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CHAPTER I 

INTRODUCTION 

The elevating scraper is a relatively recent inno-

vation in the earthmoving industry. It is a machine that 

is able to load, without the aid of a pusher tractor, by 

utilizing an elevator mechanism which moves material dis-

rupted by the cutting edge into the scraper bowl. No 

longer must brute horsepower and high tractive effort be 

used to force material into the bowl against the mass of 

all previously loaded material. The elevator carries 

material up and over previously loaded material, pulver-

izing it such that most voids are eliminated. This pul-

verizing action also makes material unloaded in the fill 

area ready for immediate compaction without the need of 

further preparation. 

The elevating scraper has gained wide acceptance 

with contractors throughout the world. Many earthmoving 

machinery manufacturers are now producing elevating 

scrapers, and competition has become fierce. Each spring 

new features are introduced in an attempt to capture more 

of the available market. Powertrains have steadily 

advanced through the years to the point where most models 

are now available with powershift transmissions. Torque 
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converter refinements include lockup, variable pitch, and 

multistage elements. 

With Caterpillar Tractor Company's introduction of 

the 623B Elevating Scraper, with a hydraulically controlled 

and shifted automatic transmission, it became necessary 

for the other manufacturers to follow with their own auto-

matic transmission development programs. Recognizing the 

significance of Caterpillar's new introduction, and real-

izing the importance of competitive features on machines, 

Clark Equipment Company launched an intensive program to 

develop an electronic control system for a powershift 

transmission. The future market penetration of Clark 

Equipment elevating scrapers depended on the successful 

outcome of this program. With no prior experience con-

ceming automatic transmissions, and with the introduction 

of new technologies in the control system, development was 

necessarily slow and meticulous. Each step had to be 

proved on its own merits, and analyzed with respect to the 

final objective of development of a cost effective, opti-

mal automatic transmission system. 

The general objective of the study reported in this 

thesis was to evaluate and optimize the autoshift system. 

Specific objectives included the following: 

1. Develop test procedures necessary for system 

evaluation and optimization. 



2. Identify and measure parameters which affect 

system performance. 

3. Identify and measure parameters which affect 

system reliability. 

4. Make any changes in the system which may be 

deemed necessary to improve performance, reliability, or 

ease of operation. 

5. Make changes necessary to increase operator 

comfort, observing fundamental principles of human engi-

neering. 

6. On the basis of projected operating life, make 

recommendations as to the selection of electric and elec-

tronic components. 

It is not the intention of this writer to delve 

deeply into electronic theory or powertrain design; how-

ever, certain areas deserve a more thorough treatment in 

order to gain a better understanding of what was accom-

plished in the autoshift development program. Certain 

technical terms which may not be familiar to the reader 

are defined in Appendix A. 

Upon arrival of the test unit in Lubbock in March, 

1975, the author assumed total project responsibility. 

Decisions concerning testing procedures, analysis of data, 

and changes to be made in the autoshift system were those 

of the author alone. The author was personally responsible 



for all test setup configurations and instrument calibra-

tions, and directly supervised all data gathering. Por-

tions of the instrumentation used in this project were 

conceived, designed, and built by the author, specifically 

for the autoshift development project. 



CHAPTER II 

REVIEW OF PREVIOUS RESEARCH 

Earthmoving equipment has observed greater advances 

in effectiveness and productivity during the last fifty 

years than during the preceeding 5,000 years (9)*. A 

succession of developments, both evolutionary and revolu-

tionary, have taken the relatively simple equipment of 

half a century ago, to the more complex, high performance 

units of today. 

Fifty years ago, great numbers of animals were still 

used for motive power. About this time, steam traction 

engines were gaining increasing favor, especially for the 

heavier work (10). On the basis of improved performance, 

mechanical power was well on its way to displacing horses, 

mules, and oxen (3). 

The first steam traction engines had very simple 

drive systems. Because a steam engine maintains good 

torque down to stall speed, ratio changes were not neces-

sary. An internal shoe clutch connected the engine crank-

shaft to a pair of countershafts that drove the rear 

*Numbers in parentheses designate references 



wheels through a pinion and bullgear arrangement. Top 

speeds were about four to six miles per hour. 

As internal combustion engines began to be used, 

it was apparent that a transmission offering several drive 

ratios was necessary. The truck transmission revolution 

began and the number of ratios available began skyrocket-

ing. By the early fifties, transmissions were available 

with up to fifteen speeds. Hydraulic torque converters 

began to be used in off-highway trucks in the early 

forties. By the late 1940's, the Allison Division of 

General Motors had developed a heavy duty powershift trans-

mission with a single stage heavy duty torque converter (9). 

Torque converters offered several advantages over 

manually actuated master clutches. Smooth applications of 

power to the drive train resulted in large reductions of 

peak torque when compared to the same vehicle starting 

under heavy lead with a master clutch. This remains true 

despite the ability of a torque converter to multiply the 

engine torque by as much as 3:1 at zero speed ratio. In 

1954, the Euclid Company made use of this type drive system 

in a new thirty-four ton off-the-road hauler. Two diesel 

engines were mounted side by side with torque converters 

mounted on their flywheel housings. Each engine-converter 

combination drove one of the tandem axles through its own 

three-speed powershift transmission. One advantage of 



this system is that power was maintained to both axles 

without any interaxle differential connection (14). 

Further development of heavy duty powertrains by 

Clark Equipment Company resulted in a whole series of 

powershift transmissions with reduced complexity and 

increased reliability. The design criteria used in the 

initial development stages of the project were as fol-

lows (8): 

1. The design must be as simple as possible. 

2. Each series must be the same basic design. 

3. Each transmission must have a minimum number 

of different parts. 

4. There must be maximum utilization of common 

parts between different sizes. 

5. Only field tested and proven loads, materials, 

and speeds were to be used. 

6. All bearings must be of the antifriction type 

for both radial and thrust loads. 

7. All bearings and clutches must be positively 

lubricated. 

8. Clutches must be readily accessible without 

major disassembly. 

9. If failure occurs, it must be repairable without 

removing the transmission from the vehicle. Top and 
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bottom covers will be provided so the unit could be flushed 

out before being put back in service. 

10. A minimum number of adjustments, shims, and 

spacers would be used. 

11. The complete assembly must be serviceable with-

out the need for special tools. 

The results of this development program was a series 

of transmissions that established new records of relia-

bility. For example, one of the larger transmissions is 

installed in a 300,000 pound GVW Dart dump truck with a 

700 horsepower diesel engine. This unit has now operated 

over 6,000 hours without converter or transmission down-

time (8) . 

Continuing development and improvement of off-highway 

vehicles has demanded corresponding advances in transmis-

sion technology. As a result, Detroit Diesel Allison 

introduced the Allison CLBT 750 fully automatic transmis-

sion for service in twenty to thirty-five ton trucks and 

fifteen to twenty yard scrapers (20). This transmission 

is a five-speed unit with fully automatic hydraulic shift-

ing in speed ranges two through five. All shifts are 

pressure modulated for smoothness. Also, shift points are 

modulated up or down by throttle position sensing. Con-

verter lockup is provided in all but the first gear range. 

Lockup is modulated by throttle position also. This 



transmission has been very successful in the twenty to 

thirty-five ton off-highway trucks. 

Hydraulic control of a transmission works very well 

in a single engine vehicle; however, a twin engine vehicle 

such as a scraper, presents a different problem. In order 

for the two transmissions to shift together, they must 

receive control signals at the same time. The complex 

geometry and remotely located powertrain makes the range 

selection of the powershift transmission difficult. 

Mechanical linkages would be plagued by complexity, expo-

sure to possible damage, and lost motion due to deflection 

over long distances and normal linkage wear. Air control 

has been used with some success. Its principle disadvan-

tages are the large number of lines required, moisture 

freezing in lines, and delay in actuation. Actuation delay 

is due to the compressibility of air. A significant flow 

through the lines is necessary to build the required pres-

sure at the remote end. Hydraulic control has also been 

used, but it too requires a large number of lines to be 

routed to the remote transmission. 

Electric shifting overcomes most of the previously 

mentioned faults of other systems, but creates a new set 

of problems. There are three common means of actuating a 

powershift transmission electrically. One method uses 

electrical switches in the cab control. As one 
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transmission is mechanically shifted, electric switches 

send a corresponding signal to the rear transmissiori. 

Electric shifting may be accomplished by large direct 

acting solenoids fastened directly to the hydraulic shift 

valves. These solenoids are high power units that gener-

ally consist of pull-in and hold-in coils, plus a switch 

and a capacitor. Although there are many of these systems 

in use today, they are subject to malfunction due to con-

taminants, require excessive power, and are large and 

costly. 

A second method of electrically shifting a power-

shift transmission involves the use of pressure switches 

on the hydraulic control lines of the front transmission. 

As the front transmission control lines are pressurized, 

the pressure switches close the circuit to solenoid valves 

on the rear transmission which pressurize the proper con-

trol lines to shift the rear transmission to the same 

speed range as the front. This is basically hydraulic 

control with an electrical interconnect between the front 

and rear. This avoids having to run six or eight hydrau-

lic hoses across the articulation point and down the length 

of the machine. Instead, a cable of six or eight wires is 

run in place of the hoses. A heavy jacket provides pro-

tection against rock and debris damage. 
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A third method of control combines the first two 

in an improved approach. The cab control contains snap 

action switches that are controlled by a fibre cam on the 

shift lever pivot rod. The shift quadrant is gated and 

illuminated for night work. A downshift inhibitor pre-

vents engine overspeed by blocking the shift lever from 

shifting down at high speeds while converter is locked up. 

Electrical signals, produced by the switch assembly, con-

trol solenoid pilot valves mounted directly to the trans-

mission control cover (2). This method of control 

eliminates the often unreliable pressure switches and 

replaces costly, complex direct acting solenoids with 

smaller, more efficient solenoid pilot valves. Another 

worthy feature of this transmission is that, through minor 

modifications of the hydraulic control cover, the trans-

mission can be made to "Fail in Range" or "Fail in Neu-

tral." An off-highway truck uses engine and retarder 

braking to supplement service brakes in maintaining a 

controlled speed down long steep grades. Loss of vehicle 

electrical power should not let the transmission go to 

neutral, for if it did, the vehicle would then be without 

engine or retarder braking. Therefore, an off-highway 

truck must have a "Fail in Range" system. 

If a multipowered vehicle such as a scraper were 

to fail with the rear transmission in range, the front 
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powertrain could continue to operate and overspeed the 

rear engine and transmission to the point of destruction. 

Also to be considered is the fact that a scraper has the 

most fail-safe emergency braking system of all—the cutting 

edge. 

Another recent development, though not related to 

earthmoving equipment, deserves mention for its use of 

electronics. While not in production at this time, the 

Spicer Transmission Division of the Dana Corporation has 

developed and tested an electronically controlled semi-

automatic transmission for heavy duty trucks. This trans-

mission is based on a standard model 8553-A 10 speed 

transmission. Controls were added to the basic mechanical 

transmission which will complete the shift at the command 

of the driver. Electronic logic is used as a controlling 

media over an electropneumatic shifting system and an 

electromechanical synchronizing system (13) . 

The key components are as follows: 

1. Speed sensors--Three magnetic pickups monitor 

the speeds of eighty-two tooth gears mounted on the input 

shaft, the countershaft, and the output shaft. The logic 

system processes these signals into square waves and then 

into DC voltages proportional to the shaft speeds. 

2. Synchronizing devices—To reduce the speed of 

the input shaft, a brake is activated through overtravel 
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of the main release clutch cylinder. The countershaft may 

be slowed or speeded up by an electromechanical brake or 

electric clutch. Speed up drive is provided by a gearset 

mounted on the output shaft. 

This transmission system draws from many disciplines 

in achieving its goal of converting a standard manual 

transmission to a semiautomatic. It proves that there is 

a place for electronics in mobile power transmission. 

The need for continuous and smooth power flow during 

shifting of powershift and automatic transmission has long 

been recognized. The factors—clutch size, number of 

plates, clutch coefficient variation, gear ratio step, and 

clutch apply pressure characteristics—which influence 

shift quality have been identified (7). Compensation for 

the first four of these factors not being ideal can be 

achieved by controlling the last--the clutch application 

pressure characteristics. Another factor which has an 

effect on shift smoothness in automatic transmissions is 

the proper scheduling of shift points with respect to 

vehicle speed, engine speed, and in some applications, 

engine throttle position. 

Electric and electronic controls have certain inher-

ent advantages. They are fast acting. The speed of con-

trol is usually limited, for all practical purposes, by 

the mechanical interface components. Electric control is 
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flexible. A wire or multiple conductor electric cable can 

be routed many places where mechanical linkages or even 

hydraulic hoses could not. Complex electronic controls, 

with logic subsystems that are able to make decisions 

based on the physical phenomena taking place, need not 

take any more space than a deck of cards. Yet with all 

these advantages, there is one outstanding disadvantage: 

Unless special precautions are taken in design and instal-

lation, reliability is sacrificed. The typical environ-

ment in the engine area of a scraper is extremely hostile. 

Temperature ranges of -40° to 140°C are not uncommon. 

Vibrations may range to 20g. at frequencies from 10-500 

Hz (17). Chemical attack is possible from salt used for 

de-icing roads, battery acid, brake fluid, oil, gas, and 

antifreeze solutions. Humidity is usually no greater than 

the ambient air, but the unit may be subjected to high 

pressure and temperature steam cleaning. 

Power supply variations can be broken down into two 

types. Voltage surges are classified as high energy level 

changes that take place outside normal voltage levels. 

Examples might be reduction of voltage during cranking 

or increase of voltage due to battery disconnect while the 

alternator is charging. A voltage transient is a short-

term phenomena, but the voltage levels may be quite high. 

Voltage spikes as high as 85 volts may be produced by a 
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"normal" alternator/solid state voltage regulator combina-

tion (18). Load dump transients of 125 volts have been 

measured. Field decays produce negative going transients. 

An alternator produces a transient of -40 to -100 volts 

when the field is disconnected from the battery. Most 

alternators now have diodes to shunt this effect. 

The ways in which the environment can effect equip-

ment and cause it to fail must be understood in view of 

their influence on design, construction, and reliability. 

Temperature effects may cause two types of failure. 

Abrupt total failure may occur due to a physical change, 

such as a cracked circuit board or a broken lead, caused 

by differential thermal expansion or fatigue due to tem-

perature cycling (1). Another mode of failure, which is 

actually raore common, is a gradual drift of device para-

meters out of acceptable tolerance. To the electronics 

engineer, this type of failure is obvious, for the equip-

ment no longer performs exactly as it was designed. To 

the equipment operator, failure may not be so obvious. 

There is a temptation to use devices right up to the manu-

facturer's limit. In some applications, for example, home 

audio equipment, this is quite satisfactory because the 

home environment does not even begin to show the hostili-

ties found under the hood of an earthmover. 
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Potting has been thought to be a cure-all for envi-

ronmental problems encountered in automotive electronics. 

It does an excellent job of stabilizing components subject 

to vibration damage, and it seals out moisture very effec-

tively. But, there is a factor which is often overlooked 

in designing potted assemblies: different coefficients 

of expansion of the assemblies being potted and the potting 

material. Hard, brittle potting compounds conduct heat 

away from the components best and have fairly low coeffi-

cients of thermal expansion, but due to their strength, 

they impose the greatest loads on solid components. The 

potting material itself may crack due to its brittleness 

if any irregularities are present to act as "stress 

raisers." Flexible potting compounds do not suffer from 

cracking, but usually have very high coefficients of ther-

mal expansion. One guideline is helpful in minimizing 

potting problems: All components should be mounted flat 

on the circuit board. This reduces the amount of potting 

material that is between the component and the board, so 

expansion of potting material is less likely to pry the 

component away from the board or damage leads. 

Designing electronics for a construction equipment 

environment is vastly different than designing for the 

home entertainment market. The electronics must be 

designed to withstand the worst possible environment, and 

still operate within specifications. 



CHAPTER III 

THE SYSTEM 

Description 

The autoshift system described in this paper provides 

completely automatic control of a standard Clark 5000 

Series powershift transmission in the forward speed ranges 

one through eight. Automatic control is based on sensing 

the transmission output speed. Automatic converter lockup 

is also provided in the system. Lockup is first activated 

during acceleration through the third speed range. Above 

third gear, lockup is always "on" except for 0.25 second 

dropout when an upshift or downshift is occurring. Pres-

surization of the lockup clutch is modulated to reduce 

shift shocks. 

Control of the transmission is such that the engine 

and converter are "forced" to operate in their most effi-

cient speed ranges. This results in optimum machine per-

formance. 

The operator's cab control has eleven positions 

which include forward ranges one through eight, low-low, 

neutral, and reverse. Range positions one through eight 

on the cab control do not actually determine the trans-

mission gear range, but act as upshift inhibitors. The 
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transmission will upshift only to that speed range selected 

by the cab control. 

A manual inhibit button is mounted on the end of the 

scraper bowl lift lever. îVhen depressed, it prevents both 

upshift and downshift in the speed range the transmission 

is in at the time of actuation, regardless of the cab con-

trol position or changes in ground speed. This is a con-

vience feature for loading and spreading and a safety 

feature for descending steep grades. An amber light indi-

cates when manual inhibit is in operation. 

Low-low, neutral, and reverse are manually selected 

functions. The operator may place the cab control in any 

one of the manual function positions at any ground speed, 

but the function is prevented from being activated until 

the transmission has shifted down through first gear. 

This prevents powertrain damage and operator injury result-

ing from sudden stops or reversals. 

An electrical interlock is provided to prevent engine 

starting unless the cab control lever is in neutral posi-

tion. 

Theory of Operation 

Transmission output speed is taken from a sixty 

tooth gear driven by the transmission 2-4 shaft. The gear 

is enclosed in a housing bolted to the transmission. A 

magnetic pickup threaded through the housing wall generates 
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a sine wave electrical signal whose frequency is propor-

tional to the transmission output speed. This signal 

enters the front end of the logic system and is converted 

to a square wave by the squaring amplifier as shown in 

Figures 1 and 2. Squaring produces a signal which is more 

useful at low rpm than the original sine wave signal. The 

squared signal is fed to a frequency to voltage (AC-DC) 

converter where it is converted to a DC voltage propor-

tional to the transmission output speed. The DC signal is 

filtered with a passive network to remove ripple and to 

slow the response to fast speed changes. 

The signal then enters a track and hold amplifier. 

In the "track" mode the amplifier output follows the input. 

Input and output are not exactly equal, but do have a 

definite fixed relation. Upon activating the manual 

inhibit button, the amplifier goes to the "hold" mode. 

The output voltage then remains constant, regardless of 

input voltage change. 

The output of the track and hold amplifier feeds a 

level detector system. There is a separate level detector 

for each gear of the automatic range, plus lockup. Each 

level detector compares the track and hold voltage with a 

voltage determined by precision resistors in a voltage 

divider. These precision resistors determine where 

upshifts and downshifts should occur. 
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Suppose, for example, it is desired that the trans-

mission shift from second to third at 300 rpm, 2-4 shaft 

speed. It is known that the track and hold output at this 

speed is 1.452 volts (from tests run and charts plotted). 

The voltage divider associated with the 2-3 comparator 

would then be set so that one comparator input is 1.4 52 

volts. When the other comparator input (track and hold 

output) reaches 1.452 volts, the comparator output changes 

states (goes from high to low). This signals the logic 

system that 300 rpm has been reached. The logic does not 

actually initiate a shift unless additional information 

indicates that an upshift is indeed desired. 

A fixed difference between upshift and downshift 

points is built into the system to prevent "hunting" or 

rapid changes between two gears. This difference is small-

est at the low end of gear range and increases to about 

20 rpm at the high end. 

The level detector system has nine outputs (gears 

one through eight and lockup) that each change state at 

a specific 2-4 shaft speed. These outputs then pass 

through two circuit boards for signal processing. Each 

level detector output is one input of a three-input nand 

gate. The other two inputs come from the cab control and 

a feedback signal from the decoder. If all three nand 

inputs call for a gear change, the nand output changes 
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state. This state change is converted to a one milli-

second pulse by a mono-stable device (a one shot). Infor-

mation then travels through the remainder of the logic 

system as one millisecond pulses. 

Upshift and downshift information is collected 

separately by two nand gates (eight input) which output a 

pulse for each upshift or downshift pulse received. These 

pulses are processed again and converted to two lines of 

information. One line is either high or low indicating 

either an upshift or a downshift requirement. The other 

line carries a pulse to indicate that some action is 

necessary. 

These information lines feed an up/down counter 

whose output is binary code. The binary code is decoded 

by an eight output octal decoder, which produces a signal 

on the output line that corresponds to the desired trans-

mission gear range. A feedback loop in the eighth gear 

output of the decoder prevents the counter from counting 

above eighth gear. Also, each of the eight outputs feed-

back to the three input nands to signal the front end of 

the system that the transmission is in a specific gear 

range and that information signals are being processed 

properly. This prevents the system from trying to skip 

gears or trying to shift into two gears at once. 
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The decoder output goes through flip-flops and gates 

which output the correct transmission control line signals 

for each gear. These are buffered and drive the base of 

Darlington devices which operate the hydraulic control 

solenoids. 

The solenoids are supplied with 24 volt DC power at 

one lead. The other lead must be grounded through the 

above-mentioned Darlington devices. When the signal from 

a flip-flop forward biases the base junction, the Darling-

ton then conducts to ground, completing the solenoid cir-

cuit. 

Lockup is activated by its own independent level 

detector. This signal does not go through the two signal 

processing circuit boards that gear change signals go 

through. It goes directly to the decoder board for final 

processing. Lockup is set to come on about 115 rpm above 

the second to third shift point. The effect on machine 

operation is as follows: 

The unit begins accelerating in converter drive up 
through gears. It shifts to third gear converter 
drive and continues accelerating. As the engine 
approaches governed rpm, lockup is engaged. Con-
verter slip is eliminated and engine speed is 
reduced. The unit continues accelerating in third 
gear lockup until governed rpm is again reached. 
This time lockup drops out for 0.25 seconds, trans-
mission shifts to fourth, and lockup is modulated 
back in again. All further upshifts follow the 
pattern of the third to fourth shift. 
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The clock input to the up/down counter (which carries 

a pulse for each upshift or downshift) triggers a mono-

stable device which turns lockup off for 0.25 seconds 

during upshifts or downshifts. This eliminates shifting 

against a "solid" converter. 

All manual functions are selected through gates which 

must have a second input from the decoder first gear 

output. If the decoder has not counted down to first gear, 

then no manual function may occur. 

The safety neutral start system works through an 

electrical interlock with the logic system. The logic 

neutral function drives the base of a second Darlington 

device, which completes the ground circuit of a latching 

relay as depicted in Figure 3. When the ignition switch 

is turned to the start position, it closes the contacts on 

the latching relay. A latching relay is used because the 

system voltage drop when cranking the engine could cause 

the Darlington to turn off. The latching relay completes 

the ground circuit for the starting relay. When the start-

ing relay contacts close, 24 volts is applied to the 

starter solenoid. This closes the main contacts and ener-

gizes the starter motor. Diodes are installed across the 

relay coils to prevent reverse voltage due to field col-

lapse from damaging the logic system. 
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It can be seen that when the system is in manual 

inhibit, the track and hold amplifier is holding, and it 

appears to the level detectors that the unit's ground 

speed is constant and no shift is required. When manual 

inhibit is deactivated, the amplifier begins tracking 

again. It is possible for ground speed to have changed 

sufficiently to require a gear change of several ranges. 

The feedback system prevents skipping gears. The shift 

signals are of one millisecond duration. Thus, the logic 

is able to change three ranges in three milliseconds plus 

the added switching times of, maybe, one millisecond. 

This, of course, is faster than the transmission can 

react, so the system appears to "jump" to the ideal gear 

range instantly. 

In contrast, while operating in the normal auto-

matic mode, if there is a very abrupt change in ground 

speed, the logic front end filter slows the change in DC 

voltage. 

This prevents unnecessary gear changes when going 

through ditches, drive wheels momentarily leaving the 

ground, or abrupt spinouts in slippery conditions. 

The cab control is a unique design that combines 

aesthetic appeal, ease of operation, and functionally sound 

design. Its operation is electrical. It inhibits the 

transmission from shifting above that gear range selected 
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by the lever. The lever has an extremely "good feel" and 

is well detented. Detent is accomplished by a cam follower 

bearing which runs on a plate with detent cutouts 6° apari. 

The housing is cast aluminum contoured to minimize any 

sharp corners or projections. 

Electrical operation is accomplished through the 

use of "Hall Effect" switches mounted on a printed circuit 

board. These switches are magnetically activated elec-

tronic switches. The output is high until activated by a 

magnet passing over the device. The magnet is controlled 

by the shift lever. When a switch is activated, its output 

goes low, causing a low input to the three input nand 

gates, which receives level detector information. This 

inhibits the system from shifting to a higher gear range. 

Electrohydraulic interface is through eight direct 

acting solenoid valves as shown in Figure 4. All inter-

face valves are interchangeable. Their functions are as 

follows: 

1. First clutch 
2. Second clutch 
3. Third clutch 
4. Splitter clutch 
5. Low-low clutch 
6. Reverse clutch 
7. Neutral 

8. Lockup clutch in converter 

The valves are manifold mounted with common supply 

and drain. All functions are pilot-operated. Pressurized 
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pilot oil from each solenoid valve outlet causes a spool 

to shift in the control cover of the transmission, or the 

low-low relay, or the lockup relay, thereby directing oil 

to the proper clutch. 

Converter lockup has the additional feature of 

pressure modulation when locking up and quick dump to drain 

when releasing. This is accomplished by placing a pressure 

modulating valve between the relay valve and the lockup 

clutch. The relay valve and the modulating valve are 

located very near the converter and drain directly into 

the converter housing. This eliminates long lines and cor-

responding delayed hydraulic reactions and increased pres-

sure drops. An accumulator in the supply line eliminates 

pressure dips and clutch slipping when large oil volumes 

are required. 



CHAPTER IV 

TEST METHODS AND PROCEDURES 

Performance Testing 

It was decided to adapt the first autoshift system 

to a Michigan 110-15 elevating scraper. This unit has a 

nine-speed, Clark 5000 series transmission, which is 

representative of other Clark powershift transmissions 

used in the scraper line. The 110-15 has a "Hydraride" 

suspension system which makes it more able to take advan-

tage of maximum travel speeds than scrapers without sus-

pension. Finally, the 110-15 is an intermediate size, 

that is competing in a market situation where an automatic 

transmission would give it a decided advantage. 

Original testing was done by the Clark Construction 

Machinery Division (CMD) in Benton Harbor, Michigan. The 

major test emphasis at CMD was on clutch sequencing and 

lockup overlap due to dropout delay. With the original 

setup, the low-low and lockup clutches required more flow 

than did the other clutches. The original system used two 

large capacity solenoid valves for these two clutches. 

These large solenoid valves were not interchangeable 

with the others and drew high current which required dif-

ferent drive devices. The were changed by CMD to a 

31 
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smaller size, interchangeable with the rest. A relay valve 

was used for lockup and a relay spool in the transmission 

end cap was used to control the low-low clutch. 

It became apparent that the oil flow capacity was not 

sufficient for certain shifts. Shifts from even to odd 

numbered gears required pressurization of two clutches. A 

shift from an odd to an even numbered gear only required 

pressurization of one clutch. When shifting into an odd 

numbered gear, pressurization of both clutches required 

all available oil flow. When lockup was then activated, 

it required more oil flow than was available, and caused 

a sharp drop in pressure of the two clutches just acti-

vated. This caused a momentary loss of power flow which 

was regained when the pump made up the required volume. 

The lockup relay valve was moved closer to the converter. 

Its drain line was replumbed to dump directly into the 

converter housing rather than back to the transmission sump. 

This helped reduce lockup dropout delay. 

Two sets of lights were added in the vehicle cab for 

test purposes. One set indicates the transmission gear 

range and the other indicates the transmission control 

lines which are pressurized. 

Some adjusting of shift points was done at CMD. All 

points were adjusted upward from the original theoretical 

setting except the 1-2 and 2-3 shift points. These were 
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adjusted downward by "seat of the pants" feel. When the 

autoshift 110-15 could outperform the powershift 110-15, 

the autoshift 110-15 was sent to Lubbock for more extensive 

testing and system optimization. 

The most difficult task was system optimization. 

What criteria should judgements be based on? With no past 

experience in this area, a fundamental analytical approach 

was taken. The addition of the autoshift feature should 

increase overall machine performance. The autoshift 

directly affects drivetrain behavior, but indirectly 

affects hydraulic performance through variations in engine 

speed and torque available for pumps. While individual 

systems must be studied, their effect on total vehicular 

performance must be considered. 

In the overall picture, in order to maximize tons 

of dirt per hour moved, three operational requirements are 

necessary. First, the unit must load as quickly and effi-

ciently as possible. This is basically dependent on over-

all machine configuration, and elevator performance. 

Transmission control affects this in a manner which will 

be discussed later. Second, the unit must accelerate as 

rapidly as possible out of the cut and maintain a maximum 

travel speed during the haul, dump, and return portions of 

the cycle. Third, the system must be reliable. Downtime 
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for a piece of heavy equipment can cost hundreds and even 

thousands of dollars per hour in lost production. 

The second factor was chosen as a logical starting 

point. If travel performance could be optimized, the other 

two factors could be handled at a later date. This phase 

of testing was based on a single fact which was always kept 

in mind throughout all phases of testing: To maximize 

acceleration, horsepower input to the drive axle pinion 

must be as great as possible. Therefore, horsepower was 

the first area of study. 

In order to measure axle input horsepower, the lower 

propeller shaft was removed and instrumented as follows: 

1. Transducer quality SR 4 torsional type strain 

gages were applied in a full bridge configuration to the 

reduced diameter solid section adjacent to the spline. 

Preliminary calculations indicated that further reduction 

of this diameter would not be necessary to obtain useful 

strain readings throughout all gear ranges. 

2. A sixty tooth gear was machined to a press fit 

on the larger diameter of the propeller shaft and installed 

towards the transmission end of the shaft. 

3. A four channel slip ring was mounted adjacent 

to the sixty tooth gear to carry the torsional signal off 

the rotating propeller shaft. FM-FM telemetry was consid-

ered, but decided against because battery life would be a 
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problem over the expected long durations of testing. Con-

tact noise associated with slip rings would not cause a 

problem because the raw torque signal would be filtered 

before further use. 

After applying and wiring the strain gages, the 

whole propeller shaft was placed between centers in a lathe 

and calibrated through the instrumentation to be used. 

Dead weights and measured lever arms were used to determine 

actual torque applied to the shaft. To further reduce the 

possibility of error due to electrical noise, a Hewlett-

Packard carrier preamplifier was used for signal condition-

ing. The DC strain signal due to actual torque applied 

was compared to the signal produced by a precision lOOk 

ohm shunt. The actual signal compared well with the cal-

culated value. This further demonstrated that the torque 

measured in this manner was indeed accurate. With the 10Ok 

shunt calibration value thus established and verified, 

future calibration checks could be made with the propeller 

shaft installed in the machine using only the shunt cali-

bration resistor. This resistor was installed in the 

preamplifier circuitry, with a pushbutton switch for con-

venience. 

To provide a speed signal, a magnetic pickup was 

mounted on a member welded between suspension beams. To 

minimize any propeller shaft torque or speed anomolies. 
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the suspension system was bottomed out and welded solid. 

Because the U-joints are not constant velocity types, the 

center section of the propeller shaft undergoes rotational 

speed changes every revolution, with a fixed or constant 

input speed. The magnitude of these speed changes depends 

upon the angle at which the shaft is driven through the 

joint. If the angle is constant, these speed changes are 

constant and could be easily handled in analysis. If the 

suspension was allowed to operate, the angle would be con-

stantly changing. This would make drive train speed analy-

sis more complicated. 

A sixty tooth gear was chosen for the speed pickup 

because it generates a frequency equal to the rotational 

speed in revolutions per minute of the shaft. This allows 

shaft speed in rpm to be read directly on a counter. The 

variable reluctance magnetic pickup used with the gear was 

of the digital output type. A digital magnetic pickup 

produces a fast rise time pulse for each gear tooth that 

crosses the pole piece. The amplitude of the pulse train 

is proportional to the supply voltage provided to the pick-

up and independent of the speed at which the gear tooth 

passes the pole piece. This makes control of the output 

amplitude to match input requirements of other instrumen-

tation simply a matter of regulating a supply voltage to 

the pickup. The output of the magnetic pickup was fed to 
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a frequency to voltage converter. The converter was 

designed and calibrated for a 0 to 10 V DC output, 10 volts 

being full scale output for a 5,000 rpm input signal. 

Prior to each test run, this calibration was checked by 

applying a signal from the function generator whose fre-

quency output was monitored by the counter. This frequency 

to voltage converter output was then measured, to 0.0001 

volts, on the digital voltmeter and adjusted as necessary. 

The DC output of the frequency to voltage converter 

was then used to drive two other devices. A medium gain 

DC preamplifier was used with the eight channel recording 

system to convert this voltage to an ink recording of the 

lower propeller shaft speed. The signal was also fed to 

analog multiplying module. Its use will be explained 

later. 

As mentioned previously, the torque signal was proc-

essed with a carrier preamplifier. This raw torque signal 

was recorded on the eight channel strictly as an indication 

that everything was working properly. The preamplifier has 

a front panel output jack. The DC torque signal was taken 

from this jack and heavily filtered (10,000 uF). This fil-

tered torque signal was also fed to the analog multiplying 

module. Thus, lower propeller shaft speed and torque were 

measured and multiplied together electronically. The DC 

product of the two was then scaled to engineering units of 
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horsepower by a second medium gain DC preamp. This most 

important information was then recorded on the eight 

channel system with a scaling factor of 25 horsepower per 

major division. Full scale channel width is ten major 

divisions and net engine horsepower is 250. Therefore, 

full scale pen deflection would indicate maximum engine 

horsepower was reaching the drive axle. Due to normal 

drivetrain losses and hydraulic horsepower demands, this 

was never the case. 

The fourth parameter recorded was engine speed. 

This was done exactly as in the case of the lower propeller 

shaft speed. A sixty tooth gear was mounted on the engine 

crankshaft front pulley. The speed signal was sent, via 

magnetic pickup and frequency to voltage converter, to a 

third medium gain DC preamplifier. This was scaled to 250 

rpm per division. Ten division full scale was the equiva-

lent of 2,500 rpm. Governed engine speed was 2,100 rpm, 

so this allowed some headroom for overspeed conditions, 

while maintaining sufficient pen deflection to allow read-

ing of the trace to about 10 rpm resolution. 

The transmission splitter clutch control pressure 

was sensed by a full bridge type pressure transducer. 

Signal processing was through a carrier preamplifier. 

One hundred thousand ohm shunt calibration was used on 

this and all other pressure transducers. 
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Lockup clutch pressure was sensed by a pressure 

transducer also. Lockup clutch pressure and splitter 

clutch pressure were recorded on adjacent channels with 

the same scale of 50 psi per major division pen deflection. 

This made it easy to determine if the lockup clutch was 

fully released before a splitter change took place. Pres-

sure on the lockup clutch must drop to a point low enough 

to allow slippage before the splitter clutch pressure is 

high enough to lock the clutch up. If this is not the 

case, the transmission will be shifting against a solid 

converter, and the resulting severe shift shocks may cause 

transmission damage and structural damage to the unit. 

To measure these shift shocks, an accelerometer was 

mounted on the frame rail between transmission mounts. 

This was later moved to the operator's compartment in an 

effort to determine what levels of acceleration are objec-

tionable to the operator. The accelerometer used was a 

full bridge single axis transducer. Signal conditioning 

was through a carrier preamplifier, and the resulting 

signal output was recorded on the eight channel ink 

recorder. 

Finally, the splitter clutch drive signal from the 

logic system was used to drive an event marker on the right 

side of the recording paper. The left side was used for 

timing marks at one second intervals. The logic splitter 
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drive output is a 24 volt signal. The event marker 

required a one to five volt input signal, so a high 

impedance voltage divider was used to obtain the correct 

voltage level. This had the added advantage of reducing 

loading on the splitter drive output circuitry, so tran-

sient effects due to instrumentation connections were 

reduced to a level which could be ignored. 

This completes the instrumentation required for drive 

axle pinion input horsepower. Two-way communication 

between the test van and the machine operator was 

established for both convenience and safety reasons. Telex 

boom microphone headsets were used with an Archer stereo 

amplifier, and a power supply and impedance matching cir-

cuitry designed and built by the author. 

Horsepower was measured as follows: 

1. Unit was fueled and loaded with material. Gross 

weight was measured on Fairbanks-Morse scales, so it could 

be duplicated in future runs. 

2. Loaded, instrumented unit and test van were taken 

to the level asphalt test surface. All hookups to the van 

were made and all instrumentation was balanced and cali-

brated. 

3. Unit was thoroughly warmed by stalling the con-

verter and operating the hydraulics at relief pressure. 
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4. The scraper bowl was fully raised, cab control 

was placed in eighth gear position, and the brakes were 

released. 

5. Full throttle was applied and the unit was 

allowed to shift up through the gears as it accelerated. 

6. Eighth gear was reached and maintained for 

approximately ten seconds. Brakes were applied to slow the 

machine. Full throttle was maintained as the machine was 

slowed and forced to downshift. 

Thus, horsepower was measured as the unit accelerated 

through its travel speed range. Braking (No. 6 above) pro-

duced an effect similar to the unit ascending a hill steep 

enough to require downshifts to the lower gears. Horse-

power testing was used primarily to set the shift points, 

and to adjust lockup timing and modulation. 

Next, the autoshift unit was compared to a powershift 

unit in acceleration. The autoshift unit was timed from a 

standing start, shifting automatically, to various dis-

tances up to 1,500 feet. This information was plotted on 

rectangular coordinate graph paper to produce an accelera-

tion curve. Three experienced, unbiased operators were 

tried out for operation of the powershift unit down the 

acceleration course. The operator who could consistently 

tum the lowest elapsed time accelerating from a stop to 

1,000 feet was given the job. The powershift unit was 
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shifted manually and timed down the course to 1,500 feet. 

This information was then plotted on the same graph as the 

autoshift. The two curves indicate the relative performance 

of the two machines. The acceleration test was performed 

on both units, loaded and empty. 

Loading performance of the autoshift and powershift 

units was evaluated next. Figures indicative of loading 

performance are as follows: 

1. Load time in seconds. Assuming equal payloads, 

a lower loading time indicated either a better operator or 

better machine performance. 

2. Loading rate in pounds per second. This figure 

tells how fast a machine loads material into its bowl. 

The same operator was used for all phases of loading 

performance to keep differences in operator skill from 

affecting the data. Load times were determined by the 

average of twenty timed loads. Loading rate was determined 

by stopping the elevator just before the bowl was full. 

Elapsed time form start of the load to shutoff was meas-

ured. Loading was stopped early to prevent dirt from 

spilling over the sides and thus not being counted with 

subsequent weighing. Front and rear axle weights were 

measured after each load, and added to obtain a gross 

weight. Several empty weighings were taken and averaged 

to obtain an average empty weight. The average empty 
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weight was then subtracted from each gross weight to obtain 

a payload weight. Payload weight divided by load time 

equals loading rate. It must be noted that the loading 

rate figure is very dependent on material density. The 

loading area was skimmed of all dry material prior to test, 

to obtain material of uniform moisture content. 

A high performance elevator program was initiated 

using the autoshift machine shortly after horsepower test-

ing began. The elevator difference then made it impossible 

to actually compare between two different machines, so 

from that point on, the comparison was made by operating 

the autoshift as a powershift unit. The autoshift was 

inhibited in each gear and shifted manually up or down. 

The final phase of performance testing was modula-

tion of the lockup clutch. As previously mentioned, lockup 

modulation is desirable to reduce shift shock. The smoother 

shift is less unpleasant for the operator and reduces the 

peak stresses in drivetrain components. 

The unit arrived in Lubbock without lockup modula-

tion. A modulating valve was installed near the converter, 

but the modulating spool was held fully shifted open with 

a solid rod. Horsepower testing was done without modula-

tion. When the shift points had been established, the 

solid rod in the modulating valve was removed and replaced 

with the springs that were supposed to control modulation. 
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Lockup clutch pressure was sensed with the same 

transducer used in the horsepower set up. Initial investi-

gations were done in the Engineering Lab with the tractor 

on a stand allowing the wheels to turn free. This allowed 

measuring of the pressure profile and easy access to the 

valve for spring or orfice changes. When the pressure pro-

file seemed correct, the unit was then taken to the accel-

eration strip for evaluation. It was found that "seat of 

the pants" feel was the best way to evaluate the effect of 

modulation on shift smoothness in the operator's compart-

ment. 

Finally, in the area of performance evaluation, a 

group of about twenty Clark sales personnel and scraper 

experts were invited to Lubbock to demonstrate the auto-

shift machine and other improved units. They were asked 

to operate the unit under varying terrain conditions and 

to load Amarillo fine sandy loam and Randall clay (gumbo). 

Their comments were noted. 

Endurance Testing 

Some phases of endurance testing began simultaneously 

with performance testing. One early area of concern was 

the solenoid valves used in the electrohydraulic interface. 

As might be expected, the environment around a scraper 

transmission is hostile. Air temperatures range upward to 
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180° F. Hydraulic oil flowing in transmission circuits may 

average 180° F with peaks to 250° F. Add to this, the dirt 

and vibration, and the requirements that some solenoids 

may be virtually continuously energized, while others, such 

as the lockup solenoid, experience relatively high cycle 

rates, and demands made of the solenoid valves are very 

severe. 

A program was set up to evaluate several model sole-

noid valves from several different manufacturers. The 

valves tested were as follows: 

1. Versa pilot operated 24 volt, potted 

2. Parker Hannifin 24 volt, standard 

3. Parker Hannifin 36 volt, potted 

4. Fluid Power 24 volt, potted 

5. Fluid Power 24 volt, potted, high temperature 

version 

Two types of testing were required. Cyclic testing 

was necessary to measure the speed of the valve and to 

ascertain its mechanical integrity. Constant energization 

was necessary to determine the life of the coil assembly. 

All tests were conducted in a controlled environment cham-

ber in which the air temperature was maintained at a con-

stant 180° F. A Murphy temperature gage with a high alarm 

switch was used to control a relay which switched 110 volt 

heat lamps on or off. A heating plate provided enough 



46 

heat to maintain the chamber about 90° F above ambient. 

The heat lamps provided the remainder of heat necessary to 

hold a constant 180° F. Chamber temperature was recorded 

on a Weksler 24-hour temperature recorder. 

Hydraulic oil temperature was generally maintained 

at 180° F, but during cycle testing it was occasionally 

varied from 150° F to 250° F. Pressure was usually run at 

225 psi, which is the transmission working pressure. Some 

cyclic testing was done at higher pressure as indicated 

in the "Results" section of this paper. Ten micron filter-

ing was provided in the hydraulic power supply. This was 

the same filtering as on the actual unit. 

The electrical supply was always maintained at two 

to three volts over the nominal 24 volts, as a scraper 

electrical system usually runs at this voltage. Portions 

of the constant energization test were run at 28 volts to 

provide a more severe, or accelerated test of insulation 

and bobbin materials. 

The cyclic testing procedure was as follows: 

1. All solenoid valve blocks were connected to the 

hydraulic power supply. An eight outlet manifold was 

plumbed to the outlet of a large Versa valve. Pressure 

switches mounted on this manifold were used to control all 

other solenoid valves. The function generator controlled 

a transistor power switching box which operated the large 
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Versa valve. The power switching box was supplied with 

26 volt DC power from a 10 amp unregulated supply. 

2. The function generator was operated in the 

variable duty cycle pulse mode. Duty cycle was set to 

approximately 60% "on" and 40% "off." Speed setting was 

between two and three Hertz for the first million cycles, 

and between five and fifteen Hertz for the second million. 

After two million cycles, the function generator was oper-

ated in the square wave mode at the rate of one Hertz. 

3. All valves being cycled had pressure switches 

mounted on their outlet ports which operated lights outside 

of the environment chamber. This allowed system operation 

to be observed for failures. Two twenty ohm, five watt 

power resistors were installed in the ground leg of the 

light circuits. This reduced the current through the pres-

sure switch contacts and through the lamp filament, in an 

effort to increase the life of these components, which were 

not under test. If a light failed to operate, it and the 

pressure switch operating it were checked first. If these 

parts were operational, the solenoid coil resistance was 

checked and the valve disassembled and inspected. 

4. Cycles of operation were counted on the Hewlett-

Packard counter. A signal was taken from the function 

generator synchronizing pulse output jack for counting. 
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Constant energization was just that. All solenoid 

coils were connected directly to the DC power supply. The 

DC supply was run through a 10 ampere shunt so that current 

could be monitored with a 50 millivolt analog meter. A 

change in current indicated a change in one or more coil 

resistances. An hour meter was connected to the shunt to 

record hours of energization. The constant energization 

setup was run 16 hours per day when two shifts were run in 

the Engineering Laboratory. All other times, it was run 

9 hours per day. Initial heatup of the chamber and coils 

to the 180° F operating temperature took about two hours. 

Periodically, during the constant energization test, the 

resistances of the solenoid coils were accurately measured. 

The purpose of this was to determine if failure could be 

predicted by long-term changes in coil resistance. 

Another phase of endurance testing was continuous 

cycling of the logic circuitry. This was done with the 

system installed on the machine, so that all system inter-

faces would be the same as a production type installation. 

The speed input was provided by the function generator, 

which was set to produce the same waveform produced by the 

magnetic pickup on the transmission. The output frequency 

was swept from 0 Hertz to 2,500 Hertz at a sweep rate of 

about 0.1 Hertz. The setup was run day and night for 75 

consecutive hours. This produced 27,000 complete cycles 
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or 378,000 shifts. This number of shifts is roughly equal 

to those that would occur in 2,500 hours machine operation, 

Finally, the unit was given to the City of Lubbock, 

Parks Department, to be operated on an actual job site. 

The job the machine was used on is called the Canyon Lakes 

project. The material varied from gumbo to sandy loam to 

caliche and the terrain was rough and rugged, with steep 

grades to be ascended and descended. Due to the need for 

the machine back in the Engineering Laboratory for further 

elevator modifications, the time spent at the Canyon Lakes 

Project was limited to one week. This did, however, show 

up one previously unnoticed problem, and provided an excel-

lent opportunity to listen to operator comments. 

TEXASTECHLIBRARY 



CHAPTER V 

TEST EQUIPMENT 

Machine Data 

The machine on which the automatic transmission con-

trol system was installed was a standard Michigan 110-15 

Elevating Scraper, serial number 224A12 8. It was a medium 

size unit with a powertrain representative of models of 

both larger and smaller capacity. The unit was equipped 

with a "Hydraride" suspension that allowed higher travel 

speeds over rough terrain. A photograph of the test unit 

is shown in Figure 5. Unit specifications are listed 

below. 

Engine 

Make 
Model 
Governed RPM 
Maximum HP 

Maximum Torque 
Bore and Stroke 
Displacement 

Torque Converter 

Make 
Model 
Wheel Size 
Drive Ratio 
Pump Drive Ratio 
Torque Ratio 

Detroit Diesel 
6V71T, N-70 injectors 
2,100 
250 @ 85° F ambient & 500 foot 
elevation 
690 foot pounds @ 1,400 rpm 
4.25 inches x 5.00 inches 
426 cubic inches 

Clark 
CL-8502-6 
15 inches 
1.118:1 underdrive 
1.057:1 overdrive 
3.02:1 at stall 

50 
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Make 
Model 
Gear Ratios 

low-low 
Ist 
2nd 
3rd 
4th 
5th 
6th 
7th 
8th 
Ist reverse 

C l a r k 
C-

IC 
4 . 
3 . 
2 . 
1 . 
1 . 

« 

• 

« 

4 . 

- 5 9 2 1 - 1 

) . 0 0 : 1 
, 0 9 : 1 
1 1 : 1 
2 7 : 1 

, 7 3 : 1 
2 9 : 1 

, 9 8 : 1 
7 2 : 1 

, 5 5 : 1 
0 9 : 1 

Drive Axle 

Make 
Model 
Reduction 

Track Width 
Brakes 

Clark 
D-37500 limited slip 
Differential - 5.429:1 
Planetary - 4.125:1 
Total Ratio - 22.393:1 
82 inches 
Disc, two heads per disc 

Propeller Shafts 

Upper 
Lower 

7C 
8.5C 

Tires 

Make 
Model 
Size 
Ply Rating 
Static Load 

Radius 
Rated load at 

30mph & 45 psi 

- Goodyear 
- Sure Grip Lug 
- 26.5-25 

- 24 

- 30.9 inches 

- 20,080 pounds 
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General Dimensions 

Length - 34 feet 
Width - 9 feet, 6 inches 
Height - 10 feet, 3 inches 
Wheelbase - 21 feet, 7 inches 

Weights (Approximate) 

Empty Total - 46,360 pounds 
Rated Load - 36,000 pounds 
Gross - 82,360 pounds 
Distribution - Empty - 70% front, 30% rear 

Loaded - 52% front, 48% rear 

Instrumentation 

Instrumentation used in this research was quite 

extensive. The most powerful and versatile piece of equip-

ment was the $16,000.00 ink recording system which provided 

the capability of recording most of the physical phenomena 

of interest. Both carrier and DC signal conditioning was 

available. Timing marks at one second, or one minute inter-

vals were placed on the left side of the chart and event 

marks were placed on the right side. Between these two 

pens were eight data channels with closed loop rectilinear 

writing pens. 

The voltage and frequency standard used was the 

counter-timer-digital voltmeter (DVM). In the DVM mode, 

this nine digit instrument had the capability of measuring 

DC voltages to 0.0001 volt with an accuracy of 0.04% ĵ  

count. Its counting and timing functions were of similar 
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accuracy and resolution with counting and timing speed up 

to fifty megahertz. 

The eight channel equipment, the counter-timer-DVM, 

and the two-way communications amplifier were permanently 

mounted in a 19-inch ceiling to floor rack in the test 

van. An auxilliary generator provided 110 VAC power for 

lights and instrumentation. Remote control of the record-

ing equipment was provided by a panel, designed by the 

author, mounted in the dash of the van. Fourteen channels 

were wired from the equipment rack to two 35 conductor con-

nectors mounted on the outside of the van. Eight channels 

were used for ink recording, four channels for lightbeam 

recording, one channel for two-way communication, and one 

channel was auxilliary for such uses as automatic event 

marking. Total value of the van and instrumentation was 

slightly over $40,000.00. 

A complete list of instruments and transducers used 

in this research appears in Appendix B. 



CHAPTER VI 

RESULTS AND ANALYSIS 

Most of the large volume of data generated in the 

course of this project was recorded on the eight-channel 

system, and is contained on approximately 400 feet of 

eight-channel paper. Due to the impracticality of present-

ing this quantity of data, only typical recordings are 

exhibited in Appendix C. It must be emphasized that Appen-

dix C contains only typical recordings because much of the 

pertinent data was contained on recordings not suitable for 

inclusion in this paper. Wherever possible, the recordings 

in Appendix C very closely match the actual data which will 

be discussed. Some of the information has been extracted 

from these recordings and appears in tabular form on the 

following pages. Other data has been plotted as graphs for 

the convenience of the reader. Some of the measurements 

made in the course of this study are not appropriate for 

either tabular or graphical presentation and are therefore 

included in the text of the following discussion. 

The original shift point settings of Table 1 were 

not correct for use of lockup. They were probably calcu-

lated for a powertrain that was to be run in converter 

drive only. This was obvious immediately after installation 

55 
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TABLE 1 

ORIGINAL SHIFT POINT SETTINGS, 25 FEBRUARY 197 4 

Range Change ô f̂!Î̂ ^̂ „̂,A 
Speed (rpm) 

1-2 . . . . 298 

2-3 . . . . 394 

3C-3L* . . . N.A. 

3-4 . . . . 538 

4-5 . . . . 709 

5-6 . . . . 945 

6-7 . . . . 1,247 

7-8 . . . . 1,701 

_, „ , Shaft 
Range Change _ , , . 

^ Speed (rpm) 

2-1 . . . . 257 

3-2 . . . . 350 

3L-3C* . . . N.A. 

4-3 . . . . 462 

5-4 . . . . 615 

6-5 . . . . 811 

7-6 . . . . 1,107 

8-7 . . . . 1,460 

*3C refers to third gear converter drive and 3L 
means third gear, converter lockup. 
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and initial operation of the system, and several shift 

point changes were made at CMD, with the shift points 

finally being set as shown in Table 2. During this initial 

phase of testing, a considerable amount of work was done 

with the hydraulic portions of the system. Pressure traces 

of the clutch and control line pressures were run to evalu-

ate clutch timing. From these traces, it was seen that 

several plumbing changes were necessary. Hose sizes and 

routings were changed. As mentioned in Chapter IV, the 

original setup used large capacity solenoid valves for 

low-low and lockup functions. These were changed to 

smaller size, interchangeable valves and an accumulator 

was added. The unit arrived in Lubbock with the hydraulic 

circuit performing as it should, with the exception of the 

lockup modulation, which will be discussed later in this 

paper. 

Axle input horsepower was the most time consuming, 

detailed, exacting part of the entire test program—and 

probably the most important. The very first run yielded 

such a volume of information, that several days were 

required to properly sort through and analyze the record-

ings. The first and most obvious observation was the saw-

tooth profile of the horsepower trace, as shown in 

Figure 10, in Appendix C. The shape of each cycle was 

obviously due to the effect of the filter capacitor on the 
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TABLE 2 

SHIFT POINT SETTINGS AS CHANGED BY CLARK 
CONSTRUCTION MACHINERY DIVISION 

6 JANUARY 1975 

Range 
Change 

1-2 

2-3 

3C-3L 

3-4 

4-5 

5-6 

6-7 

7-8 

Shaft Speed (rpm) 

Desired 

200 

360 

500 

640 

840 

1,125 

1,490 

2,040 

Actual 

192 

350 

490 

629 

827 

1,114 

1,477 

2,018 

Range 
Change 

2-1 

3-2 

3L-3C 

4-3 

5-4 

6-5 

7-6 

8-7 

Shaft Speed (rpm) 

Desired 

170 

312 

440 

600 

805 

1,075 

1,450 

1,995 

Actual 

168 

310 

433 

589 

801 

1,077 

1,443 

1,981 
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output of the torque signal conditioning preamplifier, but 

the amplitude variations were definitely due to machine 

phenomena. These cyclic variations also occurred in the 

lower propeller shaft speed and engine speed, at the same 

frequency. As the lower propeller shaft speed decreased, 

horsepower increased; that is, the two traces were 180° 

out of phase. The engine speed trace looked like an under-

damped oscillation after each shift. All of this indicated 

considerable torsional flexibility in the drivetrain. From 

the relation between lower propeller shaft speed variation, 

engine speed variation, and transmission gear ratio, it 

could be seen that most of the torsional displacement was 

in the axle shafts between the differential and the 

planetary final drives. This served a useful purpose in 

absorbing drivetrain shocks, but made handling of the trans-

mission output speed more difficult. 

The next observation was engine flare-away, or 

governor overshoot, due to clutch underlap. Underlap 

occurs when one clutch is released before the next clutch 

is applied. This produces a brief period when the trans-

mission is not in any gear. If the engine is under load, 

more fuel is being delivered than is necessary to maintain 

the same speed without load. In engine flare-away, the 

load is released and the engine speed increases faster than 

fuel delivery can be reduced. Then, just about the time 
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the governor has cut back fuel delivery, the load is 

reapplied. Engine speed is pulled down faster than the 

govemor can increase fuel delivery. This results in 

unnecessarily large variations in engine speed. In some 

engines, the rate of fuel delivery change is controlled by 

a dash pot to reduce engine smoke. This type of governor 

is particularly adversely affected by clutch underlap. 

The ideal clutch timing would have the oncoming clutch 

picking up the load as the offgoing clutch is releasing. 

This provides a continuous, smooth flow of power into the 

transmission. Modern automobile automatic transmissions 

do an admirable job of clutch sequencing, which results in 

exceptionally smooth shifts. 

Lockup, without modulation, applied differently in 

third gear than all subsequent gears, as can be seen in 

Figure 11. This was due to initial clutch fillup. Lockup 

dropout was 0.25 seconds, as was desired. Figure 12 shows 

lockup timing and dropout. The splitter signal from the 

logic has been moved from the right side to between the 

lower propeller shaft speed and torque traces to better 

show the timing of all the events measured. 

The recording shows gear change acceleration shock 

to be greatest when shifting into an odd numbered gear, and 

lockup shock to be greatest after 0.25 second dropout. 

When the two were combined, the greatest shock occurred at 
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the shift from fourth to fifth gear. Empty shock was 

greater than loaded shock because the added weight when 

loaded absorbed much of the energy dissipated. 

In an effort to gain a feel for the effect of chang-

ing the shift points on machine performance, the shift 

points were set both higher and lower than the Table 2 set-

tings, as shown in Table 3. The A.M. settings were too 

high to allow the unit to shift to eighth gear, so they 

were lowered by one-half turn of the frequency to voltage 

converter adjustment potentiometer to give the settings 

listed as P.M. These produced better results than the 

Table 2 settings. 

Referring to the horsepower traces, Figures 10 and 

11, it can be seen that the horsepower reaching the axle 

was extremely low while in converter drive (until lockup 

was first applied). Part of this was due to the afore-

mentioned dashpot on the engine fuel system delaying full 

fuel delivery several seconds, but the important loss was 

in the converter. Careful study of the engine speeds, 

lower propeller shaft speeds, and transmission gear ratios, 

indicated that the converter speed ratio just prior to the 

shift into second gear, and the latter portion of the tirr,e 

in second gear (about two major time divisions) was above 

0.90. Referring to Table 4, it can be seen that converter 

efficiency at these speed ratios is very poor. 



TABLE 3 

FIRST SHIFT POINT CHANGES IN LUBBOCK 
30 APRIL 1975 
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Range 
Change 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

Shaft Speed (rpm) 

A.M. 

187 

360 

643 

843 

1,143 

1,540 

2,096 

P.M. 

179 

348 

615 

818 

1,100 

1,470 

2,020 

Range 
Change 

2-1 

3-2 

4-3 

5-4 

6-5 

7-6 

8-7 

Shaft Speed (rpm) 

A.M. 

165 

320 

611 

812 

1,110 

1,496 

2,072 

P.M. 

158 

304 

589 

775 

1,065 

1,434 

1,973 

NOTE: P.M. shift points were changed from A.M. 
values by 1/2 turn clockwise of frequency to voltage con-
verter potentiometer. 



63 

TABLE 4 

TORQUE CONVERTER POWER ABSORPTION 
CHARACTERISTICS 

Speed Ratio 

0.000 

0.100 

0.200 

0.300 

0.400 

0.500 

0.600 

0.700 

0.800 

0.850 

0.865 

0.917 

1.003 

Torque Ratio 

3.090 

2.896 

2.615 

2.270 

1.930 

1.654 

1.427 

1.229 

1.008 

0.878 

0.835 

0.663 

0.000 

Efficiency 

0.0 

29.0 

52.3 

68.1 

77.2 

82.7 

85.6 

86.0 

80.6 

74.6 

72.2 

60.8 

0.0 
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As a further study of the lower gear shift points, 

engine speeds were charted as shown in Table 5. "Initial 

Speed" in each gear was the average engine speed one-half 

second after splitter change in converter drive, or one-

half second after lockup pressurization in lockup drive. 

"Speed at Shift" was the engine speed at the time the logic 

splitter signal changed states. High idle for this engine 

was measured to be 2,320 rpm. The transmission must 

upshift before this point is reached, or loss of power due 

to reduced fuel delivery will occur. Noting the average 

speed at shift in third gear, it can be seen that the third 

to fourth upshift point should be lowered. Lowering the 

second to third shift point to correct the converter speed 

ratio problem must not cause the engine to lug. Table 5 

indicated that the initial engine speed in third gear was 

the highest of all gears, so it could safely be assumed 

that a moderate reduction of shift point speed would not 

cause the engine to lug. On this basis, the lower three 

upshift points were lowered as indicated in Table 6. 

Because the average speed at shift in fourth and fifth 

gear was only 10 rpm below high idle, these upshift points 

were lowered slightly also. 

A horsepower recording was run with the lowered 

shift points. Horsepower and lower propeller shaft speeds 

were taken from this and the previous recording, and 
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TABLE 5 

ENGINE SPEED 7 MAY 1975, WITH UPSHIFT POINTS 
AS SET 30 APRIL 1975, P.M. 

Gear 

1 

2 

3 

4 

5 

6 

7 

8 

Initial Speed 

North 

550 

1,830 

2,230 

2,070 

1,935 

1,870 

1,740 

1,760 

South 

550 

1,830 

2,200 

2,080 

1,930 

1,875 

1,760 

1,780 

Average 

550 

1,830 

2,215 

2,075 

1,932 

1,872 

1,750 

1,770 

Speed at Sh 

North 

1,830 

2,225 

2,370 

2,320 

2,320 

2,305 

2,300 

South 

1,830 

2,220 

2,370 

2,300 

2,300 

2,290 

2,285 

ift 

Average 

1,830 

2,222 

2,370 

2,310 

2,310 

2,298 

2,292 

NOTE: Runs were made headed north and south to 
offset the effects of the wind. 
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TABLE 6 

SHIFT POINT CHANGE, 3 JUNE 19 7 5 

Range Change Desired Actual Difference 

1-2 160 

2-3 300 

3-4 565 

4-5 810 

5-6 1,110 

6-7 1,475 

7-8 2,020 

156 

300 

565 

802 

1,112 

1,475 

2,021 

-4 

0 

0 

-8 

-»-2 

0 

+ 1 
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plotted versus time on rectangular coordinate paper as seen 

in Figure 6. On the recordings, horsepower was "averaged" 

by drawing a straight line f rom the zero time and horse-

power point to the point where horsepower crosses the five 

second line. Areas above and below this line appeared near 

equal. Lower propeller shaft speed was smoothed only where 

gross irregularities following a shift would result in mis-

leading information. On Figure 6, the "A" lines are from 

the earlier recording and the "B" lines are from the 

lowered shift point recording. Shift points can be seen 

as abrupt deviations in lower propeller shaft speed rate 

of change. Superiority of the "B" performance is clear in 

Figure 6. 

Table 6 shift points resulted in a better horse-

power trace, but a slight dropping off of horsepower just 

prior to the shift into eighth gear was noticed. Reduction 

of the seventh to eighth point from 2,020 rpm to 2,010 rpm 

prevented this. Moving the first to second shift point to 

160 rpm "felt" too low. It was lower than the point an 

operator would normally shift into second gear. An 

increase to 170 rpm still produced an acceptaúale horsepower 

trace. 

Upshift points were now set for maximum horsepower 

delivery to the axle. Downshift points were then studied 

in a similar manner. Of particular concem in selecting 
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downshift points was engine lugging prior to the shift. 

Downshift points could not be set too close to the upshift 

points, or the drivetrain torsional flexibility would cause 

"hunting." Downshift points were selected as indicated in 

Table 7. 

After selection of upshift and downshift points, the 

autoshift machine was compared to the powershift machine in 

loaded and empty acceleration. The results of these tests 

are shown in Figures 7 and 8. It can be seen that empty, 

the autoshift traveled 100 feet further in 46 seconds than 

the powershift, and loaded, it traveled 160 feet further in 

56 seconds. Also, it can be seen that the powershift 

machine accelerated more rapidly than the autoshift for the 

first 20 to 30 feet. This was because the powershift 

machine could shift to second gear immediately after apply-

ing full throttle to gain a converter advantage while the 

engine was still coming up to full fuel delivery. To 

achieve the same effect with the autoshift unit, it would 

require lowering the first to second shift point from 170 

rpm to approximately 50 rpm. This would be unacceptable 

because the unit would tend to load in second gear at all 

times. Drivetrain power absorption would then be too great 

to allow the necessary hydraulic horsepower, required during 

loading, to be delivered to the pumps. Conversely, if the 

elevator hydraulics were absorbing fifty percent of the 
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TABLE 7 

SHIFT POINT CHANGE, 3 NOVEMBFR 19 7 5 

Range 
Change 

1-2 

2-3 

3C-3L 

3-4 

4-5 

5-6 

6-7 

7-8 

Shaft Speed (rpm) 

Desired 

170 

300 

415 

560 

810 

1,110 

1,475 

2,010 

Actual 

171 

301 

416 

558 

807 

1,112 

1,476 

2,005 

Range 
Change 

2-1 

3-2 

3L-3C 

4-3 

5-4 

6-5 

7-6 

8-7 

Shaft Speed (rpr) 

Desired 

160 

285 

400 

540 

790 

1,090 

1,455 

1,990 

Actual 

159 

284 

399 

541 

786 

1,093 

1,457 

1,984 
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engine's available torque, then the total reduction in 

second gear might not be enough to keep the machine moving 

forward. Therefore, it was decided to sacrifice some low 

speed acceleration for improved loading performance. 

At this point, several problems had appeared with 

the electronics and it was decided to study the logic 

system more closely. The first logic system included a 

second reverse gear. Since the transmission output speed 

sensor could not distinguish the direction of rotation, 

when sufficient reverse speed was attained, the logic 

would call for an upshift to second gear forward. This was 

possible because the control lever was not in the position 

which inhibited a shift to second gear forward (first 

gear). 

This second reverse gear feature was removed because 

of this problem and because it was not really necessary in 

scraper operation. The cab control was blocked out of the 

second reverse position and the associated Hall effect 

switch was removed. The second reverse logic was left on 

the circuit boards since some of the devices contained 

gates used in other systems as well as second reverse. 

It was found that some of the unused second reverse 

logic had hanging inputs. When a gate with a hanging input 

was on a device with an active gate, the following would 

occur: 
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The gate without the hanging input would operate 
normally. The hanging input gate would try to 
follow, because its input was not tied to any 
specific potential. This led to oscillation with 
the gate's own output driving the input. The 
oscillation would build to a point where the gate 
switching speed limited further increase. Any 
gates connected to the output of an oscillating 
gate were also driven at the oscillation fre-
quency. 

CMOS power consumption varies exponentially with the 

switching rate. At normal transmission sequencing speeds, 

power consumption is negligible, but megahertz switching 

of several gates was causing a current draw of several 

hundred milliamperes. This high current was drawn through 

a 30 ohm input resistor. The drop of 6 to 7 volts across 

this resistor reduced the 24 volt input to 17 or 18 volts. 

This was regulated to 15 volts by ua7815 device (voltage 

regulator) for the level detector system. The 7815 

requires an input of at least 18 volts to regulate properly. 

The CMOS devices operate properly on any supply between 3 

and 18 volts, but the level detector system is not CMOS. 

This poorly regulated supply voltage caused a change in 

shift point settings. This effect is seen in Figure 13 

in Appendix C. 

At this point, all possible second reverse components 

were removed from the circuit boards, and all remaining 

unused inputs were tied to Vss (low) or Vdd (high) . While 

these changes reduced the current draw, it was still 
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higher than it should have been. Circuit boards two and 

three contain many CMOS devices, which despite their many 

advantages, are extremely sensitive to static electricity. 

The high current draw was due to devices damaged by static 

electricity. Up to this point, no special precautions had 

been taken in handling the circuit boards or the CMOS 

devices. The combination of synthetic clothing fabrics 

worn by persons handling the CMOS devices and the low 

humidity in Lubbock probably produced enough static elec-

tricity to damage devices which survived handling in Michi-

gan. From this point on, CMOS devices were stored in the 

conductive foam in which they were shipped. Conductive 

plastic shorting strips were placed on the edge connectors 

of all circuit boards not installed in the logic box, and 

precautions to guard against static electricity were taken 

by all personnel handling the electronic components. 

Replacement of the devices damaged by static electricity 

further reduced current draw. The input resistor value 

was changed from 30 ohms to 15 ohms to increase the voltage 

supplied to the 15 volt regulator. 

Occassionally the transmission would hang in one 

gear. Turning the electrical power off and on again seemed 

to cure the problem temporarily. This was eventually 

traced to a device problem. The inverters and buffers used 

were Motorola MC 14009 and MC 14010, respectively, which 
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required supply voltage at two pins. If, for any reason, 

the voltage at these two pins was not exactly equal, the 

gate would latch, and not change states properly. Motorola 

was confronted with this problem and they recommended the 

devices be replaced with improved inverters and buffers, 

MC 14049 and MC 14050, which have single pin inputs and 

are not subject to the latching problem. These devices 

were installed in the logic system and no further latching 

has been observed. 

Another problem was recognized visually by watching 

the lights in the cab. Sometimes a solenoid light would 

flicker for a split second before turning on fully. Several 

times when other electronic problems were present, the gear 

range lights would glow dimly before coming on fully. Both 

the gear range light drivers and the solenoid drivers were 

Darlington devices with 51K ohm resistors in series with 

their bases. This resistor value should be lowered to 

1,500 ohms in future systems to drive the devices harder 

into full turn-on. 

The logic system housing was a sealed aluminum box. 

The top plate was covered with a layer of foam rubber to 

help stabilize the circuit boards and to hold them tightly 

down into the edge connector sockets. There was no cooling 

air flow through the box and the foam covered lid restricted 

heat transfer. The 15 volt regulator incorporated integral 
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thermal shutdown. The 15 ohm input resistor was a heat pro-

ducing device located next to the regulator. The solenoid 

drivers produced heat proportional to the current flowing 

through them. All electronic devices are sensitive to heat 

and are subject to malfunction from overheating. Therefore, 

careful control of the temperature of the inside of the 

logic box was necessary and location of heat producing com-

ponents was critical. 

To reduce heat problems, the input resistor was 

removed from the first circuit board and mounted on the 

fuse block in the bottom of the box. A heat sink was 

placed on the 15 volt regulator to reduce the possibility 

of thermal shutdown. The 24 volt solenoid coils were 

changed to 36 volt coils. The 36 volt coils have a 

slightly higher resistance which reduces the current flow-

ing through the solenoid drivers, and are more reliable, 

as will be explained later. Heat buildup and vibration 

within the box caused deterioration of the bond between the 

plastic card guides and the sides of the box. Future ver-

sions should be designed with close tolerance machined 

aluminum card guides. 

When all electronic operational problems had been 

recognized and corrected, the performance of several sec-

tions of the control system was evaluated. The first item 

was the output characteristics of the frequency to voltage 



78 

converter. This was done in the laboratory with the func-

tion generator, counter, and DVM. Figure 9 shows the 

results, and it is noted that the converter exhibited 

excellent linearity from 450 Hz to over 2,100 Hz. A defi-

nite "tailing off" below 100 Hz to about 0.55 volts 

existed, but since this was below all shift points, it was 

inconsequential. Response to a one decade step change in 

input frequency was measured on a scope and appears in 

Figure 9 also. Response appeared slow at the time, so 

further study was undertaken to more clearly define the 

problem, if any. 

Figure 14 shows a horsepower trace with the track and 

hold amplifier output voltage recorded adjacent to the 

propeller shaft speed. From a recording similar to this, 

values of these two quantities were picked off just after 

several shifts to determine the smoothing effects of the 

frequency to voltage converter with 33uF filter capacitors 

and the track and hold amplifier. A comparison of the per-

centage deviation between the propeller shaft speed and 

the track and hold output in Table 8 indicated that con-

siderable smoothing is present. Checking the output 

voltage with a fixed input frequency on a scope indicated 

negligible ripple at the upper frequencies, increasing to 

about 10 millivolts peak to peak at 100 Hz. 



79 

u 
Q) 
4-1 
U 
Q) 
> 
C 
o 
u 
Q) 

<T3 
4J 
f H 
O 
> 

o 
4-> 

u 
c 
o 
:^ 
cr 
Q) 
U 

M-l 

o 
cn 
u 

• H 
4J 
W 

• H 
>-l 
(U 
4J 
U 
1T3 

r; 
x: 
u 

4J 

4J 

c 

a\ 

•H 

uiOA - ^idxno 



80 

TABLE 8 

SMOOTHING EFFECTS OF THE FREQUENCY TO VOLTAGE COrNT.'ERTER, 
WITH 33 uF FILTER CAPACITORS, A^:D TRACK 

AND HOLD AMPLIFIER 

Range Change 

Data Sample Period (seconds) 

Propeller Shaft Speed (rpm) 

Track and Hold Outputs (volts) 

% Deviation 

5-6 

0.5 

1,775 

1,480 

1,627 

148 

9.10 

5.68 

5.45 

5.56 

0.12 

2.16 

6-7 

0.25 

2,210 

1,930 

2,070 

140 

6.76 

7.48 

7.21 

7.34 

0.13 

1.77 

7-8 

0.5 

2,900 

2,600 

2,750 

150 

5.45 

9.85 

9.65 

9.75 

0.10 

1.03 
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The reason for increased interest in front end 

response is because it was noted that in rapid deceleration, 

the transmission did not downshift as fast as it should. 

The digital portion of the signal processing, while not 

considered fast compared to computer signal processing, 

is extremely fast in contrast to mechanical functions. 

Therefore, the most likely area of sluggish performance 

was the front end. 

A filter was necessary to improve the quality of 

the frequency to voltage converter output by reducing 

ripple. It was also necessary to reduce the effect of 

drivetrain torsional flexing on the level detector system. 

However, excessive filtering results in lack of "crisp" 

response that detracts from the overall vehicle perfor-

mance. Figure 15 graphically shows the slow response to 

an abrupt frequency change. The filter capacitors were 

then changed to 15uF and the response recorded again. A 

definite improvement in speed is evident in Figure 16. 

Changing the capacitors to 5uF resulted in such severe 

hunting because of drivetrain torsional flexing that fur-

ther testing was not necessary. The reduction of the 

filter capacitor value from 33uF to 15uF resulted in an 

increase of downshift speed that was noticeable to an 

operator familiar with the autoshift machine. Occasional 

hunting occurred, particularly when pulling out of the 
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cut, loaded, and accelerating up a grade. It was hoped 

that lockup modulation could smooth shift shocks enough 

to prevent this. 

Loading performance testing revealed very little 

that was not already known. As mentioned previously, the 

first to second shift point affects loading performance. 

The compromise shift point of 170 rpm, selected during 

horsepower testing, proved to be quite acceptable from 

the loading performance standpoint. When in the unin-

hibited mode, loading usually began in second gear, and 

downshifted to first gear as required. This type of trans-

mission control during loading is often done manually by 

an operator in a powershift machine. The autoshift merely 

relieved the operator of the task of changing gear ranges 

while loading. Loading performance data is given in 

Table 9. 

Lockup modulation progressed through several stages. 

The unit arrived in Lubbock with a modulating valve with 

the spool blocked open with a solid rod. After horsepower 

testing, the solid rod was removed and the proper springs 

were installed. No amount of adjusting could make the 

valve operate to the author's satisfaction, so it was 

removed and a new valve was designed. Before the new valve 

was built, the Clark Equipment—Transmission Division 

announced availability of a suitable modulating valve, 
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TABLE 9 

LOADING PERFORMANCE 

Machine 

Powershift 
Standard Elevator 

Autoshift 
Standard Elevator 

Powershift 
High Performance 
Elevator 

Autoshift 
High Performance 
Elevator 

Gear 
Range 

1 

Auto. 

1 

2 

Auto. 

Load Time 
(Seconds) 

41.7 

40.3 

37.4 

37.0 

36.3 

Loadina Rate 
(Pounds per Second) 

806.9 

835.0 

899.7 

909.5 

927.0 

NOTE: Autoshift unit was loaded by placing the cab 
control lever in the eighth gear position and allowing the 
transmission to shift automatically between first and se-
cond gear ranges as ground condition required. 
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which was installed, and testing proceeded. Figure 17 

indicates that a controlled pressure profile was maintained 

but during the 0.25 second release period, pressure did not 

fall to zero as was desired. Minimum pressure remained at 

20 to 30 psi. A change in spring rate within the valve 

yielded a more desirable pressure profile, and reduced the 

"off" pressure to approximately one-half of the previous 

value. The reduced shift shock waS very evident at the 

operator's station. Endurance testing in the Clark Cor-

porate Laboratory and in the field will be required to 

determine if the lockup clutch life will be satisfactory 

with 0.25 second slip period provided by the modulating 

valve. A longer slip period would be desirable, but the 

author has serious reservations concerning clutch life with 

0.25 second slip. 

With the autoshift system now in the final stages of 

development, approximately twenty persons knowledgeable of 

scrapers were asked to operate the unit. All had operated 

the Caterpillar 623B with a hydraulic controlled automatic 

transmission. Without exception, each person preferred 

the performance characteristics of the 110-15 autoshift 

system. Most complained that it was still too slow down-

shifting during rapid deceleration. All expressed concern 

for the reliability and serviceability of the electronics 

used in this application. 
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Endurance testing began with cyclic testing of the 

five types of solenoid valves. The Parker Hannifin valves 

were the fastest with accurate actuation at speeds up to 

15 Hz. The Versa valves, which were the only pilot oper-

ated of the group, were the slowest. They began experienc-

ing occassional sticking at 280,000 cycles, which usually 

ceased when the cycle rate was slowed or the hydraulic 

supply was shut off. Of the six Versa valves tested, all 

exhibited sluggish action at the some time prior to one 

million cycles. It is doubtful that this was due to con-

tamination of the hydraulic oil. Increasing the hydraulic 

pressure to 600 psi caused numerous leaks and very poor 

performance of the valve. This valve is basically an air 

valve designed for service under 250 psi. 

The six Fluid Power and the six Parker Hannifin 

valves exhibited no deterioration of performance in one 

million cycles. One Fluid Power valve began sticking at 

1,350,000 cycles. Increasing the pressure to 600 psi did 

not affect performance of either make valve. The Parker 

Hannifin valves were the only ones operated at 2,000 psi. 

At this pressure, the 36 volt version began operating 

erratically. 

The Fluid Power valves are very simple in construc-

tion. Removal of one nut allows easy replacement of the 

coil assembly which is permanently sealed from the hydraulic 
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portions of the valve. In contrast, the Parker Hannifin 

valve is more complex, requiring five o-rings on each 

assembly. One o-ring is intended to prevent hydraulic oil 

from entering the coil area, but inspection frequently 

revealed hydraulic oil in the coils. The Fluid Power coil 

is built with internal grounding and a stud terminal. 

Parker Hannifin 24 volt lead wires exit together through a 

small grommeted hole. Experience has shown this to be a 

weak point as flexing at the grommet tends to crack the 

insulation allowing the wires to short together. This was 

improved upon with the introduction of their potted 36 volt 

coil. The lead wires were separated and exit through sepa-

rate holes. The lead wires are covered with a heavier 

insulating jacket and small strain reliefs are provided at 

the point of exit from the coil assembly. 

Perhaps the most significant problem emerging from 

solenoid valve testing was the greatly reduced service life 

of coils that were constant energized. This is important 

because there are several applications which require the 

solenoid coil to be energized most of the time. There are 

two possible approaches to this problem. One would be to 

cool the coil, which would be impractical. The second 

solution is to select a coil that will survive constant 

energization in a hostile environment. This can be accom-

plished by decreasing the amount of heat dissipated within 
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the coil, or designing the coil to withstand higher tem-

peratures. Designing a coil to withstand higher tempera-

tures requires use of high temperature insulation and 

bobbin material. 

High temperature insulation is one which maintains 

its electrical and mechanical properties at an elevated 

temperature; a temperature at which normal electrical var-

nish would have deteriorated. Fluid Power has a coil with 

200° C insulation and a 200° C epoxy bobbin which are 

called "Hi-Temp" coils. 

Coil failure is not an instantaneous occurrence. 

The insulation used on the windings of all standard coils 

tested appeared to be electrical grade varnish. Suffi-

ciently high temperatures over a period of time would 

deteriorate the mechanical and electrical properties of 

the varnish. Pressure and vibration then cause adjacent 

windings to move closer together, thinning the insulation, 

until a short occurred. This had the effect of reducing 

the number of turns by one, which reduced coil resistance 

slightly. As more turns shorted together and coil resis-

tance decreased, current draw increased. This dissipated 

still more heat within the coil. Eventually the coil wires 

would short to the case, burn themselves open, cause a fuse 

to blow, or the effective reduction of turns would no longer 

activate the valve. 
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Referring to Tables 10 and 11, it can be seen that 

there is considerable difference between the resistances 

of different manufacturer's coils. From Table 11 it can 

be seen that the lowest resistance coil had the lowest 

increase of resistance with temperature increase. Table 12 

lists coil life in hours when subjected to constant ener-

gization in the environment chamber. A typical environment 

chamber temperature recording appears on Figure 18. 

No failures were observed in the Versa coils. These 

coils were particularly well constructed. The windings 

consisted of about 3,000 turns of relatively small gage 

wire which results in a current draw of approximately 0.3 

ampere. The windings were very even and orderly and were 

vacuum encapsulated with the connection of the small gage 

wire to the larger vinyl insulated lead wire immobilized 

by the potting compound. This coil ran the coolest of any 

tested. 

The Fluid Power standard coils consisted of about 

1,900 turns of varnish insulated wire on a plastic bobbin. 

The winding was uneven and of varying density. The coil 

was installed in a metal case and poured full of potting 

compound. Voids existed in the potting compound. The coil 

drew about 0.8 ampere and ran about 70° above ambient. The 

"Hi-Temp" version was identical construction but used dif-

ferent materials as previously mentioned. 
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TABLE 11 

SOLENOID VALVE CHARACTERISTICS OF THREE 
STANDARD POTTED COILS - TEMPERATURE 

VERSUS RESISTANCE 

90 

Fluid Power 
24 Volt 

Tempera-
ture 
op 

70 

80 

95 

112 

127 

148 

155 

168 

172 

176 

Resist-
ance 
Ohms 

26.1 

26.2 

26.5 

26.9 

27.8 

28.0 

28.5 

29.0 

29.5 

30.6 

Parker Hannifin 
36 Volt 

Tempera-
ture 
op 

70 

80 

95 

112 

127 

148 

155 

168 

172 

176 

Resist-
ance 
Ohms 

36.9 

37.1 

37.6 

39.7 

42.5 

44.2 

44.8 

45.0 

45.2 

45.2 

Versa 
24 Volt 

Tempera-
ture 
°F 

73 

90 

100 

110 

120 

130 

140 

150 

160 

170 

Resist-
ance 
Ohms 

67.4 

68.0 

68.6 

68.8 

70.0 

70.7 

72.1 

74.0 

77.1 

78.6 
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TABLE 12 

SOLENOID VALVE COIL LIFE WHEN SUBJECTED TO 
CONSTANT ENERGIZATION IN 18 0°F 

ENVIROMMENT CHAMBER 

Coil 
Description 

Fluid Power 
Standard Potted 
24 Volt Coil 

24 Volt 

Hours To 
Failure 

120. 

116, 

102, 

68, 

66. 

65, 

.0 

.0 

,0 

,2 

,2 

,2 

Fluid Power 
Hi-Temp. Potted No Failures 

Parker Hannifin 57.9 
Standard 
24 Volt 57.3 

29.5 

28.4 

27.1 

23.2 

Parker Hannifin 
Standard Potted No Failures 
36 Volt 

Versa 
Standard Potted No Failures 
24 Volt 
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The Parker Hannifin 24 volt coils consisted of about 

1,200 turns of varnish insulated wire. The windings were 

more even and dense than Fluid Power, but not as even as 

Versa, and they were not encapsulated, but covered with 

several layers of cloth tape. The coil temperature was not 

measured but was observed to be higher than the Fluid Power 

coil. The life in hours strengthens this belief. The 

36 volt coil appeared to be a high quality version of the 

24 volt standard coil. Number of turns was approximately 

equal, and the measured resistance was, for all practical 

purposes, the same. The coil was potted, however, and had 

improved leads as previously mentioned. 

From the results of the constant energization test-

ing, the standard 24 volt coil Fluid Power and Parker 

Hannifin solenoid valves were not acceptable. Cyclic 

testing proved that the Versa valves were too slow and were 

subject to sticking or erratic actuation. The choice then 

remained between the "Hi-Temp" version of the 24 volt Fluid 

Power valve and the 36 volt potted Parker Hannifin. On the 

basis of reduced current draw through the Darlington driver 

devices, because of higher coil resistance, the Parker Han-

nifin solenoid valves were selected for the autoshift 

application. 

Continuous cycling of the logic circuitry did not 

cause any new problems to surface. It did, however, further 
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strengthen the argument for a heat sink on the 15 volt 

regulator. It also demonstrated that, at least in a 

laboratory environment, an electronic system could cycle a 

powershift transmission through hundreds of thousands of 

shifts without an electronic failure. 

The final phase of endurance testing involved oper-

ating the autoshift machine at the Canyon Lakes Project. 

A few days after arrival at the jobsite, the unit failed 

to start. Investigation revealed a broken pin on the 

Potter and Brumfield latching starting relay which was 

mounted on the engine side of the firewall. This relay 

was of the miniature plug-in type, designed primarily for 

numerically controlled machine tool applications. The 

failure appeared to be due solely to fatigue caused by 

constant vibration. To prevent future failures such as 

this, the relay should be mounted in the logic box, and 

should be a heavy duty type, suitable for mobile equipment 

applications. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Off-highway powertrains have advanced tremendously 

in the last fifty years. Gains in efficiency and produc-

tivity of earthmoving machines has been accompanied by 

increasing complexity and cost. Competition between manu-

facturers has pushed powertrain technology relentlessly 

forward in an effort to obtain maximum production from the 

equipment manufactured. A significant advance has been 

made recently with the application of automatically shift-

ing transmissions to scrapers. 

An electronically controlled powershift transmission 

was developed and installed on an elevating scraper. A 

study was undertaken by this writer to test and optimize 

this transmission system. The conclusions reached as a 

result of this project are: 

1. Electronic control of a standard powershift 

transmission is not only feasible, but is an excellent 

method of providing the precise control necessary for maxi-

mum performance. 

2. Shift points must be set according to converter 

speed ratio when operating in converter drive. Converter 

94 
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efficiency is reflected in the level of horsepower reaching 

the drive axle. 

3. Shift points, when operating in converter lockup, 

must be set as high as possible; but not so high as to 

cause a fuel delivery reduction in the engine before the 

shift occurs. 

4. Lockup must be released when changing transmis-

sion gear ranges. Release time should be 0.25 to 0.30 

seconds. It would be desirable to release lockup approxi-

mately 0.050 to 0.100 seconds prior to the range change. 

5. Lockup should be modulated back in to reduce 

unpleasant and possibly damaging shift shocks. The slip 

time should be as long as is commensurate with acceptable 

clutch life. 

6. Hydraulic plumbing should be neat and orderly 

with lines sized according to flow requirements. Lockup 

drain and return lines must be kept large and short to 

allow rapid release of the clutch. 

7. The solenoid valves used in the electrohydraulic 

interface should have relatively high resistance, fast 

actuating speeds, vacuum encapsulated coil construction, 

and should all be interchangeable. Of all the valves 

tested, only the Parker Hannifin 36 volt coil valve met 

these requirements. 



96 

8. A heavy duty latching relay, protected from heat 

and vibration, should be used in the starting system. 

9. The manual inhibit, based on a track and hold 

amplifier, is a desirable feature, which performed flaw-

lessly throughout the duration of the project. 

10. Frequent lamp failure was experienced in the 

incandescent lights which indicated the gear range. As it 

is felt that gear range indication is desirable from a 

safety standpoint, possible use of a seven-segment light 

emitting diode display should be investigated. This would 

also reduce the number of light drivers required in the cir-

cuitry and consequently reduce internal heat build up. 

11. Extreme care should be taken in the selection of 

electronic components for this hostile application. Semi-

conductors with a wide operating temperature span should be 

selected and used well below their ratings. Passive com-

ponents should be of high quality. 

12. Semiconductors should be "burned in" prior to 

mounting on the circuit boards. Devices prone to early 

failure will be eliminated by this procedure. 

13. Large components should be stabilized on the 

circuit boards before a conformal coating is applied to 

further stabilize components and seal out moisture. 

14. Although transient surge protection is provided 

within the logic box, it should also be incorporated in 
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the vehicle electrical system. All coils should be provided 

with shunt diodes to protect sensitive components from 

reverse voltage damage. 

15. Care should be taken in handling CMOS devices 

to protect them from static electricity. 

16. The heat producing input resistor should be 

removed from the circuit board and mounted on the fuse 

block. A heat sink should be used on the 15 volt regula-

tor. 

17. The front end filter should be designed so that 

torsional drivetrain deflections will not cause improper 

shifts, yet it should not slow voltage changes more than 

necessary to accomplish this. 

18. Upshift and downshift points should be as close 

together as possible without introducing "hunting." 

19. Every electronic transmission control system 

should undergo thorough testing before installation. 

20. Proper design and testing will yield electronic 

systems with acceptable reliability in the hostile environ-

ment of mobile machinery. 

21. Recent high technology developments have 

resulted in the introduction of microprocessors as a state 

of the art method of information manipulation and control. 

Due to powerful real time data processing capabilities and 

the potential reduction of components necessary for system 
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support, a microprocessor approach should be considered for 

transmission control application. 
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2-4 Shaft: The shaft in the transmission on which the 

clutches for second and fourth gear are mounted. This 

shaft always tums at a speed proportional to the trans-

mission output speed. 

Accumulator: The hydraulic equivalent of a spring. 

Hydraulic fluid flows into an accumulator as the pres-

sure increases, compressing a gas which is separated 

from the fluid either by a piston or a neoprene bladder. 

Energy stored in the compressed gas then forces fluid 

out of the accumulator as required. 

Base: The region between the emitter and the collector 

of a transistor which receives minority carriers 

injected from the emitter. It corresponds to the con-

trol grid in a vacuum tube. 

Buffer: A unity gain amplifier which provides impedance 

matching for the devices connected to its input and out-

put. 

Burn In: The operation of a device at maximum voltages 

and temperatures to force early failures before the 

device is installed in the desired circuit. This also 

has a tendency to stabilize the failure rate of devices 

passing the burn in test. 

CMOS: Complimentary Metallic Oxide Semiconductor. A semi-

conductor technology that offers high impedance, low 
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current draw, and high noise immunity, with some sacri-

fice in speed. 

Cab Control: The control unit in the vehicle cab that the 

operator uses to initiate shifts. In a Clark powershift 

transmission, the cab control directs pilot oil to shift 

spools in the transmission control cover which actually 

direct main oil flow to the proper clutches. 

Carrier Preamplifier: A preamplifier system in which the 

transducer output modulates a carrier signal which is 

then demodulated for retrieval of the transducer infor-

mation. These systems are more stable with respect to 

drift and have higher noise rejection characteristics 

than DC preamplifiers. 

Comparator: A circuit which compares two signal levels 

and gives an indication of agreement or disagreement. 

Converter Lockup Clutch: In normal operation, a torque 

converter provides a fluid drive with an increase of 

torque ratio with a decrease of speed ratio. As the 

speed ratio approaches 1.0, the converter loses effi-

ciency rapidly and power is wasted as heat. In some 

converters, a clutch is provided to lock the rotating 

elements solid, or to connect input directly to output. 

This clutch is called the lockup clutch. 

Converter Stall: The condition in which the converter is 

at zero speed ratio and the torque ratio is highest. 
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This is normally accomplished by placing the machine in 

the highest gear ratio, applying the brakes to hold 

the converter output shaft stationary, and applying full 

throttle to the engine. 

Conformal Coating: A nonconductive moisture proof coating 

which is applied to printed circuit boards to stabilize 

components and seal out moisture. 

Counter: A semiconductor device that counts pulses. Con-

trol inputs are provided to tell the counter when to 

start counting and whether to count up or down. The 

"clock" input receives the pulses to be counted. The 

"up/down" input instructs the device to count up if 

the input is high, or to count down if the input is low. 

Darlington Device: A double emitter follower. A semi-

conductor containing two transistors in which the col-

lectors are tied together and the emitter of the first 

transistor is directly coupled to the base of the second 

transistor. 

Decoder: A semiconductor device that converts coded infor-

mation into a more usable form. In this case, it con-

verts binary coded signals to octal information. 

Feedback: An arrangement where the output of a device is 

applied to the input of another device which is ahead 

of it in the signal flow path. 
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Flip-Flop: A bistable device. A trigger signal changes 

the output to one state and a second trigger signal 

changes it back to the original state. 

Frequency to Voltage Converter: An electronic circuit 

that converts a frequency input to a DC voltage output 

proportional to the input frequency, regardless of 

input amplitude. 

Front End: The first stage of signal processing. A front 

end usually is comprised of amplifiers and filters. 

Gate: A logic circuit having two or more inputs, the out-

puts of which are dependent on the combination of logic 

signals at the input. 

Hanging Input: A semiconductor input which is not connected 

to anything. 

Hunting: An instable condition where something varies to 

either side of the desired value. Can usually be 

remedied by increasing damping or slowing of the output 

change. 

Hydraride: A Clark Equipment Company name for a patented 

heavy duty suspension system using hydraulic cylinders 

for support and an accumulator as a spring. 

Inhibit: To prevent action from taking place or data from 

being accepted by applying the appropriate signal to 

the proper input. 
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Inverter: A semiconductor logic device which produces a 

high output for a low input and vice-versa. An inverter 

also provides buffering. 

Latch: An unintended stable circuit mode which will not 

revert to a previous intended circuit mode after removal 

of a stimulous signal. 

Latching Relay: A relay with contacts which remain ener-

gized or de-energized until reset manually or electri-

cally. 

Level Detector: See Comparator. 

Magnetic Pickup: A device which produces output derived 

from variations in reluctance of a magnetic circuit. 

Specifically, when used as a speed sensor on a rotating 

gear, the device outputs a sine wave type signal at a 

frequency equal to the number of gear teeth passing the 

pole piece per second. 

Microprocessor: A large scale integrated circuit 

containing hundreds of logic gates dedicated to the 

manipulation of digital data as called for by external 

programming devices. 

Modulation: Controlled change of a variable. With respect 

to converter lockup, modulation is the smooth applica-

tion of the clutch, accomplished by controlling the 

pressure rise rate of the hydraulic actuating fluid. 
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Monostable: A circuit having only one stable state from 

which it can be triggered to change state for a pre-

determined interval, after which it returns to the 

original state. 

Nand: A logic gate whose output is high if all inputs are 

low; or, conversely, if all inputs are high, the output 

i s low. 

Passive Network: A network composed of resistors, capaci-

tors, and inductors, which adds no energy to the signal 

flowing through it. 

Potting: A process of embedding parts in a nonconductive 

material. In some cases, the parts are assembled in a 

container which is then poured full of potting material 

with the container remaining an integral part of the 

finished unit. 

Powershift Transmission: A transmission designed to be 

manually shifted without declutching, or removing power 

input. May be shifted up or down through the gears or 

from forward to reverse under full power. 

Real Time: Having to do with the actual time during which 

physical events take place. 

Rectilinear Writing: A recording system in which the pen 

tip moves in a straight line rather than an arc about a 

pivot point. Rectilinear recording produces accurate 

waveforms with respect to chart time lines. 
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Ripple: That undesirable portion of an output voltage 

which is harmonically related in frequency to input 

variations. 

Slip Ring: A device for making electrical connections 

between stationary and rotating contacts. 

Solenoid Valve: A small hydraulic valve in which the con-

trolling spool is actuated by an electromagnetic plunger. 

Splitter Clutch: Actually two separate clutches with dif-

ferent drive ratios. One clutch is called the high for-

ward range clutch and the other is the low forward range 

clutch. 

State: The condition at the output of a circuit that repre-

sents logic 0 or logic 1. In the autoshift control 

system, logic 0 is a low voltage, near Vss, and logic 1 

is a high voltage near Vdd. 

Stress Raiser: A notch, inside corner, discontinuity, or 

abrupt section change which causes stress at that point 

to be considerably greater than the average stress in 

the surrounding areas. 

TTL: Transistor Transistor Logic. A logic circuit design 

similar to Diode Transistor Logic (DTL) in which the 

input diodes are replaced by a multiple emitter trans-

istor. 
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Underdamped: A degree of damping that is not sufficient 

to prevent oscillation of a system following the appli 

cation of an abrupt stimulus. 

Vss and Vdd: In CMOS logic, ground or neutral is called 

Vss and the positive supply voltage is called Vdd. 

Vacuum Encapsulation: a process of filling the spaces 

between electric parts or wires with an insulating 

material while the assembly is in a vacuum. When the 

vacuum is released, atmospheric pressure forces the 

compound into every minute space, thus eliminating 

voids. 
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Hewlett-Packard Oscillographic Ink Recording System 

Model 
Number of channels 
Frequency response 

Writing method 

DC preamplifiers 

Carrier preamplifiers 

BLH Pressure Transducers 

- 7858B 
- 8 
- 150 Hz + 3dB 10 division 
p-p 55 Hz + 3dB full scale 

- Rectilinear pressurized ink 
capacitive feedback control 

- Hewlett-Packard model 8802A 
medium gain 

- Hewlett-Packard model 8805A 
2,400 Hz carrier frequency 

Model - GP 
Pressure ranges used - 0 to 350 psi (1), 0 to 

3,000 psi (2) 

Electro Magnetic Pickups 

Model - 58404 F 

Statham Full Bridge Single Axis Accelerometer 

Model 
Response 

- A 301-20-350-197-12V 
- Linear to 10 Hz 

Interstate Electronics Corporation Function Generator 

Model - F 34 

Tectronix Oscilloscope 

Model - 310 A 

Full Bridge Signal Conditioning Box 

Designed and built for Hancock Division by the Cor-
porate Engineering Laboratory Instrument Group 

Two-channel Frequency to Voltage Converter with Multiplying 
Module 

Designed and built for Hancock Division by the 
Corporate Engineering Laboratory Instrument Group 
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Hewlett-Packard Laboratory Power Supply 

Model - 6216 A 

Regulation - 4 MV. maximum 

Hewlett-Packard Digital Voltmeter 

Model - 5326 B 
Resolution - 0.0001 volt 
Accuracy - + 0.04% of reading + 1 

count 
Electrostatics Power Supply 

Model - 10-1515 
Used for powering magnetic pickups and frequency 
to voltage converters. 

100,000 Pound Capacity Tension Load Cell 

Designed and built by Clark Corporate Engineering 
Laboratory Instrument Group 

General Radio Strobotac 

Model - 1531 

100,000 Pound Capacity Fairbanks-Morse Scales 

Standard Power DC Supply 

Model - 200 B 20 

Heating Plate 

Rating - 1,000 watts 

24-Volt DC Power Switching Box 

Designed and built by the author to be controlled 
by the F34 Function Generator 

Simpson Current Shunt 

Capacity - 10 amperes 

Simpson Panel Meter 

Range - 0 to 50 millivolts DC 
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Weksler Temperature Recorder 

Model - 08M1J5A 
Range - 0 to 300° F 

Hobbs Hourmeter 

Model - 5600, 5 digits 

Maximum reading - 9,999.9 hours 

Data Technology Digital Multimeter 

Model - 30 

Simpson Multimeter 

Model - 260 

Telex Headsets with Boom Microphone 

Model - CS 45 

Meylan Stopwatch 

Model - 224 

Hydraulic Power Supply 

Built by Clark Hancock Division 
Appropriate chains, cables, clevises, transducer cable, 

fittings, adaptors, connectors, tape, etc. 
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Fig. 18. Typical Environment Chamber Temperature Recording 
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