs only the standard devia

tion (S.D.) of the noise to be simulated. Figure 25 shows the same conditions as

described in Fig. 24 but with the addition of process noise, where emission current

noise S.D. is 0.01 A and filament current noise S.D. is 0.5 A. Filtering techniques

for process variables can be used in cases where the background noise is excessive.

Most of the measured process variables within the EBVV system are typically low

noise; however, due to the flV arcing and the large production of X-ray radiation

within the vacuum vessel, this can caiipe a significant electromagnetic interfer

ence (EMI) noise problem. Special attention to return-path and instrumentation

grounding is important in reducing FMl noise. Transients and FMl coupling and

EMI noise are hard to characterize and will not be addressed in this thesis.
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V. DISCUSSION OF RESULTS

The application of the hierarchical approach to a complex control problem has

been demonstrated and studied. The general problem of the nonlinear, nonsta-

tionary case is considered by applying some of the issues found in the automation

of the EBWS. The issues related to the EBWS required the utilization of diverse

methods for capturing process knowledge and characterization of the process. The

handling of process exceptions and supervisory control functions were used to il

lustrate the principle of the coexistence of the hierarchical process decision and

hierarchical process analysis. The PEV was demonstrated as the hierarchical pro

cess analysis function, and it provided a mechanism to incorporate the process

analysis, with the necessary control decisions, to meet the objectives. Figure 2

contains a block diagram of the control decision model that is used to accomplish

closed-loop performance and to handle real-time process exceptions. The con

trol decision model is functionally consistent with each stage of the hierarchical

structure as shown in Fig. 1.

The development and application of the PEV were illustrated and applied to

the handling of process exceptions, namely HV arcing and filament activation.

Typically, handling process exceptions/faults require control actions that are not

compatible with, or equivalent to, those control actions that are executed while the

process is in the "normal control state" (or steady-state region). The objectives

and process evaluations are different for each level of the hierarchy; however, a

decision model was presented (Fig. 3) that is consistent with each level of the

architecture. The elements discussed were: the process (PEV) analysis derived

from the process observations, the objectives, and the resulting decision-making

process that executed the predetermined tasks. For the case of the complex system,

the objectives are usually represented in terms, formats, and/or procedures that

are not purely quantitative. Furthermore, the objectives are based on process
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states that are not easily obtainable and/or not easily cjuantified. F(^r example,

for a given process, the objective may be stated as simply as: "minimize cost and

increase efficiency for all control situations"; however, success in meeting these

objectives requires that the real-time costs and efficiencies can be obtained and

that these process evaluations can be stated quantitatively so that control decisions

can be made based on these evaluations. The PEV is the functional element that

provides the information necessary for executing the appropriate control actions

that accomplish the objectives.

The SC actions are those that modify the real-time control law (or strategy) to

meet the objectives and to handle the process exceptions. The S(I functions were

illustrated, by application and simulation, by the ERGC systiuii. The activation

and HV arcing exception handling required actions that temporarily changed the

control strategy so that the system could recover from the process excejition with

minimum process upset. Figure 2.1 illustrates the system resfjonse without excep

tion handling, and Fig. 24 shows the end result when applying these exception

handling strategies.
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VL SUMMARY AND CONCLUSIONS

The usefulness of an integrated approach was illustrated when addressing the

complex issues of exception handling and supervisory control actions. The con

cepts of hierarchical analysis and qualitative control sjjaces were introduced as

workable control elements of the hierarchical control structure. Phe PEV was dis

cussed and defined as the hierarchical analysis element of the hierarchical control

structure.

The qualitative approach and reasoning were shown to Ix- valuable in the de

sign of a robust controller that can handle a variety of process exceptions. The

discrete versus continuous states were coupled in the control decisions and process

state determination. Furthermore, the utilization of both qualitative and quanti

tative information in the control scheme was accomplished in a consistent manner.

The concept of the qualitative approach was shown to be applicable when other

methods were not sufficient because of their <lependency on stationary process

parameters. Adaptive techniques, if not properly ha.n<ll(Ml, were also found to

be inadequate when process exceptions occur, and process parameter estimation

techniques were found to be valid (jnly when the process was currently in the

appropriate control mode (illustrated in Figs. 15a and 15b).

A small portion of the EBWS (Fig. 2) was modeled and used to show the

approach. A model of the EBGC (Figs. 12 and 13) consisting of the FIB gun,

filament controller, and emission controller was constructed and included simula

tions of two process exceptions, namely MV arcing and filament activation. The

integrated model was used to apply the concepts as described in Figs. 1 and 3

and to implement specific exam[)les of the real-time PE\' and decision model.

The concept of "control mode" (Fig. 14) was shown to be useful in establishing a

qualitative control space and control philosophy to handle process excepticms.
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The application of artificial intelligence technicpies, advanced control the

ory, database management, scheduling, etc., requires an "integrating factor"

and common format. The hierarchical control structure requires several of the

tools/disciplines just mentioned and encourages the utilization and application of

the "right" tool to do the "right" task.
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THERMIONIC AND FIELD-ENHANCED ELECTRON EMISSION

Richard-Dushman equation for tungsten:

4> Bs/e'
j (A/e = ArT exp

KT
cm ) ,

where is the saturation emission current density,

T = filament temperature (K),

E = normal electric field (V/cm),

Ar = Richardson coefficient,

(j> — work function,

K = Boltzmann constant,

B = Schottky coefficient.

For tungsten:*

Ar = 59.93 A/cm^-K^,

(f) = 4.5138 eV,

B = 4.403 K/(V/cm)i/2.

"Applies to nonideal, polycrystalline metal surfaces.
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Comparison of cathode materials

Operating Upper
Emission temperature pressure

Material (A/cm^) (°C) ^ (eV) limit

W 0.6 2200 4.55 10-'^

Ta 0.5 2000 4.1 10-^

Rh 0.2 2200 4.8

1

o

Thoriated tungsten 1-3 1750 2.6 5 X 10"®

Oxide coated 0.5 830 1.2 10-®

Dispenser 0.5-10 960-1130 1.5-2.0 5 X 10-®
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PROPERTIES OF TUNGSTEN

Jones and Langmuir, General Electric Review

Resis Thermal Atomic
tivity expan heat

Temp.
mi- Electron Vapor sion per cal./g.

crohm emission Evaporation pressure cent 4 at atom./
"K cm amp./cm' g/cm' sec dynes/cm' 293° °C.

300 5.65 — .003 6.0
400 8.06 — — .044 6.0
500 10.56 — — .086 6.1
600 13.23 — — .130 6.1
700 16.09 — — .175 6.2
800 19.00 — — .222 6.2
900 21.94 — — .270 6.3
1000 24.93 1.07x 10-''' 5.32 X 10 " 1.98 X10-" .320 6.4
1100 27.94 1.52 X lO-J 2.17X lO-'o 1.22 X 10-'* .371 6.4
1200 30.98 9.73 X 10-^ 3.21 X 10-" 1.87 X 10-" .424 6.5
1300 34.08 3.21 X 10-0 1.35 X lO " 8.18 X lO-" .479 6.7
1400 37.19 6.62 X 10-' 2.51 X 10-" 1.62 X 10-" .535 6.8
1500 40.36 9.14 X iO-» 2.37 X 10-" 1.54 X 10" .593 7.0
1600 43.55 9.27 X 10-' 1.25 X 10-" 8.43 X 10-'* .652 7.1
1700 46.78 7.08 X 10"' 4.17 X 10-" 2.82 X 10-" .713 7.2
1800 50.05 4.47 X 10-' 8.81 X 10-" 6.31 X 10-" .775 7.4
1900 53.35 2.28 X lo- 1.41 X 10-" 1.01 X 10-' .839 7.6
2000 56.67 1.00 X 10-' 1.76 X 10" 1.33 X 10" .904 7.7
2100 60.06 3.93 X 10-' 1.66 X 10" 1.28 X I0-' .971 7.8
2200 63.48 1.33 X 10-' 1.25 X 10-" 9.88 X 10-' 1.039 8.0
2300 66.91 4.07 X 10 ' 8.00 X 10" 6.47 X 10" 1.109 8.2
2400 70.39 1.16 X 10- 4.26 X 10-" 3.52 X 10" 1.180 8.3
2500 73.91 2.98 X 10-' 2.03 X 10 ' 1.71 X 10" 1.253 8.4
2600 77.49 7.16X 10-' 8.41 X 10-' 7.24 X 10" 1.328 8.6
2700 81.04 1.63 3.19X 10" 2.86 X 10" 1.404 8.7
2800 84.70 3.54 l.lOx 10-' 9.84 X 10" 1.479 8.9
2900 88.33 7.31 3.30 X 10' 3.00 X 10" 1.561 9.0
3000 92.04 1.42 X 10 9.95 X 10-' 9.20 X 10" 1.642 9.2
3100 95.76 2.64 X 10 2.60 X 10-* 2.50 X 10" 1.724 9.4
3200 99.54 4.78 x 10 6.38 X 10 ' 6.13 X 10-' 1.808 9.5
3300 103.3 8.44x 10 1.56 X 10-' 1.51 1.893 9.6
3400 107.2 1.42x10' 3.47 X 10-' 3.41 1.980 9.8
3500 111.1 2.33x10' 7.54 X 10-* 7.52 2.068 9.9
3600 115.0 3.73 x 10' 1.51 X 10-* 1.53 X 10 2.158 10.1
3655 117.1 4.79x10' 2.28 X 10-* 2.33 X 10 2.209 10.2

Source: Handbook of Chemistry and Physics.
Florida: CRC Press, 1984.

64th Edition. 1983-84. Boca Raton,
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PARAMETERS USED FOR FILAMENT/EMISSION

MODEL

At - 1 ms

Length - 2.54 cm

Tjnf ~ 800 K

d - 0.1 cm

w - 0.1 cm

7COND 0

PARAMETERS USED FOR FILAMENT

CONTROLLER (SEE FIG. 9)

l<„ 2.0

K, - 2.0

A"p -- 0.0

K  ,1.0

T  8 ms

Rn - 0.01 n

PARAMETERS USED FOR

EMISSION CONTROLLER

Kp : - I .0

Kr 10.(

Kp = 0.0
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ACTIVATION PEV

Steady-state values:

Filament Current Emission Current {"Istimate

40 0.025 0.025

45 0.1.30 0.121

50 0.513 0.495

52.7 1.00 1.00

Steady-state model:

le = (Ifil)
13.366 (9.691 X 10"")

ACTIVATION LIMIT

REAL-POLE

(DOMINANT POLE)
NONLINEAR

X  y FUNCTION

-^FIL
1 X

y ̂  ax
y +1

5t -f-1

A

a

0

T

9.691 X 10""

13.366

200 ms

Activation liiiiit y +
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MODEL CLOSURE AND COMPARISON TO THEORETICAL

CALCULATIONS OF EMISSION/FILAMENT

CURRENT DYNAMICS

(Properties of tungsten are taken from standard

tables, CRC manual)

The assumptions described in Chapter III result in the following partial dif

ferential equation for radiant cooling:

Q

%a.A ~ ' (A.l)

where is the instantaneous heat flow, p is the density (g/cm^), 6*p is the heat

capacity (W • s/g • K), and T is the temperature (K).

For total heat:

Q = Ac^—{pCpT) , (A.2)

where Acr is the cross-sectional area (cm^) and Q is heat flow (W/cm), assuming

a pure tungsten filament. Density and specific heat are nonlinear functions of

temperature. To transform Eq. (A.2) into standard form, Q will be evaluated at

Tr. Therefore, p{T^) and Cp(Tr) will be treated as a constant:

Q\Tn = ̂CR/'(Tr)Cp(Tr)

Rewriting in standard form:

= (<?lTn)
dt

1

dT

dt
(A.3)

Tn .^CR • p{Tr) ■ Cp{Tr)
(A.4)

Since radiant heat loss is assumed to be dominant,

Q\Tp = -A,cre{TR){T^-T^) ,

where a is Boltzmann's constant and e(2R) is the emissivity, at Tr.

(A.5)
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Using the Chain Rule:

dh

dt " dT' dt '

where is the emission current.

Combining Eqs. (A.4)-(A.6) gives:

AsO-e(TR)d/e die \

(A.6)

dt
Tn

ydT Tr) ^cRP(rR)Cp(rR)

— Agje ,

(7r - 'C) (A.7)

(A.8)

where is the current density (A/cm^) and is the surface area for unit length

(cm2).

Using the Richardson-Dushman equation,

(A.9)

where a is constant and Ar is Richardson's coefficient; for tungsten, a - 52,379 K

and Ar = 59.93 (A/cm^-K^).

dje  2A (A
dT

Rewriting Eq. (A.10) gives:

dje
dT

= Rre-"/'^ + Aroc- . .IO)

= AR-e-"/'^.(2T + a) .

Evaluating at Tr:

dje
dT

= Ar-c-"/^" .(2 TR + a) .
Ti,

(A.ll)

(A.12)

Using Eqs. (A.3), (A.4), (A.6), and (A.12),

dt
= -^s

Tn

-4R-e-°/^" •(27'R + a)

-4cr • /'(7R)Cp(rR){T^ - TL)

(A.13)
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where Ag = 2w + (tt — 2)d', w and d are the filament dimensions:



C  c
c c
C  Model Closure Verification C
C  C
C  Numerical Calulations for die/dt C
C  where : dIe/dt = non-linear function C
C  Programmer : J.T. Greer C
C  C

Acr ! Cross Sec. Area, CM**2
Ar ! Richardson's Coeff

Tr ! Ref. Temp,
emissivity ! emissivity
Cp ! Heat Capacity

C As ! Surface Area, CM**2
C  w,d ! dim.s of filament, CM
C  alpha ! constant
C  Boltz ! Boltzmann's constant
C  rho ! density
C  Tinf ! T background, Deg-K

Parameter (pi = 3.14159265)
Real As, Acr, w, d, Ar, alpha, Tr, Boltz
Real emissivity, rho, Cp, Tinf

C

Data Ar/59.93/, alpha/52379./, Boltz/5.6697e-12/
Data rho/19.3/ ! relatively constant (compared to Cp)
Data Tinf/800./

C

type*,' Enter Width and Depth of filament (CM) : '
accept*,w,d

C

Cal Surface and CS Area :

As = 2.*w + (pi-2.)*d
type*,' Surface Area : ',As

Acr = (w-d)*d + ((d/2.)**2)*pi
type*,' Cross Sectional Area : ',Acr
type*,' Enter Ref. Temp. : '
accept*, Tr

C

C Open storage file:
!  open(unit=l, file='dym.dat', status='new')
C« Begin Iteration »
!  do Tr = 2000.,2700., 10.
Cal emissivity : @Tr

emissivity = 0.1012348e-3*( Tr**l.025169 )
type*,' emissivity = ',emissivity

Cal Cp ; @Tr
■  Cp = 33.09066*( Tr **0.22 )

type*,' Cp = ',Cp
Cp = Cp*le-3 ! W-MS/gm-K

C

Cal d/dt[Ie]
Dr = (As**2)*(Ar*exp( -(alpha/Tr) ))*( 2.*Tr + alpha )*

1  ( (Boltz*emissivity*( Tr**4 - Tinf**4 ) )/(Acr*rho*Cp))

/

type*,' Temp = ',Tr,' dIe/dt = ',Dr
write(1,*) Tr,aloglO(Dr)
enddo

stop
end
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Note: The comparison of the dTg/dt curves shows very good agreement. The cal

culation of the dlc/dt (of the model) from the radiant cool-down curves

was calculated by using a first-order difference method. The calculation of

dig/dt (theoretical) with fixed temperature was done by using first princi

ples and well-verified properties of tungsten. These [)roperties were mea

sured with the highest precision and laboratory conditions and need no

further verification. As stated, secondary effects for particular gun design

geometries are not considered in this model, and this precludes the use of

vendor-published specification sheets for accurate verification of the model.
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gineering at UT. J. T. is currently working for Martin Marietta Energy Systems,
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