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~ The purpose of this electroh ydraulic pulse motor (EHPM) technology —development projec t
was to investi gate feasi bility and applicab ility and demo nstrate capabili ty of the EHPM
concept for mating the power of hydrau lics w ith the ”intel ligence ” of the dig ita l computer
for use in fu ture ai rcraft uti lity systems . Recent dramatic deve lopments in elec tronic circuit
manufa c turing necessi tates t he review of control concepts For the purpose of redefining the

optimum mix of Pec~1no log ies . The si gnificant reduction in cost , size , and wei ght and

increase in rel iab i lity of dig ita l computers offe rs the potential for performing the bulk of •~ ~
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control functions within the electronic circu it in lieu of the hydrau lic circui t .
The EHPM concept is hi ghly compat ible w ith this concept , but existing units are
used in machine tools and are not confi gured to achieve maximum power and
minimum weight as needed for aircraft use .

In this program the designs of EHPM’s for ai rcraft use was investi ga ied ; an EHPM
was desi gned and constructed using an aircraft type hydraulic motor ; an inpu t s7 steri
consisting of a micro computer , an interface board , input and output position
encod ers , an electric pulse motor (EPM) driver , and a software program was des i gned
and constricted ; t he EHPM and the inpu t system were tested as components and as
a system; the system was used to control the C— 5 iron bird flap sys tem w i th  simulated
loading ; the EHPM unit was subjected to a durability test; and a survey of various
aircra ft subsystem s where the EHPM could be a viable alternative was accomp lished .

Testing revealed severa l problems w i th  the current desi gn , but a l l  pro blem s were
considered to be correc table wi th  sta te-of-the-art techni ques.

The concept is considered to be a viable alternative approach to utility and secondary
fli ght control systern s ,and the princ ipal payoff w f l l  be improved rel iabi l ity and
maintenance cost.
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S UMMARY

The electrohydrau lic pulse motor (EHPM) presentl y being used for machine tool control
offers an effective interface between the iiinte lligence ii of the low power dig ita l com-
puter and the hi streng thul of high power hydrau l ics . The machine tool systems , however ,
are not suita ble for aircraft because of weight , cost , and vo lume . Advances in € Iec—
tronic circuit tec hnology are leading to values which wil l  make the input concept a
via ble appraoch for aircraft util ity and secondary flight control systems. The EHPM
device needs adapting to aircraft use to ac hieve the horsepowe r to weight values for
aircraft hydrau lic drives , and the purpose of this program was to develop an aircraft
EHPM.

Existi ng EHPM technolog y was investigated inc luding the state—o f-the- art of the
e lectrical pu lse motor (EPM) - a key element of the concept . Potential uses in
aircraft uti lit y and secondary flight control systems were studied . A protot ype EHPM
and a breadboard input sys tem using an A ltair 8800 microcomputer were des igned,
constructed , and tested .

Testing consisted of bench tests , iron bird testing wherein the system was used to
drive the C-5 flap simulator with simulated loading , and durability test ing .

Several problems were encountered with the protot ype unit; the EPM torque is
insufficient for the design, and fu ll speed was not achieved in one direction; the
design is sensitive to return pressure but can be altered to reduce the sensitivit y;
fai lure of the plating on the spool apparentl y caused a seizure of t he spool; sleeve
retainment was not adequate; and non-jamming t hread stops need to be used on the
drive threads.

A ll of the problems encountered are considered to be correctable by redes ign.
Additionall y it was conc luded that for aircraft purposes a p ilot concept wherein
the EPM drives a very sma ll p ilot valve wh ich hydrau l icall y positions the main
va lve can be more appropriate than the direct drive . This approach allows use of
a smal ler EPM and EPM drive circu it. Reduction of speed between the hydrau lic
motor and t he valve wi l l  a l low the EPM to operate at lower speeds on a higher level
of its torque curve . Resolution reduction is no obstacle as existing EHPM reso lution
exceeds aircraft requirements by severa l orders of magnitude .

The EHPM concept is considered to be a viable alternative approach to utilit y and
secondary f l ight control systems especiall y where multi p le actuators require synchro-
nizing . The principal payoff is expected to occur in improved reliability and main-
tenance costs due to a si gnificant reduction in the quantity of mov ing parts .
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SECTION I
INTRODUCTION

Toward the goal of provid ing li ghter , less costl y, and mote reliable aircraft  actuation
systems , electro— hydraulic pulse motors (EHPM) offe r the promise of a logica l inter-
face between the airborne di g ital computer and the loads carried by large hydraulic
power actuat ion systems. The pract ical  app lication of an EHPM system is made
possible by recent advances in e lectr ica l  c ircui try and control technology .

In Japan and Europ e , t he steppe i ‘ was adapted to openloop control of machine
tools , a fter extensive use of e lect r ica l  stepp ing motors in data processing and instru-
mentat ion equ ipment. When it appeoted that needed accelerat ion rates could not be
achieve d, t he e lec t r ica l  stepper was mated wi th the hydraulic motor to increase
driving tor que , and the EHPM was created . Preliminary anal ys is indicates a promising
future for the app l ication of EPHM to a i rcraf t  systems. It is a highly attract ive concept
for mating the power of hydraul ics wi th light wei ght low cost electronic control cir-
cui ts  and the “in telli gence ’ of th e dig ital computer . Althoug h the initial EHPM ’ s
have been used successful l y in the machine—tool industry to control mot ion in exact-
ing mac hine operations , t he exist in g hardware is not suitable for aircraft  use .
Constraints of wei ght , volume , dut y cycle , and environmemt will not allow aircraft
use of mac hine—tool industry developed uni ts.

The current program is aimed at evaluating and adap ting the EHPM for control and
power of aircraft ut i l i t y systems . The program performs a preliminary anal ysis of
avai lable equipment and the interfa ces of the various components of EHPM actuation
system including the input contro l system , t he pulse motor , control va lve and hydraulic
motor . A protot ype EHPM was buUt and tested to dr ive  a iiap actuation system con-
trol led by a dig ital input control system.

~~~~~~~~~
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SECTION II
ANALYTICAL STUDY

State-of-t he-Art and Available Hardware Survey

The EHPM — The Reference 1 magazine a r t i c le  ent i t led , Guide to-Pertormonce and
Specifications of EHSM ’ s ” , is a treatment of the s ta t e—o f — t he— o r t .  It ploy ides a chart
comparing the performance of unit ~ which are produced b~ s~x manufacturs v . Fuj i~ .u
units are nearest to a i rc ra f t  requirements w ith  models u t i l i z ing  2 ,000 ps i and rr. io lving
speeds to 4 ,000 RPM . Sizes avai lable from Fuj i tsu ate in the power ange of 0.8 to 20
horsepower . Since aircraf t  hydraulic motors operate at higher speeds and pressures to
achieve minimum wei ght , the optimum arrangemen t , as w ill be noted later in the
desi gn section , must involve a gear eduction betv een the e lec t r i ca l  stepp ing motor
(EPM) and the hydraulic motor .

Ihe Electr ical Steppei Motot (EPM) — The e lec t r i ca l  pu lse motor is a cr i t ical  com-
ponent of the EHPM package. The hydraulic valve and the hydraulic motor present
no cr i t ical desi gn problems except as per ta ins to reducing the torque and speed re-
qu ired of the e lec t r i ca l  pulse motor . A key effort in develop ing the EHPM to aircraft
use is to obtain on electr ical pu lse motor or an arrangement that wi l l  permit use of the
hydraulic motor up to its maximum ca pabi l i t y .  As a f i rst  step in this task , a survey of
ava ilable steppers was conducted . The Manufacturer ’s Chart , Fi gure 1 , represents
t he result of this survey . Pa rameters chosen for inclusion in the chart are intended
to convey a ‘ qu ick look” at stepper capa bi l i t y.

The Baloney Chart , Eigure 2 , repr oduced f am Refer ence 2 ar ’r ic le , summar izes
t he s ta te—of—the—ar t  for stepper motors in regard to the speed versus torque character-
ist ics. Selection of li ar dvs ’are , equ ire~ the use of in—depth per formance data which
are appropr iatel y prov ided on ~:t~~v es provided by t he supp l ier.

Fi gure 3 i l l us t ra tes  a mcinu 1c~ tui er ’ s p ess ’ , t a t lo n  o f spec i f icat  ion For a line of
stepper motors. the ~er ie5 ~) ‘e entnd is the Fuj i t su HI—PM line and the Hl—PM 0 is
t he selected unit for the t s i program. Whi le data we re  gathered on many other
manufacturers and or , var io,,s hybrid t ypes suc h as ‘f lex s p line ’ , “syn ste p ’ , and
‘ nutating gear ” , t he ch ar t s  , epi n nut data on onl y t hose units w hich appear to offer
per formance close ~n ~hcr t n~ u i i  ci for d r iv ing  an EHPM; i .e. , t he top per For mers
for torque and RPM wh ich ore  bn l ,eve d to rep rese n t  the best s ta te—of—the—ar t .  The
two t ypes of units in thi chai t are Var iab le Reluctance (VR) and Permanent Magnet
(PM) t ypes . These two ly pu . o ff e r appropriate cha ,ac te r i s t i cs  for use in a i rc ra f t
E HPM ‘s , including rnpchrr n r r ~ I s irrrp l ic it y, high RPM , arid low wei ght.

An important d i f f e re nc e  in t i pper  per form nnce needs for a i rc ra f t  app lications and
conventiona l app l i r u t ionc h~~~5 in the area of re solution rind shaft speed . Most uses
equir~ a small tep but a high step rote.  In the machine too l app lications , a small

i nc re m e n t  of con t ro l  is nec t a r y ,  and one step is used to cause a motion of . 0001
inch. A step ra te  of 20 ,000 pu i .es ~~secor rd of fer s a too l t ,ar islat ion maximum rate of

2
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Fi gure 2 Performanc e Compa r ison of A vauIa : ~le Steppe r Motors
from Electromechan ical Desi gn, Reference 2
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2 inches/second or 120 inches/minute . In aircraft  app lications , it is reasonable that
one pulse can represent a much larger disp lacement , such as three orders of magnitude
greater , but the speed requirement s for hydraul ic  motor s a re  also higher. A 300
pulse/rev step per , ste pp ing at 20 ,000 pulses/second provides 4,020 RPM . This RPM
capac it y, impor tant to a i r c ra f t  app lications , is not ref lected direct l y in the Fi gure 1
Characteristic Chart but may be ca lcu la t ed as fol lows:

revs 
- PPS (Pulses/Second)

mm PPR (Pu ses/ Revo uhon)

Stepp ing motor technology has init iated a new language which must be m t  oduced
in order to app ly t he tec l-rrro logy . Some selected terminolo gy is prov ided in the
sect ion on stepper motors and in Appendix A.

Input Control System - As previousl y state d, the advancement in the state—of—th e—
art o f electronic c i rcui t  manufacturing is a prime factor that makes this program
app lica ble. Comp lex control function s can be handled wi th  standard c i rcui t  modules
at low cost and wei ght and wi th  good re l iab i l i t y offering the potential for removing
control func t ions from the hydraulic system where the hardware is heavy,  spec ialized ,and involves comp lex mec hanical moving parts subject  to interactions , se izing,
leakage , etc .  At an examp le , it often requires from 7 to 10 hydraulic va lves to
contro l a u t i l i t y actuat ion system in bong-ban~ ’ fashion whereas the EHPM concept
offers control w i th  one valve , and per formance is optimized by control o f accelera-
t ion/decelerat ion and speed at any position of the load. The capability to free the
system of pressure surges arid to a l t e r  performance charact er is t ics  by means of software
changes in the computer in lieu of valve hardware changes are a t t rac t i ve  considerations.
The fact that addit ional input paramet ers can be r ead into the control functions usuall y
at low cost per parameter and at var ious stages of system development is an important
p lus for the concept. Althoug h this program is d irected toward the development of the
EHPM , i t  is technology advancement in the input control that makes it feasible.

The inpu t c ontrol sy stem consists of two basic control units 1) The microcomputer and
2) The stepper motor dr ive C i rcu i t s .  Microcomput ers are available in many s izes and
ca pabil i t ies and stand a rd microcom puters may be used for development of EHPM input
contro l s.  The stepper motor dr ive c i rcu i ts  are desi gned and developed for the particular
desi gn of the stepper motor and ore avai lable from the stepper motor manu fa c turer.
Deve lopment of EHPM input control sys tems can u t i l i ze  these standard microcomputers
or stepper motor d r i ve  c i r cu i t s , however final app lication of the control system may
package the comp lete input cont lo l  system in a sing le un it. A more comp lete discussion
of these important control uni ts fol l ows in component analyses and in Appendix A.

Component Anal ys is

Input Drive Systems — An EHPM is basical l y a device that transform s a stream of
low power e lec t r i ca l  pulses into high power mechan ica l motion such that the tota l
travel  is proportional to the quantit y of pulses , the rate is proportional to the frequency
of the pulses , and accele rat ion is proportiona l to change in frequency of the pulses.
The input control sys tem must , t herefore , rea d a si gna l from the crew , or some automat ic

6
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control wh ich calls for a position and rate of an actuated device . It can also “read
in” other control parameters such as status of other systems or aircraft performance
data. It must interpret these signals , trans form them into a stream of pulses which
are accepta ble to the EHPM, and de liver them in the correct rate and quant ity .
The input control si gnals need to be at low power levels except where high power
is required into the stepp ing motor.

The block diagram of Figure  4 illustrates the elements of a simp le input control
system . Elements A , B, and C are low power circuits in order to utilize advance tech-
nology Large Scale Integration (LSI) circuit modules . These elements transform the
input commands into the required pu lse frequency and quant ity and select the proper
coil(s) of the EPM to energ ize . Element D amplifies the signa l to the coil(s) being
energ ized to the power level required by the EPM . Elem ent E of Figure 4 can be
used to sense when ~he reg ime for successfu l open loop control k about to be exited .
A new reg ime can be entered and the system operated at reduced speed . Element E
can a lso be used t~s operate the system strictl y c losed loop .

Elements A and B (containing the microcomputer) control the input signa l into the
sequential log ic element which is a stream of pulses upon which the EPM responds on
a one—to-one basis. Control of the pulse stream to achieve direction , disp lacement ,
ramp ing, reaction to art y feedback , or any control function wi l l  have been performed
before the stream reaches the sequential log ic element. It is , therefore , the function
of the “front ’ e lements , which are defined as those between the crew and the sequen—
t~al log ic elemen t , to contro l the pulse timing, i .e., frequency and change in fre-
quency; the quantity of the pulses; and to select the line on which to put the pulses
to apply forward or reverse rotation . The elements of the input system up to the
sequential log ic elemen t can be of various configurations and the appropriate approach
isa  strong function of the syste m app lication; i .e., input and output complex ity;
number of channels; f lexi bilit y requ irements; and pro jec ted growt h or uncertainty for
change. For the purpose of this study, however , the most fl exible and the highest
state-o f-the—art which u t i l i zes  the standard LSI module approach—-dig ital computer
contro l -- is of pr ime i n t a rr s ~ and t he program is geared to this approach. There are
several microcomputers or) the market which can perform the required function of
th is portion of the input system . The pack ag ing of these off—the -shelf units is not
representat ive of ultimate a i rc ra f t  pack ag ing, however , the circuit elements are
representative an d on functional basis, this hardware is appropriate for the program .
It is noted that final packag ing of the input system was specificall y excepted as an
objective for the program.

The “final” e lements of the input system , w hich are defined as the sequence log ic and
the pu lse driver , respond to the input train of pulses as they are received on either the
forward or the reverse line so as to energ ize the stepper motor windirsgs with high power
in the proper sequence to cause the motor to step in the chosen direction . Each low
power input pulse causes one or more motor coil(s ) to be energ ized with high power.

7
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The fina l elements provide low power c i rcui t ry to per form the sequencing —— the selec-
t ion of which coi ls to energ ize —-and a solid state relay for each coil of the motor to
sw itch in the high power.

Off-the -shelf hardware is ava i lable from most of the stepp ing motor supp l iers to perform
the function of the fina l elements . This hardware can be procured either in a chassis
for rack mounting or on circui t  cards. As in the case of the forward elements , the proto-
ty pe packag ing for the fina l elements w i l l  not be representative of an appropriate aircraft
confi gura t ion .

The micrcx omputer concept is an i m p o r t a n t  development in respect to future aircraft
control systc-n .~ using the EHPM . It is , there fore , appropriate to define the term and
re f lect  on its relationsh ip to the EHPM .

The basic arrangement of a dig ita l computer is show n in Fi gure 5. It is noted that
three basic elements are provided : A CPU , a ROM , and a RAM . The Centra l Processor
Unit (CPU) controls the transfer of information and per forms calc ulat ions , the Read Only
Memory (ROM) is f ixer i  memory and the Random Access Memory (RAM) is variable memory

a ich w i l l  be altered continuousl y during s 7 stc rr operation . These functions are the
basic building blaH s ~~~ a control system . Each can be thoug ht of as separate circui ts on
a ch ip. T l re~ c an be standard of f - he— she l f  hardware . A g iven m icrocomputer may
cons ist of a number of these standard modules assembled into a black box . The numbe r
of ROM ’s and ~A M’ s requ ired depends ~p s r r  the cornp lr - - x i t y  of the control task . It should
be noted that the ROM conta ins the F i , - r - d  progra m t hat adapts the standard hardware to
the special c a r r t r n l  task . For examp le , a black box to control  the flop 5y~ terr ma r be
exact l y li~ r-’ a black 1~o~ to control the fo rward cargo door comp lex . The only d iffer ence
is the way the ROM n~~du lrs are programmed . ‘- :OM car’ be reprogrammed by remov ing
the modu Is- f r a — ’ thr- a r ra It , erasing H r -  ex i s t  if lq praqrar and e ’ e r n iz  n t  a new pro-
gram rn~ o th r -  chi p.

The term m ic r n c a r np ut e l’ was coined m r- re l y to connota t r s i z e , both physic a ll y as w el l
as functionall y;  i .e . ,  s i ze  of memory and prc r ra m cnpc b i l i t y  . The concept is extremel y
important to the E HPts ’ -~n •-p ond to future a ir :  raft  car - us - Is  L ’ C C O U S P  of low cost , small
s ize , and high re l iab i l ’ty . As one aut hor aptl y ‘,t a t r ’ a :  ‘ The day of the matchbox c om-
puter draws near ’ . That is , smo ll highl y f lexibl e dig ita l co r 1~r~ ls w i l l  be used for the
simp ler control tas ks.

Predictions of reduced ~ost and size , and higher re l iab i l i t y 1sf coc npr t r . r modules have

to a large degree alread y ‘ com e to pass ’ and.the evidence si ts  on many eng ineer ’s
desk ~~~- tIn. ‘ e lectron ic slide rule ’ . The elements of these devices are the types of
c ircuits that w i l l  prov ide the contro l functions for many EHPM input systems.

Electr ical Pulse Motor (EPM) — A stepper m-st a r is an electrom agnetic incrementa l actua-
tor which con .ir-rt~ e lec t r i c a l pu lse inputs to output motion . Two common acronym s are
ESM (E lec t r ica l  Stepper Mato r)  and EPM . EPM is used in this r pe rt  -
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When energ ized electr ical l y in a programmed manner , it indexes incrementall y .
When operated within its capability the output steps are always equal in number
to the number of input pulses . Each pulse advances the rotor shaft and latches it
magnet ical l y at the positions to which it is stepped . The motor provides rap id
accelera t ion , sto pp ing , and reversal.

An e lectronic circuit  is required to transform the input pulse train into this sequen-
tia l energ izing pattern . The power level of the control pu lse train is very low
com pared w i th  the power level of the EPM coils so this c i rcui t  also involves amp li-
fication . This c i rcui t  is commonly re ferred to as the dr iver.

When operating in the slew mod e , that is , running at a speed higher tha n its insta n-
taneous start-stop or reversing speed range , the stepper motor w ill maintain synchro-
nism wi th the pulse trai n . To start , stop, or reverse in this range of operation , the
motor must be accelerated and decelerated to and from the slew speed . Thus , for
accelera t ion , the frequency of the pulse train should be increased from the starting
speed up to the fina l frequency, and for deceleration , i-he frequency of the pulse

tra in must be decreased .

A list of stepper motor character ist ics which are important to the desi gn and app li-
cat ion of an EHPM are as fol lows:

o No accumul at ive error .

o Predictable and cansistent performance when wi th in l imits of capability .

o Controls are dig ital;  easi l y adapted to computer control ; respond to

pu lse commands .

o Simp le; on ly two bearings in mechanical contact; no maintenance .

o Usable open loo p w i t h  desirable features of a feedback system ; rela-
t ive l y c lean null , no drif t .

o Quiet

o Free from contam inants , not sens it ive to contamination .

o Con be repea tabl y stal led w ithout damage .

o Bidirectiona l rotat ion .

o Fixed step ang le or increment of motion.

o Low e f f i c iency .

o Lim ited abi l i t y to handle large inertia loads.

o Frict ion loads increase position error , error is non—accumulative .

11
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Stepper motor tec hnology invo lves its o’.~n unique termino logy . Some of the more
significant terms related to torque are discussed in this section and others are dis-
cussed in the Glossary of Terms , A ppendix A .

Hold ing (Static) Torque — The holding torque curve is a fundamenta l torque cha rac-
ter istic of a stepper motor . The or ig in of the curve corresponds to a motor energ ized
and at rest at any of its step positions . This curve show s the holding torque versus
rotor angu lar disp lacement from the step position . This torque acts in a direction to
force the rotor back to and hold it in the zero—torque step position .

The holdin g curve is one segment of the tota l torque- function curve corresponding to
each phase of the motor. All other segments of these phase-torque—function curves
are formed from this one holdin g torque curve , or its images formed by rotatiorr about
the vertica l and horizonta l axes . T hus , the holding torque curve is al l  that is neces-
sary to completel y determine the instantaneous torque of the motor under a l l  possible
sta t ic conditions of exci tat ion and rotor position . A l l  other torque characteristics ,
sta t ic or dynam ic , have the ir ori g ins in this holding torque curve .

Five segments of the holding torque cu rve for the H1PMO are i l lustrated in Fi gure 6
The disp lacement data are accurate for the H~PMO null pos itions , but the sha pe of the
curv e is arbitrary to il lustra te the genera l appea rance of a holding torque curve . Data
to apply torque versus disp lacement numbers to this curve were not available in supp lie r
literature nor was testing done to obtain i t .  If a system is to be modeled for computer
anal ys i s , the characteristic illustrated by this curve would need to be measured by
tests where in the motor is disp lace d a measured amount and the restoring torque measured
for a set of disp lacements , encompassing ±6° for t he HiPMO.

Pull—o ut Torque — The pull-out torque (torque—s peed) curves , Figure 7, indicate
the max imum stead y-state fr ict ion torque which can be app l ied as a load on the motor
at the corresponding speeds , or ste pp ing ra tes , w ithout pulling the rotor out of syn-
chronism with the inpu t pulse train and stal l ing the motor .

It is important to understand that the pull-out torque curves have no counterpart in the
conventiona l motor field . They do not define operating points , r’or are they representa-
t ive of a transfer relationshi p. They simp ly define the reg ion of torque-speed combina-
t ions inside which the motor w i l l  operate sat isfactor i l y and outside which it w i l l  not
operate a t o l l , for a g iven set of exci tat ion and control conditions.

A limitation to the si gn ificance of these torque-speed curves is that they assume con-
stant velocit y at a given speed . This is onl y true at ste pp ing rates of several hundred
steps per second , depending upon the motor , inertia load and control . A ste pper motor
is , in fact , starting and stopp ing at  low step rates and chang ing instantaneousl y the
ste p rate tc a s lig htl y l iaher step rate . Then , in this “stepp ing—mode ” range , the
motor must e x e r t  acce lerating and decelerating tor que on its own interna l inertia and
the c cxiple d inert ia in addition to the continuous torque imp lied by the speed-torque
curves.
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In the open-loop mode , the motor must be operated be low its maximum dynamic torque
capabil i t y to ensure tha t th e motor does not stall or miss steps . In the closed-loop
(feedback or self-commuta t ing) mode , the motor can be opera ted at , or near , its maxi-
mum dynamic torque. Motor heat ing under dynamic conditions is normall y not a con-
s ideration . Motor ratings are determined by the power the motor can diss ipate under
sta t ic conditions w i th  normal phases energ ized . When a motor is running , the current
var ies l i t t le w i th  or withou t- a load .

Ste pper Motor Performance Presentation — In order to further il lustra te per1 ~r rice
character ist ics of stepper motors , ICON ’s performance curves for the HiPMO are show n
in Figure 8.

In Figure 8 (Sheet 1), the ord inate is the minimum acceleration/deceleration time
constant and the abscissa is load inertia . The accelera t ion/deceleration time constant
or t ime referred to means the value of T~ and Td when pulse rate f of the input pulse
tra in , as s how n in Figure 8 (Sheet 2) rises and fal l s exponentiall y or linearl y,
res pect ive l y .

Hydraulic Motor - Airc raft hydraul ic motors hove been used to drive ut i l i ty actuation
systems for many years . W ith inherent character ist ics of low we ight , hi gh power out-
put and versat i le operation for continuous , intermittent , reversible or stalled duty
cycles , it enjoys a wide range of app l ications . A ircreft hydraul ic motors are desi gned
to specif icat ion MIL—M—7997B unless requirements are modified by a detail specifica-
t ion . The major i ty of developed motors are desi gned to operate in a 3 ,000 psi pressure
system wi th  oil tempr ratures from -65°F to 275°F. For mi l i tary app lications , MIL-H—
5606 fluid is used . It is intended that the standard airc raft hydraul ic motor wi th  years
of ex perience and deve lopment back ground w ill be used for the design of the integra ted
electro-h ydraulic pulse motor (EHPM).

Sta ndard aircraft hydraulic motors are avai lable in two basic confi gura t ions: bent axis
and in-line . The bent ax i s  desi gn has been the sta ndard of the industry for man y years .
The newer in-line design is receiving wide acceptance due to its simp le com pact desi gn
and low cost and w e i ght .  In-l ine hydraulic motors ore an outgrowth of proven pump
des ign and are available in a wide range of s izes. The in-line desi gn has been selected
for development of the EHPM because of the simp l ici t y and com pactness of the complete
assembl y pulse motor , controt va lve , and hydraulic motor . P,oth major supp liers of
hydraulic pumps and motors , ABEX and Vickers , have s izes ranging from .02 to 8 cub ic
inches pe r revolution .

Availabl e sizes and normal and maxim um rated ~peeds_are shown in Fi gure 9. A
theoret ical , cont inuous ra ted speed of 6,000 \~./d isp )acement is added a s a  reference .
Th is rating was determined from a log-log plot of available motor sizes and speeds L-i
draw ing a line through the plotted values as show n in Fi gure 10. A max imum inter-
m ittent speed of 1.25 times the continuous ra ted speed is also show n on this figure . It
can be noted from Fi gure  10 tha t motor sizes above two cubic inch per revolution
hq,ve hig~her continuous ratings and approach values of approx imate l y 8,000/
\~ /disp lacement. Th is fact is indicative of the development of high speed , large

disp lacement pumps and motors for late model airc raft .

14

III.. 
— ~ _~~~~~~5- ,.5-5 ~~~~~~~~~~~~~~~~~~~ - 5-.



_ _  - --- -- - 5  - 5-

.~ r i,

Linear accelerat ion Exponential accelerat ion
Refe r to Sheet 2 for Definition of Ta and Id

Load Torque = 1 K g cm Load Torque = 1 K g cm
300 1 2 X 10 2 

300 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 2lb. in. sec u lb. i n .  sec

~ 200 . . . ,  

~ 200 ._ — i l ó k pps E

1 l ó k pps
0 100 - . -

0 4 4
1 2 3 4 X 1 0  2 1 2 3 4 X 1 0  2

Kg. cm Sec Kg. cm sec

Load Torque = 2 Kg. cm Load Torque = 2 Kg. cm

300 r- — —
~~~~~ 

-
~~~~~ 

4 300
u I i 2 3 X 1 O  2 1 2 3 X 10 2ilb. in. sec u lb. in . sec
E 200 — 

~~ 200 - , , I

16 k pps 16 kpps
~~ 12 

I 
~~~~~~~~~ 

12
100 ~ 

- -p5- J 8 ~— 100 ~~~~~~~~~~ 
~~~~~~~ 8- 

- - -
~ 

~~ I - - -
~~~ ~~~~~~~~~I A  [ . —I~

5

- - 5- [- ~~ — —----5-—

0 I 
~ 0 ~~~~ —i—--- I 

4

1 2 3 4 X 1 0  2 1 2 3 4 X 1 0  2
Kg. cm sec Kg. cm Sec

I h . I , .~ r ,

Linear dece le ra t io n  Exponent ial deceleration
Load Torque = 0 Load Torque = 0

2 3 X 10~~ 2 
‘50 r 1 2  3 1 X ~~~~~~~~ 

2I lb. in. sec lb. in. sec
~ 100~ -~~ 

~~~
. 

~~ 100 - -
~~~

- -

E
l ó k pps E

50 . .  . - -
~~~ 12 ‘

~~ 50~ . . 
l6k pps

0 0 
L_---~—-

~~~ 4 X ~° 21 2 3 ~ Kg. cm sec 2 1 2 3 4 Kg. cm sec
Fi gure 8 Acceleration and Deceleration Performance for Fujitsu Hi — PM 0

Sheet 1

15



-- 5-- —-5-. - - . .
--

T-
~~~~~~~77\~~~~~~~~~

- .- -
~~

In case of exponential ~ ~ ._~~ - - -. . ... ~acceleration/deceleration -~~ 

— 

I
.. - a..-

.

.

~ l 
P 

‘~~~~~ —
~~~~ Time(Acceleration 

(Decelerat iontime constant ) t ime constant)

In case of linea r E
accelerat ion/deceleration 

~ J
L I  L ’ ”  Time

(Acceleration (Deceleration
t ime constant) t ime constant)

Exponential Acceleration Equat ion:

R = f ( 1 - e ~~~ )

Exponent ial Deceleration Equat ion~
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F gure 8 Acceleration and Deceleration Performance for Fujitsu
Hi-PMQ (Sheet 2)
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~~~~lacement 1n3/Rev Rated Speeds

Abex Vkkers Norm& Max i mum 6000/

.020 18000 22500 22 104

.030 1 8000 22500 1 9309

.060 15000 18750 15326

0.10 10000 12000 12927

0.1 1 1 2500 15600 12522

0.18 8500 11000 10627

0.22 10000 12500 9939

0.31 8000 10000 8865

0.40 6500 7500 8143

0.44 8000 10000 7889

0.67 6200 7200 6857

0.75 7000 8750 6604

1.00 6000 7000 6000

L15 6000 7500 5727

1.37 5100 6000 5402

1 .50 6000 7500 524 1

1.77 3750 4500 4960

2.00 5800 7200 4762

2.05 5650 7100 4723

2.40 2.40 5300/4000 6600/4800 4481

3.00 3.00 5000/5400 6250/6600 4160

4.40 5000 6000 3662

6.5 4250 5300 3215

7.14 3700 4600 3116

8.5 3750 4500 2940

Fi gure 9 Hydraulic Motors , Disp lac ement and Speed
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‘

::: ~~~~rm~~ Rated S peed 
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1000 2000 5000 10 ,000 20,000 50,000 100,000

S peed - RPM/i 000

F gure 10 Hydrau lic Motor Speed & Flow Charac te r i s t i cs
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Standard moun ting fla nges on hydraulic motors interface with actuation system gear-
boxes. These standards are listed in the motor specification MIL-M-7997B. The
fo llowing ta ble lists the military sta ndards with torque , we ight , and overhung moment
lim itations . Detail dimension and requirements can be found on the respective sta nda rds .

Accessor y Maximum
Motor Mount Gearbox Mount Torque Wei ght Moment

in. -lb lb in. -Ib

AND 10260 AND20000 100 6 25

AN D 1 O261 AN D2000 1 500 30 150

AND 1O262 AND20002 2 ,500 65 400

At 3,000 psi , the torque limitations permit motor sizes of maximum disp lacement of
0.2 in. 3~rev onAND1O26O , 1 i n. 3 rev onAND JO26I , and 5 in. 3

~ rev on AND 1O262 .

In the EHPM , the contro l valve housing w i l l  rep lace the normal motor valve p late and
port cap. The dimensions of the valve plate are pecu liar to the pa rt icular motor desi gn
and are cr i t ical  to proper pressure balances. Therefore , these dimensions w i l l  not be
detailed in this rep ort . The dimensions should be identical to the present motor port
cap in the area of the motor valve p late . The valve p late must be a hardened stee l
mater ial and the valve housing aluminum (for minimum wei ght) . Typ ical valving sur-
faces of h,draulic motors are il lustra ted in Figure 11. Desi gns ut ilizing a thin
intermed iate valve plate and aluminum port caps are common where port caps ore
more comp lex and wei ght is c r i t i ca l .  Atta c hment uf the valve housing to the motor
hous ing can be made by the same bolt arrangement used for attachment of the port
ca p.

Performance character is t ics  of hydraulic motors are wel l  know n and defined by relat ive ly
simp le equat ions . The most important cha ra c ter ist ics relative to EHPM units are related
to flow and torque , both being proportiona l to motor disp lacement. Flow is also propor-

tional to spee d, and torque is proportiona l to pressure across the motor. Althoug h flow
is essential 1> constant at any g iven speed , the torque is determined by load and pressure
across the motor and is controlled by va lves. The maxi m um motor torque is essentiall y
constant throug hout its rated speed range at constant pressure . However , at higher speed,
lower pressures are ava ilable at the motor due to line and valve pressure drops . This
discussion is based on theoret ical  values that should be adjusted by ef f ic iency.  Hyd-
raul ic motor eff ic iency is high w hen operating at ra ted pressure and ~~eed . Efficiency
is onl y cr i t ical when operating at peak loads . In this area , the overall e ff iciency is
above 85% and the torque ef f ic iency is above 90%. At  other than peak loads , the
contro l valve eas ily adjusts to maintain the desired speed and load torque.
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Piston Ports Valve Ports

N 
-

• 
V ie~-. o f Cy l inder-Bloc k View of Valve-Plate

Valv ing Sum fac e Valving Sur face

Fi gure 11 T yp ical  Valving Sur faces Hydraulic Motor
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The performance of standard i n - u n ’  hydraulic motors has discontin uit ies which are
caused by rap id changes in interna l leakage at break-out and substantial drop in
output torque at low speeds. The in-line motors ut i l ize the metered hydraulic flow
to supply both the hydra-stat ic shoe balance flow and the p iston disp lacement (out-
put motion) flow . When operating with normal loads and moderate speeds , they
operate smoothl y and efficient ly.  W hen there is no required output motion or where
output velocity commanded is low , operation can be erratic . This is due to the
var iable flow going to normal leakage , to shoe balance , and to the p iston disp lace-
ment wh ich gives the output motion . For those load conditions where the output
torque is higher stat icall y than it is for relat ivel y low speed , jerk y operation can
be ex pected until the commanded speed exceeds the low speed range. To avoid
th is undesirable operation , m inimum operating speed must be maintained above 10%
of normal operating speeds. This minimum operating speed is compatible wi th the
ma jority of ut i l i ty actuation system requirem ents .

Ana lys is has show n tha t unless the driven load is predominantl y inertial (such as radar
antenna positioning) and low speed operation is required , sta ndard in—lin e hydraulic
motors mo~ be used for u t i l i t y actuat ion systems. Most ut i l i ty  app l ications have both
inertia and torque load requirements due to wei ght and aerodynam ic loads. In add i-
t ion , genera l operat ing requirements of ut i l i t y actuat ion systems involve movement
from one position to anot her in a specified time and do not involve small corrections .

Modified in—line hydraulic motors have been built for servo app l ication of pure
inertial loads. One such unit is an ABEX hydraulic servomotor desi gned to supp ly
t he p iston leakage and shoe ba lance flow d i rect l y from the hydraulic pressure source
rather than w i t h  :~~ntI o l  valve metere d flow , thus essent iall y forc ing all control
flow to provide output motion . The result is that smooth operation can be main-
ta ined to considerabl y o~. er speeds. With such a motor , the amount of valve
mot ion required to reoli :e a g iven stot ic torque is reduced compared to the case
w here the valve must also supp ly leakage and shoe balance f lows. The outpu t
st iffnes s is , ~: iprc , f~.i e , increase d .

Control ‘,a l v e  - The desi gn of modulating control valves i s a  rather extensive
sjb j ect  covering many types and many constr uction techni ques. Ia review the
various  types of val\- r’ s is not the i n t e n t  of this stud y .  The most common ly used
modu lc mt ng control  valve confi gura t ion is the spool and sleeve and it has been
selecte d for th~- EHPM unit . This type of valve v.- a s se lected because of the
simp l ic i t y of i ts c imaroc tn r is t ic  equations and the genera l knowled ge of construc-
t ion techni ques. In the aviation industry, t hese va l v e s ore used for controlling flow
and pressure to f l i ght control actuators , in electroh ydraulic valves , and in uti l i ty
system direction control va lves.

The specif ic spool v a lve  selected for stud y is a balanced , four-land valve w i th  zero
lap as show n in Fi gure 12. In normal usage , the valve is translated by mecha n-
ica l or hydrau lic means to obtain the modulat ion of hydrau lic pressure and flow . In
the EHPM unit , the pulse motor rotates the spool (or the nut) causing translation
through the feedbid. t hron-~ ~r translator att ach e d to the hydraulic motor . The
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Three—Lan d Va lve , Balance d

Figure 12 Balanced 5poo 1 Valve Confi gurations
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following discussion w i l l  determine the detai ls of th~ phys ical and performance inte r-
faces necessary to integra te the control valve into the EHPM .

Valve Sizing and Flow s - In the previous discussion of hy draulic motors , a w ide range
of available sizes and opero t ng speeds wer e shown. The motor size (disp lacement) and
operating speeds determine the flow required for motor actuators . The equation for
determining motor flow requirements is:

Flow = Disp lacement x speed -‘231. ‘ — hen flow is in gallons m m , d isp lacement is in
in. 3/ revo lut ion and speed is in rev - -’min.  The w ide range of motor disp lacement and
operating speeds require valve sizes rang ing from 1 to 100 gpm as show n in Figure 13.

It is not practical to desi gn a valve for each motor size due to the large variety of motor
sizes . A group of standard valves may be desi gned to match moto r sizes and operating
speeds.

Valves are sized by flow r e q u i r e m e n t s  and pressure drops for minimum phys ical size and
wei ght. Past efforts to standa rdize valve sizes have been related to plum bing l ine sizes
and size desi gnation does not a lways indicate the flow capacity of the valve .

Raymond A tch ley ,  a Division of A BEX , has esta blished e lectroh ydrau l ic se rvo valve
sizes of 1 , 5 , 10, 25 , and 50 gprn w i t h rated flow pressure drop equivalent to one third
of the source pressu re . It is interest in g to determine the basic dimensions of a series of
valves based upon f 13- .’.- s and f luid ve loc i t ies  that control the pressure drop . This re-
lat ionship is stated in the equation :

VA -
Q = _________ - ~i~~o—l e ~~ 

= flow , ga l s  r n m n

.3208 V = fluid ve loc i t y ,  ~t src

A f low area , in 2

Chang ing A to D2 and solving for D (Th e valve spool diameter)
4

D =/ ~\J
Assuming a constant ve loc i t y of 26. 14 ft  s~ . a reasona ble ve loc i t y  to minimize pressure
drop , the denominator becomes v”~ or 8; t herefore :

D at V - 26. 14 H sec
8

Assumin g a series of valve sizes where the spool diameter varies in o~ie eiahth inch
increments - Q or flow sizes are 1 , 4 , 9, 16 , 25 , 36, 49, etc . closel y paralleling the
Raymond Atch ley sizes and prov iding a se ries of valves w i th  constant flow veloc i t ies.
The potential standard s ize valves are show n on Fd~i~rr- 13. b matching valves and
motors .
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Other bas ic dimensions of the valves cati now be determined . The flow areas of the
pressure and return ports through the spool should also be of low velocity and are
A .3208 0 Z V - .01 (in. 2) at a veloci ty of 32.08 ft - ‘sec 2 . The stem of the piston
should be half of the p iston diameter and the outside of the sleeve two times the p iston
diameter to provide sufficient stiffness and rigidit y so as to prevent distortion from
pressure and valve housing loads . The land width is also approximatel y hal f of the
land diameter and the maximum stroke is half the land width to provide sufficient l y
low valve ga in, as discussed later under the stab i l i t y anal ysis . One final item prior
to tabulat ing the valve dimensions is the thread of the valve translator or sp l ine which
is log icall y p laced on the valve stem , and t herefore , is basicall y hal f the spool dia-
meter. These dimensions faci l i tate the use of standard tools and seals. The maximum
diameter of the sleeve for all sizes of valves and motors allows axial mounting of the
va lve within the normal f low paths of the motor port p late .

The standard valve sizes and dimensions of Figure 14. provide minimum pressure drop

at rated flow s for a l l  areas excep t the control ports . The Iwo center lands of the four land

valve control the f lo +’.— to and from the hydraulic motor . The desi gn of the ports determine

the va lve gain and are generall y of rectangu lar shape for constancy of valve gain. Both

the inlet and outlet po rts ore  identical and ore treated as two orif ices in series with the

load. Maximum gain occu rs at zero load torque and in a 3 ,000 psi system each orifice

has a pressu re drop of 1 ,500 ps i .  As load is app lied , the valve translates to increase the

or ifice size and prov ide the required load flow and pressure . It can be show n by

calculat ion that the maximun i power a valve can del iver occurs when the valve pressure

drop is one third of source pressure . This method of sizing the valve and control orif ices

is hel pful in standardizi ng valve desi gns and is often stated as 1 ,000 psi pressure drop at

rated flow for a 3,000 psi source pressure . Caution must be use d when source pressures

are reduced by l ine loses at hi gh flow rates or low temperature operation . Under these

conditions , the required load pressures may not be ava ilable and the valve control

or if ices may need to be increased in size to decrease drop at high flow rates .

Valve Drive Loads - The predominant forces required to control a spoo l valve are common-

ly cal le d flow forces and are d i rect l y proportiona l to the rate of flow through the valve .

Va lve flow is controlled by th~ valve lands moving across the metering orif ices . The

axia l force on the spool is equa l to the axia l component of the net change of momentum .

The following equations are derived in Section 10.3 of Reference 3:

F = Q V p  Cos ~ Where :
Q - - flow — in /sec

V veloci ty - ir. sec

p mass density - lb-sec 2 ~4

F - force — lbs

The ang le is the je t  ang le of the flow stream leaving the control or if ice and is a

function of the valve disp lacement divided by the radial c learance. With a

valve clearance of .000 1 inch and va lve disp lacement of .006 inch or more ,

approaches 690
. Th~’ max imum force occurs at no load when there is a maximum

pressure drop across the e- r if i ce .  In a 3,000 ps i system , t he maximum pressure drop

for each or if ice is 1,500 psi . The equation supp l ies the axial flow force for a sing le

or ifice and the force always tend s to close the valve .
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Dia. Dia. Dia. Width
Flow Spool Stem Sleeve Land Stroke
GPM Inches Inc hes Inches Inches Inc hes

1 .125 .062 .250 .062 .031

4 .250 .125 .500 .125 .063
9 .375 .1875 .750 .1875 .0934

16 .500 .250 1.000 .250 .125

25 .625 .3125 1.250 .3125 .156

36 . 7s3 .375 1.500 .375 .188

49 .8 75 .4375 1.750 .4375 .219

64 1.000 .500 2.000 .500 .250

81 1 .125 .5 625 2 .250 .5625 .28 1

100 1.250 .625 2.500 .625 .313

Spool = D
Max Stroke D74 ’~ ~~~~ /

Sleeve = 2D ,211 & - i~ ______

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
Stem D/2 Land D/2

Threa ds
D/2 x Threads/Inch
(Gain Dependent)

Figure 14 Valve Basic Dimensions
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In an actua l four-way valve , there are two identical or i f ices in se r ies , therefore ,
there is twice the force on the p iston . Tota l force or the p iston is:

FT = 2 F  = 2QV p Cos

0 . .  - -Substituting V y(2 .~ P): p , 69 and a spec he gravit y of . l~
j for

MIL— F—5606 fluid provides a further simp l i f icat ion .

F = 0 . OO6 4 Qv r

where 0 = in3
”sec , P is in psi and is the total valve pressure drop for two identica l

or ifices in series or:

F1 0.0246

where 0 ] ga llons ,~m inute

The tota l ax ial forces for valv es from 0 - 100 gpm capacity is show n in Figure 15.
The max imum force is at no load for a valve P of 3,000 psi . Other lines indicate a
reduction of flow forces at lower valve pressui~ drops due to reduced source pressure
at the valve cm increased load pres sure

The above anal ys is is made for stead y state flow conditions . Under dynam ic conditions
when the valve and flow must be accelerated , other forces act on the valve . Analys is
of the dynamic loads of a typ ica l 25 gpm valve indicate that the loads , w ith response
requirements for u t i l i t y actuat ion systems , is less than one percent of the stead y state
flow forces . The dynam ic loads do not occur at peak stead y state flow . Therefore , at
any ot her flow sufficient forces are available to accelerate the spool . It is considered
appropriate to desi gn for stead y state flow forces and ignore the dynam ic forces .

Translator Desi gn - In the proposed EHPM , the valve ax ial forces are converted to
torque throug h a r~ ’~ and screw arrangen~~nt ca l le d a valve translator . The screw is
attac hed to the valve stem and the nut is driven by the pu lse motor . Three thread
sta ndard s wer e evaluated for the translator desi gn: the genera l purpose 290 acme; the
American standard course thread series; and the American standard fine thread series.
Al l  of these have standard major diameters to match the valve stem d iameters excep t
in the two smallest size va lves .

The torque to drive the spool can be determined from the following equation taken from
Cha pter 5 of Reference 4:

Cos tan c* -

T = r
~ 

F where : T torque - in/lbs
Cos - tan c~ r

~ 
= thread radius at pitch

l ine - inches

0 = one half thread ang le -
degrees

= helix ang le computed at
the pitch line

= coefficient of friction
27
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140 I
MIL-H-5606 Fluid

120 _~__ F .O24~ 
‘ . - ______ _________

GPM 0 20 4i~ 60 80 100

lrm 3
/Sec 0 77 154 231 308 385

F1ov4 Rate

Fi gure 15 Valve F lo - . Fo rces
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This equation a~surne s the use of anti—frict ion bearings to support the collar loads as
in the proposed design

Figure 16 lists the various valve sizes and data to determine the valve driving
torques for both the acme and course thread series. The coefficien t of fr ict ion is
assumed to be 0.05 for a wel l—lubr icated hardened surface. The values of torque
versus flow are show n for valve sizes from 0 to 100 gpm in Figure 17. The
torque is plotte d as a continuous curve to indicate the approximate maximum torque
for various size valves at rated flow s and maximum pressure drop at no load - For any
particular valve , the tor que is direct l y proport ional to the flow and the flow forces. In
the two thread series ana lyze d, the torque values are close on all s izes and vary sli ghtl y
due to thread pitch . The fine th read series was briefl y evaluate d but considered to be too
fine a thread for a power screw app l icat ion . Non-standard threads were also considered
and may be used to provide specif ic valve gain characteristics , however , in the proto-
type design standard thread series are used because of available standard tooling .

The translator may be placed at either end of the valve spool. In the Fujitsu unit , the
translator is place d at the hydraulic motor end of the spool and the torque required to
rotate the spoo l must b~ supp l ied by the pulse motor because the pulse motor drives the
spool . At the lower speeds and controlled temperature environment of the machine tool
app l ications , t he rotationa l torque requirements are accep ta ble. With~1ie higher motor
speeds and cold temperature requirements for aircraft app l ications , the rotationa l torque
loads increase . Because of this increased load, the translator was moved to the pulse
motor end of the spool and the hydraulic motor drives the spool through a spline that

a llows spool t ranslation.

The torque required to rotate the spool is caused by viscou s drag forces between the
rotating spool kinds and the stationary valve sleeve . Newton s equation for determining
the relat ionsh ip betwee n shearing stress in the oil film and the force required can be
adapted to the journa l bearing If the speed and viscosity are high and the load is very
ti ght , so that th~ journa l is in a central  position in the bearing , the following equation ,
k now n as Petroff ’ s equation , can be used :

F ~~v A

C

Where F is the tangentia l force, is absolute or dynam ic viscosit y, v is surface velocit y,
A is journa l area , and c is the radial clearance.

Chang ing th~ erm s a~ d un its t o o  more usable form , th~ equat ion becomes:
‘
~ 2

F ‘.— ‘ d L N

c (60 ~ 144)

Where d (land diameter) , L (total land lengths and c are in inches , N (spool speed)
in rev/m m and is absolute viscosit y .
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GENERAL PURPOSE 29° ACME
= 14-1/2°

Pi tch Torque
Va l ve Flow Thread Diameter a Force in.
S ize-GPM Size Inches Degrees Pounds Ounces

1 6 1 ’ 4 x 16 .2187 5.2 2 1.56 5.39

25 S ’ ] ó x  14 .2768 4 .7  33.68 10. 10

36 3 8 x  12 .3333 4.55 48.51 16. 97

49 7 l óx  12 .3960 3.83 66 .02 25.09

64 1 2 x 10 .4500 4.05 86.23 37. 94

8 1 9 l o x  10 .5125 3.55 109. 13 50.96

100 5 / 8 x  8 .5625 4.05 134.74 74.11

AM ER ICA N ST A N D A R D  COURSE T HR E A D
0 = 30°

Pitc h Torque
Valve  Flow Thread Diameter a Force in
Size-GPt~\ S ize Inches Degrees Pounds Ounces

4 1 0 x 2 4  .1629 4.65 5.39 0. 97

9 1 2 x 2 4  .1889 4.02 12. 13 2.30

16 1 4 x 2 0  .2175 4 .19  21.56 4.96

25 5- l O x  18 .2764 3.66 33.68 9.09

36 3 8 x 16 .3344 3.4 1 48.51 15.52

49 7 l O x  14 .3911 3.33 66.02 23.77

64 1 2 x 13 .4500 3. 11 86.23 34.49

81 9 I 6~ 12 .5084 2. 99 109 .13 49 .11

10~) 5 8 x  1 1  .5660 2. 93 134.74 66.02

Fi gure 16 Valve Torque Calculat ions
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GPM 0 20 40 60 80 100

ln
3/Sec 0 77 154 231 308 385

Flow Rate

Fi g~- t e  1~ Valve Tom que
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For a typ ical 25 gpm, four land valve , runn ing at 4,000 rpm (d = .625,
L .3125 , c = .0002 , ~. = 20 x 1O-

~), the tangent ial force is 2.23 pounds.

T Fr

2 .23x  3125

= .696 inch pounds or 11 15 inch ounces

The viscous drag torques are equivalent to the torque due to valve forces at the
viscosity and rpm of the valve anal yzed . It is apparent t I-a t at higher fluid vis-
cos it ies and rpm ’s, the viscous drag torque wi l l  increase si gnificant ly. At low
temperature , the dra g torque can exceed t he pulse motor capabilities. Since
the forc e and torque are directl y proportiona l to viscosity , the torque at —20°F
can be 13 times and at —40°F, 30 times norma l temperature drag torque. Because
these torques can be so high, the change was made to drive the spool with the
hydraulic motor where the torque required represents onl y 5% torque available at
m inimum operating temperatures . This calculation assumes that the fluid viscosity
at the journal bear ing stays at ambient temperature viscosities , The viscosity may be
reduced locall y due to friction of the rotating spoo l, but this action requires time.
Other design features suc h as increased clearance, reduced land width or grooving
of the land (a common practice) can be done to reduce the viscous drag forces.

Va lve Gain - The control valve in an EHPM is part of a closed loop servo system .
Prior to selection of detail valve parameters (flow versus disp lacement and pressure
versus disp lacement character istics) , a closed loop servo system anal ysis is required .
Th is ana lys is determines the highest closed loop again that can safel y be used in the
system and satisf y the stab ilit y cr iterion .

The closed loop servo system within the EHPM includes the following components:
the hydraulic motor; the control valve; and the feedback translator device. Stability
criterion for this type of system have not been published , but good desi gn practice
dictates a gain marg in of at least 6 db; i e , the ioop ga in could be increased by a
factor of two before encountering system instability. This criterion is consistent with
MIL-F-9490D which specifies gain and phase marg ins as a function of airspeed and
aeroe lastic mode frequency. In genera l , worst case stabi lit y for an EHPM system
wou ld occur at zero airspeed . For this condition , MIL-F-9490 D specifies a gain
marg in of 6db wit h no phase requirement below minimum operational airspeed .

Derivation of t he expression for the closed loop gain of an EHPM operating at zero
airspeed (no load) is presented in the desi gn section for the prototype EHPM . The
fo llowing equation may be used for any system after the loop gain and stability
cr iterion has been developed :
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1 Kv KtLoop Gain ( ) =
Sec D

Where : Ky is the control valve flow gain at null (in3/sec-in), Kt is the
trans lator feedback gain (in/rev) , and D is the hydraulic motor disp lacement
(in3/rev).

A simp l ification of this equation can be made if the flow to be determined at one
revo lution of the spool is desired . The number of threads per inch drops out and the
loop gain is expressed in terms of flow and motor disp lacement as follows:

/ 1 -- Q (in3/sec )Loop Gain / 
- 

3Sec D (in /rev)

It is emphas ized that the loop gain must be determined at no load flow which is the
max imum valve gain and wors t case stability . Assuming that the valve has one third
of the source pressure drop at full load , the no load flow is the ratio of v’E’s/PI or
1 .732 0 where 0 is the valve flow at maximum EHPM operating speed .

Open Versus Closed Loop Trade Stud y

Traditiona l technology to interface low level electrica l command si gnals w ith a drive
system is to use an electroh ydraulic serv o valve in a closed loop system . Feedback
signa l to the servo valve is usuall y taken from a position sensor on the load , Spec ma I
cases ex ist where a mechanical feedback is used in lieu of electr ical feedback and
others where a veloc it y transducer feedback si gnal is used in combination with the
position sensor feedback , These are used in a small percentage of app l ications . A
block diagram of a closed loop electroh ydraulic servo system is show n in Figure 18.

Th is technology, I-owever , has not been emp loyed to drive aircraft utility systems.
The primary reason is the lower tota l cost of a simp le mechan ical input system and the
inherent re l iab i l i ty  of mechanica l controls. With the advent of low cost , high
reliabil i t y di g ita l control technology, however , the use of servo systems to contro l
a ircraft u t i l i t y functions seems to be feasible. The adva ntages of such an arrange-
ment include the capabilit y to reduce overall system wei ght , reduce cost , introduce
modify ing controls not feasible w i th  the mechanica l input systems , and reduce the
ex posure of the hydraulic system to fati gue from pressure surges.

A digita l closed loop system of the type show n in Fi gure 18 was eva luated
aga inst an open loop EHPM syste m shown in Fi gure 19. The results of this
qua l itative evaluation wer e put in matrix format in Figure 20.

It is concluded that the EHPM is we l l  suited for aircraft utilit y functions . The
response requirements (bandpass) of ut i l i ty  systems are much lower than flight control
systems w here Electro Hydra ulic Valve (EHV) servos ore extensivel y used , It is con-
c luded that the bandpass of the EHPM is not a penalty for uti l i ty systems .
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Fi gure 18 Close d - Loop EH Servo System

Dig ita l Motor Step Hydrau lic LoadProcessor Driver Motor Motor

Figure j 9 Open - Loop EHP M System
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Open loop opera t ion of an EHPM requires safeguards against loss of pulses . If
the motor misses an input pu lse , system positioning accuracy is impaired . The
magn itude of the error is directl y proport iona l to the number of pulses lost.

It is postulated that because of improved rel iabil i ty of electronic circuits , that loss
of pulses w i l l  be a remote occurrence if the system is operating within its desi gn reg ime
and it appears feasible to shift reg imes during operat ion to keep the system w ithin on
operable range . It also is feasible to shut the system dow n if an operable reg ime is
exited .

Us ing Reference 5 as a gu ide to the closed loop control of stepper motors , it is con-
cluded that open loop control w i th  fault monitoring is the better approach C! -  - -d
loop control , however , does allow higher speeds and provides more positive positioning
integr it y.  The comp lex ities introduced , however , detract from its appeal ,  For examp le ,
close d loop contro l requires a feedbacL transducer , usuall y an op t ical encoder disk , wh ich
supp l ies the necessary information to close the loop . To determine the proper rotor
positions at which phase sw itchings should occur requires either a fixed encoder slot/motor
detent position ang le or the introduction of a time delay circuit in the feedback path .
Dual sensors are requ ired for direction sensing . F inall y, speed of the closed loop servo is
quite sensitive to load variations. Since the motor load varies direct l y as a function of
speed , the close d loop control would involve additiona l complex it y to control slew ing
speeds. These disadvantages led to the exp loration of fault monitoring schemes for im-
proving pos i t ion inc;  integrit y The open loop system was examined to determine criteria
for pulse positioning integrit y .  In order to avoid loss of pulses , the following criteria
must be m e t .

o Stepper moto r torque must ~~ su f f ic ient  to drive valve under al l  operating conditions .

o Hydraulic motor flow must be suff icient to provide the commanded motor velocit y.

o Hydraulic motor supp ly pressure rr’rust be adequate to supp l y load torque .

o Motor resonance ve loc i ty  versus load combinations must be avoided .

It is obvious tha t rirr ’chanica l fai lures wi th in  the EHPM or the actuation mechanica l system
cou ld produce conditions in wh ich the criteria for positioning integrity could not be met.
For these eventual i t ies , spec ial monitoring provisions must be supp lied . The non- failur2
states should also i:,~’ invest igated to determine if the above criteria could be met. A reas
open to quest ion are : 1) Cold temperature operation , 2) Step motor resonance conditions ,

Tests w i l l  validate normal operational capabil i t ies of the EHPM system . The rationale for
concern at low temperature involves hydraulic fluid viscosity which increases line drops
and results in luv.- pr ava ilahle pressures and f lows. Motor specification data reflect no
resonance zones , and ana ly t ical determination of such conditions is of sufficient diff iculty
to warrant ex perimenta l test results to revea l latent resonanc e zones.
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Severa l industria l users of open loop EHPM ’s utilize a simp le monitoring scheme to
automat icall y shutoff the unit whenever pulse positioning integrity cannot be met.
It cons ists of switch contacts mounted in the gearbox between the step motor and
contro l valve , As the spool is disp laced beyond a predetermined overtravel , the
switch contacts ore closed sending a signal to either shutdown or slow dow n the in-
put pulse rate .

A stra ightforw a rd concept such as this one used for industria l controls can be success-
fully emp loyed in a util ity aircraft system such as the flap system - W.ost failures
in the drive syste m w i l l  result in a hardover control va lve spoo l , Using this insight
into system operation , sw itch contact points can be positioned so that contact is made
when the valve spoo l has traveled a predetermined distance beyond the full open
position , The mak ing of the switch contacts generates an interrupt signal in the micro-
computer which halts the pulse train and provides pilot warning through the ex isting
annunc iation system .

To complement th is monitoring system , an asymmetry detection system may be employe d.
It consists of shaft encoders mounted on the flap drive torque tubes in the left and right
w ing, A cri t ical difference between the left and right sha ft encoder results in automatic
shutdow n and engagement of the drive shaft brakes which lock the flap system in position .
Th is system detects faults in the structure between the drive motor differentia l and the
flap surfaces .

In order to protect the input drive system from failures , redundant input sensors, micro-
com puters , and power drive circuits ccn be configured . The prototype system , however ,
is a sing le system and is subject to sing le failure points in the input drive system .
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SECTION III
APPLICATION SURVEY

One tas k of this program is to survey the C—5 or simi lar a i rcraf t  for possible uses of
the EHPM concept in u t i l i t y and secondary fl i ght control  systems. To perform this
task compre hensivel y and e f f e c t i v e l y  it is necessary to recogn ize usefu l al ternat ives
some of w hich involve use of new technology and to consider the EHPM concept in its
larger scope — i .e.  combined w i t h  its digita l computer. The following items are
spec if ical l y note d:

o The approach is app licable to the contro l  of linear hy drau lic actuators as
well as hydraulic motors. One linear actuator device , described in
re ference 6 , cons ists of a hydraulic actuator w i th  a sc rew mounted axial l y
t hrough the head end and then throug h the piston into the rod, arrange d
so that t he screw is rotated by t he linear motion of the p iston . The rotary
motion of t he screw is used as the feedback in he same way t hat the rotary
motion of the hydraul ic  motor is used in the EHPM . The actuator can be
cal le d an e lect roh y drau l ic pu l se actuator , EHPA ,to distinguish i t  from
the EHPM .

o A black box which incorporates a di g i ta l  computer which may be mult ip ly
re dundant con control  one or more subc ircu its or parts of subcircuits. This
box can contro l  any subcircuit which l ies wi th in its capacit y range and the
onl y differ ence between two black boxes contro l l ing different subcircuits
is the ROM (read or ; l~ memory ) program . That is , the hardware is iden-
t ical. It iv therefore , pre dicted that such a black box w i l l  be a functiona l
stan dard and w i l l  be used to control dif fer ent subcircuits in the same
airp lane and in dif ferent airp lanes. This broad usage w i l l  lead to si gnifi-
cant l y lower c o t t s  than normal for black boxes. This prediction is sub-
stant ia ted by t he story of the electronic sl ide rule.

o Two or mote ac tua to rs  using the same pulse stream for contro l will operate in
sync hronization — i .e .  their disp lacements w i l l  correspond. This t ype of
cont ro l  has in the past been d i f f icu l t  to achieve and has usuall y r esu lted in
a rnyclr : r r iy a l  t ie betv/ een actuators.  When using the EHPM approach with
an encoder the encoder out puts are compa red and can make adjustments or
stop the system if the actuators exit synchronization.

o Adding control  parameters to a c ircuit  increases the comp lex ity of the
system on ly to the ex tent of the input si gna l , e .g . ,  a pressure trans ducer
and t - w i r i n g .  The circuit to multi p lex , di g it ize , and read many inputs
is assumed to e x i s t  in the standard black box .

o Adding an EHPM or EHPA to the syste m involves adding the actuator , its
driver , on encoder if used , and in ter face functions which are standardizable.
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Loc kheed ’s cargo aircraft  were surveyed to determine w here the EHPM/EHPA concept
wou ld be a viable a l te rnat ive  if the aircraft were being desi gned within the next decade.
Th is survey revealed the following candidate app lications :

IS EHPM/EHPA A VIABLE CANDIDATE?

SUBSYSTEM C-S C-14 1 C-130

Thrust Reverser YES NO NA
Landing Gear and Door Ac tuation YES YES YES
Nose Gear Steer ing YES YES YES
Kneeling System YE S NA NA
Cross Wind Gear Positioning YES NA NA
Aft ramp actuators  YES NO NO
Visor Actuator YES NA NA
Flaps Slats YES YES YES
Winch Control ’ YE S YE S YES
Petal Doors YES YES NA
Stabi lizer YES YES NA
Stabil izer Trim YES YES NA

When used for spec ial mission aircraf t  — not on all aircraft

Additiona l candidate app lications w hich are used in other aircraft are as fo l lows:

Radar drive
Wing fold
Win g sweep
Bomb bay doors
Gun drives
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Comparative Anal ys is

In evaluating the v iabi l i t y o f the concept for each of these app lications it is
necessary, to evaluate t he fol lowing factors:

o Procu rement Cost
o Maintenance Cost
o Wei ght
o Re liabil i t y

Safet y is not l isted since it is assumed that adequate safet y is built in before the
above are cons idered.

As t is not feasible to perform quanti tat ive anal yses for - t his general ized evaluation
a discussion of the factors is presented .

Procurement Cost — the concept transfers the bulk of the control functions from the
hydraulic c i r c u i t  to the electronic c i r cu i t .  The hydraulic valving comp lex ity is
si gn ificantl y re duced . The elect ronic c i rcui t ry  is standa rdized in easi ly rep laceable
modules. The number of LRL) s (line rep laceable units) in the system is si gnificantl y
reduced and the ones that are required can be identical for many subcircu its . The
e ffects of standardization — larger quantit ies of fewer p ieces w i l l  result in lower
costs to specify, procure , test , develop , store , and instal l .

Maintenance Cost — the simp ler hydraulic circuit and the modularized electronic ci r—
Zuit coupjed to the mult i p ly re dundant compute r which can self  test to identif y fault y
modules offer- s a rea l  opportunit y to re duce maintenance costs.  Fewer parts leads to
reduced log istics costs .

V/ei ght — wei ght for most of t he app l ications w i l l  be less than the present approach
pr imari l y because of less valv ing and p lumb ing .

Rel iabi l i t y - The number of moving parts in the systems is dramatical l y reduced , and
t he degree of redundancy in the control is increased. Many limit switches may be
el iminated.

It is predicted that dramatic improvement in the maintenance and reliabilit y factors and

si gnificant improvement in the procurement cost and we i ght factors con result.
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SECTION IV
PROTOTYPE EHPM DESIGN

Selected Ac tuation System

The existing f lap control and actuation system in’-olves a comp lex of mechanical ,
hydraulic , and e lec t r ica l  devices and was desi gned and arranged using the
ava i lable technology at the time the C— 5 was developed . A hypothesis leading to
th is study is that dramatic developments in electronic c i rcui t ry  especiall y in the
compu ter f ield can lead to si gn if icantl y improved control and actuation systems. An
approach being conside red is to accumulate as much of the cont rol as possible within
a digita l com puter and simp lify to a max imum the hydraulic valve system and the
electr ical cont ro ls.  The C-5 flap and slat actuation system offers an attractive arrange-
ment for making a compa rative stud y and for evaluating a prototype system . The
hydraulic control is suf f ic ient l y comp lex that substantial simp lification con be demon-
strate d. Further ju v t i f i ca t ion  for this selection is provided by the ava i labi l i t y and
adaptability of the C— 5 Iron Bi rd for prototype testing . The full size simulator
prov ides actuation hardware inc luding gearboxes , torque tu bes , actuators , and load
simulation equ i pment .

The elements of the C-5 flap system are indicated in Fi gure 2 1. The torque
requirements for the hydraul ic motor are shown in Figure 22. The various speed
and gear ratios use d in the system are provided in Fi gure 23.

Descri ption of a Projected System - The elements of a system to do the some job
as t he C—5 flap and slat system using current and pro jected technology is shown in
Fi gure 24 which also indicates the protot ype test system . In this arrangement , the
crew inpu t is a dual electronic si gnal from the flap control handle. Each of the two
drive packages is contro l led by an electron ic package which is a di g ita l computer plus
associate d e lec t r i ca l  c i rcu i t ry  related to the power delivered to the stepper motor drive.
The electronic contro l teod : the various inpu t devices which are the crew input , the motor
output , t he gearbox outpu t , t he asymmetry detectors and hydraulic pressures , and on the
bas is of these inputs , controls a stream of e lectr ical pulses to the stepper motor that
drives the hydra ulic motors . The electronic control also delivers signa ls to the
hydraulic insolation va lves and to the asymmetry brakes on t he basis of the inputs which
i t  has read.

Much of the c i r cu i t r y  in the electronic control is projected to be form and function stan-
dard . It w i l l  not be c i rcu i t r y  which is specif ical l y developed for this special task . It
consists of a standardized CPU, ROM, and RAM p lus some spec ialized circuitry . (CPU =

Centra l Processo r Unit; ROM Read Onl y Memory; RAM Random Access Memory )

It is the ROM c i rcu i t r y  which adapts the standard hardware to the special ized task of
contro ll ing the flap system. The ROM hardware is standard but its numerous elements
are programmed -- positioned permanentl y or semi-permanentl y.  T he ROM provides
t he information which defines how the CPU wi l l  handle the information it reads from the
various inputs and From the RAM The RAM is variable memor y and is temporary in nature.
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The fact that the electronic contro l can be produced in a small size , at low cost ,
and wi th hi gh rel iabi l i t y is the key tec hnology advancement which makes this
approach feasible.

Mod ification to the flap drive package to fac i l i ta te  using only the le ft wing flaps is
required. The ri ght hand hydraul ic  motor and brake are deactivated and the left and
ri ght gears of the di f ferent ia l  are locked to the same shaft . This a llows the left motor
to drive the d~f Ft ’ r & - i r t i a l  output gear at t he same speed it wou ld be driven if left and
ri ght motors were operating and since onl y i,’2 of the flaps are connected to the drive
torque tu be , the left  motor w i l l  carr y its norma l 1/2 of the total flap load . The test
dr ive motor w i l l , t herefore , be exposed to the same conditions as if wou ld if the com-
p lete system were being operated .

Motor/Va lve Assembl y

Motor Select ion - The present C—5A flaps are driven by Vickers bent—axis
3915-30 motors . These motors have a disp lacement of 1 .52 cubic inches per revo-
lut ion , and a sing le un it w i l l  drive al l  the wing flap panels on one wing . An equal
disp lacement ax ia l  piston motor is selected for the desi gn of the protot ype EHPM unit.
The axial  p iston desi gn is selecte d for the simp l ic i t y and compactness of the comp lete
motor - va lve assembl y. The se lected motor is the ABEX model AM8C—2 . This unit is
present ly in pro duction for the Boeing 747 on the inboard flap dr ive system . A similar
model , wi th  sl i ght l y less disp lacement , is also in production for the F—i 11 wing sweep .
The model A~~8C motor is fu l l y qual if ied for both commercial and mil i tary app l ications.
An assembl y d raw r , - ~ of the AM8C—2 is shown in Fi gure 25. Performance curves for
this ~ n~ t are shov.-rr in Fi gure 26. Referr in g to the flap load requirements of the
previous section the hi ghest pressure required at the motor is 2,362 psi. Since idenfl—
cal size motors drive the present and proposed protot ype EHPM system , no problem
related to torque sut f ic iency is expecte d. Ana lysis indicates that the flap app l ication
does not ~equ i r€ a servo motor desi gn.

In t he desi gn s~ lri- p otot ype EHPM unit , no interna l modif ications are made to the
stan dard AM8C-2 r- r i t e x c ept  for seal changes . The desi gn features of the motor/valve
interfaces can be seen in t he comp lete EHPM assembl y drawing, Figure 27. To
adapt the va lve  housing to the standard motor , t he normal port cap is removed and is
rep laced by rri ~ ’ valve housing. A part p late is used to interface between the rotating
cy linder bloc k and the stationary aluminum valve housing. A port p late of this type is used
in many pump or motor desi gns to reduce wei ght when the port cap is large or contains
additional va lves .  No changes are required in this port p late/motor cy l inder block
porting area to al ter ‘he c r i t i ca l  balance. The spool sp line driving unit is driven through
a radial slot , t hat perm it .  s l i ght misali gnment , by a pin pressed into the motor cy linder
b lock. The spool sp line dr iv ing unit ut i l izes the inside diameter of the spool sleeve as a
bearing t hus maintaining concentr ic i t ies wi th  the spool.

Valve Desi gn — The desi gn of the protot ype contro l valve is dependent upon the flow
and torque requirements of the hydraulic motor and flap dr ive system. The maximum
operat ing speed of the flap system is 3 ,949 rpm and for further calculations , the speed
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is considered to be 4 ,000 rpm. The selected AM8C—2 hydrau lic motor disp lacement is
1.52 in3/rev w ith a vo lr.rmentr ic eff iciency of .97. The control valve maximum flow
is:

0 Disp lacement x speed/(23i x efficiency)

1 .52 x 4 ,000or 
231 x .97 

= 27. 1

The motor ou tpu t torque requirement of the flap drive sys tem is shown in the previous
sec t ion . The pressure r equired at the motor to develop the torque can be determined by
t he following equation :

2 r T (in/Ib)P (ps ) - .Drsp lacement (un 3/ rev) x e f f i c renc y

The maximum pressure requirement of the motor is :

2 r i x 500P (ps i)  
i .52 x .9 

= 2 ,29ó psr

This maximum pressure is only requ ired during the last 5
0 to g0 

of flap ex tension.

At a l l  other times , t he required motor pressures are below 2 ,000 psi. In the last 5
0

to 8 of flap extension , the motor drive may be slow to provide the required increased
load pressure.

With the flow and torque requirements established , the contro l va lve s ize is selected
from the group of standard va lve s izes.  Tile standard 25 gpm valve s ize is selected for
the basic v alve dimensions. The 27 gpm flow requirement represents an 80/c inc rease

in f low w i t h  sl i ghtl y i r g Ese ; va l ve  pressure drop that can be adjusted in the desi gn o f
the control or if i ces .  An ABEX Mode l 425 e lect roh ydraulic servo—valve desi gned for
a rated flow of 25 gpm incorporates a second stage valve w i th  basic dimensions almost
identical to the 25 gpm va lve standard developed in this stu dy. This Model 425
valve was selecte d for the protot ype E HPM contro l va ye wi th  modifications for
incorporating the translator drive , spoo l drive , and control or i f ices.  The desi gn of
t hese modifications are discussed in the following paragraphs.

T he selected contro l valve is a four—wa y balance d valve and the equations to deter-
mine the flow forces were developed in Section 3 .0 . The maximum flow force for
the 27 gpm va lve is determined at no load or 3 ,000 ps i drop across the va lve.

F = .0246 Q. ~ Pv

.0246 (27) 3,000 - 36.38 lbs
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This valve flow fo rce is transferred to torque throu gh the selected thread and
gearing of t he translator.  The standard valve translator thread size can be either a
5/16 x 14 Acme or a 5/16 x 18 course thread. The 5/16 x 14 Acme thread was
se lected for the protot ype desi gn. The torque can be determined by t he equation
deve loped in the section on translator desi gn. The torque requirements for a
standard 25 gpm va lve is 10. 1 inch ounces and since the flow forces and torques
are direct ly proportiona l to flow , t he torque requirement of the protot ype va lve
of 27 gpm is increased by a ratio of 27/25 x 10. 1 or approximatel y ii inch ounces.

Va lve Stroke Ver sus Flow Selection - As determined by the sta bilit y ana lys is w hich
fo l lows , a va lve gain of 40 shou ld not be exceeded . This requirement pertains to
operation near t he shu toff reg ime. After t he valve is open to some degree , i t  is
a llowable to increase the gain. The selected stroke versus f low requirement for
va lve manufacture is shown in Fi gure 28. For this fi gure , the ~ P across the total
va lve is held constant at 3 ,000 psi unti l desi gn f low is obtained and then the flow
is he ld constant wh i le the va lve is opened to i t s  maximum. Differential pressure ,
of cou r se , has to be educed as the valve is opened so as to maintain constant flow .
At va lve fu l l  open, t he tota l P across the valve is 500 psi . As determ ned previous ly
in t his section , the requ i red / P for t he hydrau lic motor i tsel f  is 2 ,296 . ~~t valve
fe l l open , tota l ~P across va lve and motor is 2 ,796 leaving about 200 ps or loss in
the hydraulic - i~~tc. ’;

Servo Sys tem Sta b i l i r ~ Ana lys is — The servo valve , hydrau lic motor , and mec hanical
feedback lin kage form a c losed loop servo system. The stepper motor is located outside
cr~ the loop and, t her , - f ~~e , its response c haracteristics ore not a part of this ana lysis.
Hc+~’. ’ v + -  . - r i ce  it is tOe  servo valve dr iver , its response (to acce lerate and decelerate )
md ‘- . maximum speed rrr a. t e r i s t i c s  should equal or better that of the rest of the
-P1 ,0 y tem .

The ~t a h l i t ~ c ~~ ion used for ‘h i S ana lys is i s a  gain marg in of 6 d b. Mil i tary
- 4 5 + - r I  f i c a t  3n MlL- F- 4 .~O ca lls for a gain marg in of 6 db and phase marg in of 30

nce there are no act ive feed back erso rs  in the system , it is considered that the
p hn-e mar g in can be neq le c t c  The ana lysis consists of root locus and frequency
I espanse char :c Icr i~ t ic for a l inear ized math model of the servo system.

Using ‘I~~, f o l l os ..- in q parame ter . - for the EHPM protot ype system , an ana lys is of the
.rn loaded morcs ’ • nb~l~t , is per formed . This is comparable to bench operation of the
[HPM and is a w o n ’ r  case tahi l i t y cons ideration.

V = Oil Volume - 2.5 in. 3 
2J Hy drau lic motor inertia 0.0082 lb. —in.  —sec.

B Adiabatic bulk modu lus of oil = 0.27 x 106 lb./in .2
D Hydrau lic motor disp lacement — 1 .52 in. 3/rev . = 0 .242 in. 3/rad.
L To t al  leakage coeff ic ient - i . O x  10 3(in. 3/sec.)/( lb./in. 2 )
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Root loci were calculated for a variation of loop gain, Kloop from I to 100 sec
The servosystem is quite stable for the entire range of gain variation and for bench
opera t ion with the minimal inertia indicated . Natura l frequency for this condition
is high (approx . 650 rod. .. sec. )  with damping inverse ly proportiona l to ioop gain.

The effect of adding load inertia is examined.

Choosing a firs t cut valye of loop gain of 40 sec . 1, the loa d inertia is varied from
0.02 to .09 lb—in-sec . . This corresponds to ground operation of the system for in-
creasing inertia loads . The result of this anal ysis is seen on Figure 29 (Plot No. 1).
In genera l , the effect of adding load inertia is a reduction of natura l frequency and a
sli ght decrease in damp ing .

The load inertia of the C-5 trai ling edge flaps reflected to the hydraulic motor shaft
is estimated to be .064 Ib. - in-sec ’. The stab ility marg ins of the loaded servo-system
are determ ined . First , a root locus is determined for the servosystem with a conserva-
tive load inertia estimate of 0.07 lb—in-sec .2, vary ing the closed loop gain constant
from 10 to 100 sec . 1 . F-am the results , a lso plotted on Figure 29 (Plot No. 2), i t  is
seen that the system goes unstable for gains somewhat above 100 sec . 1 . To assure
a minimum 6dB gain marg in, ~he loop gain should be held to 1/2 this value or 50 sec
To check stabil i ty marg ins , an open loop frequency response was conducted on the model .
The results , plotte d on Figure 3(), show ga in marg in of 8.68 db and a phase marg in of 87
degrees using a gain of 40 sec . 1 . Therefore , the sta bility criterion of 6 db ga in marg in
is met.

The effect of hypothetica l hinge moment loads was then examined . lo simp lif y the
problem , the flap system hinge moment coefficient was considered to be constant at
0.0432 in-lb/ rod. A root locus of the infl ight confi guration of Figure 29 (Plot No. 3)
was so lved for loop gain variations related to the ground operation gain variations .
The results show that the system response , for any load inertia or gain variation , remains
essent iall y unchanged for the air spring loads under consideration here , 0 to 0. 15
in-lb./ ’rad.

Stepper Motor and Gearing

Load Ana lys is and Gearing Requirements - A most important consideration in the
se lection of a motor is the anal ys is of fhe motor load, both running torque and inertia l
torque . The valve flow torque load was ca lcu lcted at 11-inch ounces at 27 gpm (4,000
rpm). In addition the fr iction and inertia loads may double the pulse motor torque re-
quirement.

A review of available EPM’ s , on the previous “baloney ’1 chart , Figure 2, shows that
few manufacturers can meet the speed-torque requirements . Performance data for candi-
date motors from three manufacturers are shown in Figure 31. Stepper motors were chosen
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for this fi gure based upon advertised speed—torque chara c teristics with an upper limit
placed on the wei ght of the unit of 10 pounds . The figure indicates that without
resorting to gear ing, onl y the Icon unit can meet the design point , motor load 11 oz.
in. at 4,000 RPM (10 ,000 PPS) . The effect of input drive circuit choice is also noted
on the gra ph . It can be seen that the Superior Electric Motor M092, which is being
used in SAAM EHPM units with success , exhib its greatl y increased capabilities when
driven by an acce lerate/decelerate drive unit. The effect of gea r ing is also shown on
the figure . The operating points for three speeds , (2,000, 4,000, and 6,000 RPM) are
shown for increasing gear ratios . The effect of increasing gea r ratio does present the
poss ibility of operating the Superior M092 unit w ith accelerate/decelerate drive units .
The marg in for load estimate erro r, however, was not cons idere d suffic ient to pursue
such an arrangement. It is pointed out that the onl y unit capable of operation at
speeds as high as 6,000 RPM is the Icon Hi PMO motor. This unit with gea ring can
drive an EHPM for overspeeds up to 6,000 RPM for test purposes .

Gearing between the stepper motor and load can reduce the running speed of the
motor. In addition to the small losses due to gea r inefficiency, gearing does present
certa in disadvantages . It changes the out put shaft rotation per input pulse of the
hydraulic motor. Gearing also requires increased motor torque in direct proportion
to the gea r ratio , and inert ia loads reflected back to the motor through the gear are
increased by the square of the gear ratio.

The selected stepper motor (Icon Hi PMO) speed—torque capability is shown on Figure
32 with load torque requirements plotted for 5 gear ing ratios . The abscissa of the
plot is shown in both RPM and pulses per second. This was~ Ione because of an imposed
uppe r limit of 10,000 pu lses per second input command rate . This limit was imposed
because the input pulse train is being generated by the microcomputer. It was estimated
that a minimum of 100 ~es o f computation time would be necessa ry between each pulse,
w hich is equivalent to a r~ upper limit pulse rate of 10,000 pulses per second . A gear
ratio of 1.2 resu l ts in rated load speeds of 4,000 RPM for input pulse rates of 10,000
pulses per second .

The torque difference between the motor speed—torque characteristic and the load
torque c haracteristic curve is the torque available to accelerate the load to overcome
inertial loads .

The upper limit of load inertia allowable for the Hi PMO moto r as published in the
motor specification data is 3.5 x 10’~ lb— in—sec 2 . The inertia calculations which
follow this paragraph show

4that the steppe r motor load inertia expected for the proto-
type systems is 2. 17 x 10 in-lb-sec 2 which leaves a marg in of 38%. The primary
contr ibutor to this value is the two inch diameter gear on the motor shaft which has an
inertia of 1.8 x 10~~ in- lb.sec 2 . The reflected inertia of the control valve spool is
neg ligible. (Note : After fabrication and test of the protot ype EHPM the motor inertia
load was recalculated to be 4 .5 x i0~~ in— lb—sec 2 . The increase was due to the
addition of the translator nut and bearing inertia . The increased inertia increased the
acceleration time constants exper ienced in the protot ype test ing) .
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Step Moto r Speed

-3
Flow Tor que — T

F 
= 2.2 x 10 n where n = valve s peed in RPM

Sha ft Seal — T
s 

= 3. 12 oz— i n.

Tota l Load = (T
F 

-+ T 5)/GR where GR Step Motor Speed/Valve S peed

3. 12 + 2.2 x 10
GR

Fi gure 32 Speed—Torque Charac teristic , Icon HI PMO Step Motor ,
6.6 Lb , 300 PPR
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S ince an acce lerat ion ., deceleration ramp ing techni que is planned for the prototype
system to bring the load to rated speed , it is important to invest igate the time consta nts
w hich can be programmed into the microcom puter software to accomp lish the pulse
ramp. Typ ica l ramp format was shown previousl y in Figure 8.

Step Size — As mentioned in the previous section , the gear ing between the motor and
control va lve assembl y af fects system resolution . The other factor affecting resolution
is the step ang le per input pulse . The EPM selection was made primcril y on the bc3is
of its speed-torque character ist ic. Resolution was not important , it being severa l orders
of magnitude better than requ ired .

The flap ang le is not linear with hydraulic motor position and the maximum slope of the
flap position vs pulses delivered curve is about .0004 degrees/pulse .

There are other a dvantages to having a sma ll stepp ing angle besides resolution . An
EPM has severa l operating modes depending on stepp ing rate and load conditions .
These modes are the stepp ing mode , the transitiona l mode , and the slew-spee d mode .
Operation of u t i l i ty  a rc rcft systems is usuall y ac - ..-mp lished with the motor in the
s lew—spee d mode . The stepp ing and transitional i c - f e s  are purposel y avoided because
of the erratic , jerk y motion imported to the load ~he step ang le affects the granu-
larit y of the response .

Env ironmenta l Considerations - The most crit ica l environmenta l consideration is motor
tem perature . Motor w ind ngs have temperature ranges within which they operate
sa~isfactor iI y dependent upon class of insulation used . Normall y MIL—S pec motors use
Cla ss H insulation ~vhic h a l lows a rated motor temperature of 130 C. Exceeding this
va lue reduces w ind~rra l ife . Severa l options are available to provide cooling; namely,
encasing the EPPv in a cooling shell and blowing wi th fans , providing fi ns on the motor ,
or coo l ing with hydraul c f luid. During the prototype development program, motor
tem perature w i l l  be monitored and cooling provided if required .

In isolated cases , rnotors may be used in dirty environments . The “d irt ” could be
sand or dust , or .~ t i~er contamination detrimenta l to the motor , such as hydraulic fluid.
For these operations , protection of the motor from its environment may be required .
Either a protect ive cr~sc or a s peciall y bu ilt motor offer a solution to the contamination
problem . The EPM selected for the flap drive EHPM system is presentl y be ing used
in Fujitsu EHPM nu~ner ical contro l app lication and is provided with dirt and hydraulic
fluid contamination protection.

Mechanical Requirements — Princi pa l stepper motor mechanica l requirements are moun -
ing considerations .

The phys ical dimensions of the selected stepper motor are presented in Figure 33.
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Input Drive System

Stepper Motor Drive Un its - The motor windings are sequentiall y energized by the

~ Tver circ uit which consTsts of the sequence log ic , power drivers , and limiters . The
step and direction commands are input to the sequence log ic where they are converted
to base si gna ls for the power drivers . The si gna ls are amp lified by the power drivers
and route d v ic ~-a ltage and current l imiters to the motor windings . Additional dis—
c ussion of stepper motor drive circuits is provided in Appendix A.

For simp l c it y and ~~ cost , a series resistance dr iver is chosen for use in the proto-
type stud y.  The d r iver  selected is Icon Model ó0 1—T , w hich is described n..re corn—
plete l >- in A prrend ix A.  The packag ing of this unit is not representative of aircraft
hardware .

In open ioop operation acceleration/deceleration controls are requ ired to ensure that
pulses are not lost. For the test program these controls are incorporated in the soft-
ware of the microcomputer.

Microcomputer — An ALTAIR 8800 microcomputer is used to program the pulse train
for protot ype EHPM testing. The ALTA IR 8800 microcomputer is discussed in detail
in Appendix B. A brief summary of the unit is:

Processor: 8 i~it pa ral lel
Max imum Memory: 65,000 words , all directl y addressable
Instruct ion Cyc le Time: 2 microseconds
Inputs and Out puts 256 , all  directl y addressable
Number of basic machine instructions : 78 (181 with variants)
Add/Subtract Time: 2 microseconds
Number of subroutine levels: 65,000
Interru pt St rLc t u r’ : 8 hardware vectored levels plus software levels
Number of auxiliary reg isters: 8 plus stack point , program counter

and accunru lator
Memory Type: Semiconductor (dynam ic or static RAM, RaM, PROM)
Memory Access Time: 850 ns stat ic RAM; 420 or 150 ns dynamic RAM

Feedback Elements — Encoders are used to provide position si gnals from the flap
handle and the flap drive gear box . The two basic types of encoders are incrementa l
and absolute . The incrementa l encoder is noise sensitive and loses count when power
is interrup te d. The absolute encoder s insensitive to noise and power interruptions
and senses shaft pos i t c r n  wi t hout losing its fina l refe rence. The absolute encoder
was chosen to provide feedback in the flap actuation EHPM system since the
reference position rn st be maintained.
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SECTION V

PROTOTYPE FABRICATION

As—Built Configuration, Input System

The input system was fabricated by Lockheed with off—the—shelf hardware and
does not represent the packag ing which wi l l  be used for a production system .
The adequacy of input system technology to provide an appropriate package -
size, weight , and cost - was a key consideration in establishing this program,
but the development of production configura t ions was not an intent of the
program . The details of the input system are presented in Appendix B.

As—Built Configuration, EHPM

The protot ype EHPM was manufactured by ABEX Corporation, Aerospace Division,
Oxnard, California , Par t  Num ber 63085, Model Number SMP8C-1. Drawings
of the EHPM installation (63085) and assembl y (62285) are shown in Figure 34,
Sheet 1 and 2 respectivel y. Sheet 3 identifies major elements of the valve drive
and feedback considered to be the key technology items of the EHPM. Data
app lying to these assemblies are as follows .

o Spool and Sleeve Assembl y

1. Material MIL-S-742O Cond . E (E 52100).
2. Valve diametra l clea rance 0.0003 inches .
3, Valve travel/gain - see fi gures 42 and 43,

o Translator Driver

1. Material - screw (spool) MIL-S-7420 Cond. E (E52100)
nut (nut - gear  driven) 440C Cond . A

2. Thread - 0.3125-14 Class 4G ACME thread,
3. Spline - 0.3125 pitch diameter , 10 teeth, 32/64

diametra l pitch , 30 degree pressure angle.

o Gearing

1 . Material - CRES Per QQ-S-763 Class 440C Cond. A.
2 Gearing - USA standard 20 degree pressure

ang le fine pitch involute spur gear,
32 d ametrol pitch machined to AGMA
quality number 12.

0 Bearings

1. Light series angular contact bearings prelooded to 50 lbs. w ith wavy
was her springs ..
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SECTION V I

PROTOTYPE EHPM TESTING

Component Tests

Input Drive and Pulse Motor - The input drive system and EPM were
developed and tested as a sing le component. The purpose of these tests was
to develop and demonstrate the speed , ramp ing, and position control requ ire-
ments of the prototype EHPM actuation system .

The block diagram of the Input Control System is show n in Figure 35. The
breadboard test arrangement used as a first verif ication of software is show n in
Figures 36 and 37 . A handle geared to the input encoder simulated the pilot ’s
flap control .

Voltage si gna ls simulating the pressure transducer were fed into the interface boa rd
to ver if y that software caused a reduction in EPM speed when pressure fell below
1500 psi , sto pped the EPM when below 1200 psi , and provided adequate delay be-
fore restart ing so that unstable cycl ing d id not occur. This test arrangement served
as a test bed for develop ing and ver i f y ing the software and control log ic show n in
A ppendix B .

The apparatus proved to b~ a most use ful tool , and it is believed that the behavior
of the EPM output , whic h is readil y observed , can be easil y related to the behavior
of the EHPM installed in the system , assum ing that the hydraulic motor follow s the
EPM .

Using the control log ic and the softwa re program described in Appendix B,
the input breadboard arrangement was operated and the behavior of the EPM output
was visuall y observed for proper response . Si gnals to represent the pr~~sure tra nsducer
wer e fed in using a pulse generator and observed via an oscilloscop e . Behavior of the
EPM due to simulated pressure  s ignals was visuall y observed at the EI~M out put .

For the breadboard development tests the re was no data recorded . Success or failure
of the test was jud ged by the observed behavior of th~ EPM outpu t based on the
motion of the inpu t handle and the simulated pressure si gna ls. Failures indicated that
changes in the program were required and these were made as the need devel oped so
that when the system behaved properl y the test ing was considered com plete and
success ful to the extent achieveable using the breadboa rd arrangement.

Speed Control — The speed control requirements were demonstrated . The crew con-
tro l was moved to some intermediate flap position , the stepper motor accelerated from
0 to 10,000 PPS (2 ,000 RPM) and ran at constant speed until the selected pos ition
was reached , then decelerated and stopped . The control was returned to flaps up
position and the stepper motor reversed direction and ran to the UP position with
controlled accelerat ion and deceleration ramps . Effective ramp control was
demonstrated when reversing dire’ t on of rotation .
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SIMULATION OF FLA P G/B

Figure 36 Test Arrangement of Input Control System
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A var iable voltage signal s imulating a pressure transducer was delivered to the
interface board of the input control system . At a leve l above 1500 PSI , the
stepper motor output speed was 10 ,000 PPS or 2 ,000 RPM . As the level was
decreased below 1500 PSI , the following occurred as a function of inlet pressure .

o Stepper motor speed decreased to 1000 PP S at a pressure level less
than 1500 PSI.

o As the pressure level continued to decrease , the ste pper motor stopped
for pressure less than 1200 PSI.

o At a pressure level of 1200 PSI and bel ow , a 28-volt si gna l to operate
t he system shutoff valve was delivered .

o On increasing pressure , the shuto ff valve signa l was removed at 1500
PSI . The stepper motor ramped back to limit speed (10 ,000 P PS) . A
var iable time delay between system off and back on because of pressure
contro l was demonstrated ,

Position Control — The crew inpu t control was moved to any position and the outpu t
moved to a corresponding position. The positions of takeoff and approach (737
revolut ions of EPM)and landing (92 1 revolutions of EPM) were demonstrated . Various
positions were selected in both extending and retracting flap modes . Reversing
wh ile in motion was accomp lished .

~~~~~ ~~~~~~~~~~~ the EHPM assembl y tests , wh ich are described later , i t  was suspected that
the ~VM was not performing up to specification. A ‘ pu Il—out ” test was devised to
measure the torque required to stop the EPM , i .e. ,  to pull it out of synchronous
speed (it stap H. This torque was measured using the apparatus shown in Fi gure
38. The EPM was f i rst  accelerated to the desired speed . The torque was
increased by ap ply ing by hand a small force to the tail string . The number of
turns of string around the wheel was made sufficient so that the control force on the
tail str ing required to achieve the larger forc e to the spring scale was insignificant
compared to the large force. The forc e was gradually increased whi le observing
the spring sca le. The scale reading when the EPM suddenl y stopped was recorded
as the “pull-out ” torque. These tests revealed that the EPM torque when driven
by the Icon 601—T driver was considerably be low specification . Anal ys is revea led
the need For a different power supp ly w ith a current limiting feature which would
vary vo ltage to the EPM as necessary to keep the current high as pulse rate in-
creased . Using a power supp ly (Lambda Electronics Corp., Model LE 104 FM)
wh ich incorporates this feature and with a pea k voltage capabil ity of 36 volts
the performance of the EPM was si gnificant ly improved as shown in Figure 39.
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Figure 38 Test Arrangement for Measuring “Pull Out” Torque of EPM
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Va lve — Hydraulic Motor Tests — These tests consisted of conventional hydraulic
motor tests using a conventiona l port cap, f law tests of the valve (performed at
AB EX) and drag torque tests using a DC motor in lieu of the EPM to drive the
va lve. Two si gnificant problems occurred during these tests. If the valve
reaches its maximum travel and bottoms , the nut thread jams and cannot be broken
loose by t he electr ic motor. The motor torque p lus inertia creates a greater torque
for jamming t he thread than the motor torque can provide for unjamming the thread.
A lso , on two occasions the valve spool seized in the sleeve. Chrome p lating the
spool and opening the clearance between the spool and sleeve appeared ~o so lve
th is problem. The thread jamming problem is solvable by convent ional means , i.e.,
providing stops that app ly a tangent ial load between the two threaded parts in—
stea d of an axial load . Desi gns to accomp l ish this were investi gated and found to be
reasonable. However , no fix was installed in the test unit. In a production unit
non— jamming threads wi l l  be required .

The drag torque tests revealed an unexpected directional qualit y. This asymmetry
is caused by the pressure load on the EPM end of the valve. As the valve moves
away from the EPM the return flow causes higher pressure on the left spool—end than
on the r ight spool—end which is vented through the motor case. The pressure force
on t he spool is opposite to the flow forces and causes less load to be refTect ed to the
EPM . The phenomena is beneficial , and is a desirable desi gn ob ject ive for the other
direction . The results of this test are discussed under Durabilit y Tests where the test
was repeated.

Drag torque measurements were made using t he test arrangement of Fi gures 40 and 41.
Voltage to the DC motor was increased until the desired output speed of the hydraulic
motor was reached and then current , speed , and voltage were recorded . The torque
output of the DC motor was avai lable from the DC motor calibration tests .

The DC motor cal ibrat ion tests were performed using the apparatus described prev ious-
ly for EPM “pul l—ou t ” tests. Voltage was increased in steps and then torque was in-
crease d until the motor slowed to a select ed speed . Voltage , spee d, tor que, and
current were recor ded . Values were selected to cover the full range of loads and
speeds which encompass the specification capabil it y of the EPM .

Flow grinding of the va lve provided .0002 to .0004 inch overlap and a neu tra l
cy linder pressure of 250 to 500 psi w i th  3000 ps i supp ly . The flow gain characterist ic
is shown in Figure 42. Above .080 inch spool disp lacement the test was con-
ducte d at decreasing supp ly pressures to ma intain a constant flow . The pressure re—
quired to produce 27 gpm flow at .010 increments between .080 and . 156 was
rec ’-  •d. If 15 data is shown in Fi gure 43.

h l y Tr.~ts - The EHPM assembl y is shown in Figure 44. Using the
• - )Owf l  in Fi gures 45 and 46, the assembl y was tested as fo llows :

72

— —A-
5- .~~~~~~~~~~ -~~~~~. --- - —.



-- ---- ,-~ -~ -5-—------— - — ----------5-- — -~~~~__-- - - ---

PRESSURE GAGES

C 1 C2 PRESSURE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

HYDRAULIC
POWER

VALV E HYDRAULIC -I D.C . MOTOR

L MOTOR TACHOMETER 

_

I____

Figure 40 Test Arrangement for Valve Drag Torque Measurements
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No Load — With the load motor (item 5 of Figure 45) and its circuit removed
so that the output shaft of the hydraulic motor (item 6) was exposed , attem pts were
made to accelerate the EHPM to speed . A -band—held tachometer was used on the
hydrau lic motor outpu t shaft to measure speed .

These tests were attempted initiall y wi t h an acceleration ramp which consisted of
40 speed va lues equall y divided between 0 and 10,000 pps , i.e. , equa l steps of
250 pps. The time increment between speed changes was established as a variable
to be readily and easil y a lterable. This arrangement is referred to as a linear ramp.
The following resu lts were obtained :

Time Increment , ms Speed Reached , rpm Time to Speed , sec

20 2000 0.40 (.02 x 20)
32 2400 0.77 (.032 x 24)
48 2500 1.20 (.048 x 25)
96 3000 2.88 (.096 x 30)

192 3500 6.72 (.192 x 35)

The ramp was rev ised to provide 83 values so that the speed differences between
ad jacent values in the acceleration table could be smaller as the speed increased ,
i.e . ,  a nonl inear ramp (simu ar to an exponential ramp).

The ramp used is i l lustrated in Figure 47 and is com pared with two exponential
curves and a sine wave which approximate the selected ramp at the upper end . The
same ramp was use d for deceleration.

In accelerating to a limit speed the contro l established an init ial pulse frequency (R)
of 750 pps , delayed an increment of time , ~ . t , established R 1000 pps , delayed .~ t ,

established R 1 200, delayed t, etc.  unt i l  the limit speed was reached . The limit
speed was a settab le value in the program . The values 750, 1000, 1200 -- 10 ,000
were in effect stored in memory as a table. To accelerate , the table was r ipped
through in increasing value and to decelerate was ri pped throu gh in decreasing value.
T he delay increment , t , was als o a settable value in the program. After being set
it was the same for every speed va lue. It is pointed out that for limit speeds which
were less than 10,000 pps , the limit speed was not approached graduall y . For ex-
amp le , if the limit speed were 6000 pps , 30 time increments were used to reach l imit
spee d along the curv e of Fi gure 47 and then the frequency remained constant at
6000 pps.

Wit h the revised ramp the unit wou ld st i l l  not reach a 4000 rpm limit speed . Limit
speed , a setting in t he program , was reduced in steps unti l the unit cou ld achieve
limit speed . After achieving th is  speed it would sometimes stop, indicating that
acceleration was not the problem and that EPM torque was marg inal. A test was then
devised to measure EPM “pu ll-out ” torque. This test was discuss ed earlier under the
input system . Low EPM torque was found to be the problem. A revision to the DC
power supp ly was made to correct the problem . With the revised power supply (Lambda)

79

a 5 - 
-

‘ 

~~ a ’ ’ T ~_ - . . L — .~~:.t. - ~~~~~~~~~~~~~~ - —  ~ — — .  ~~~~~~~~~



r 
-

________ ________ ___________________________ 0
0-

an
V

_ _ _  _ _ _  _  — .- i3
-a
U)

Q’ ‘~‘ z .~~
- 

-

~~
0

___________________ ____________ 0 Q 
________________ 00 ‘~~. 0

~ 
C 0 U-

c~
. 

~ 
— 

-c
— 4-

3- 3- 3-

~~~~~~~~~~~~~~~~~~~~~~~~

\

4—
\ u. 4
\ 0
\ 3- 0

0

~~~~~~~~~~ 
~ 

Z

Sdd — a3JdS

80



- -~~~~~ .~~~~~~~~ • 5 -~~~~~~~ 5- -- - 
~~~~~~-

4000 rpm could be achieved w i th  30 volts in the CW direction and 3200 rpm with
35 volts in the CCW direction . It wou ld reach these speeds with a time increment
as low as .007 sec (time to reach 4000 rpm = 83 increments x .007 sec . .58 sec.).

Load - Wit h the load motor installed (as in Figure 45) the EHPM was accelerated
to a selecte d speed and the load was app l ied using a manuall y operated needle valve
(item 2 of Fi gure 45) . Then without chang ing the position of the load valve
the EHPM was stopped and repeated ly started and stopped in both directions. A load
of 2350 psi differential between Cl and C2 was the maximum used . Data were re-
corded from gages for some of these tests and with a brush recorder for others. De-
celerat ion ramps were tiot used for thesF tests .

The unit performed s lightl y better under load, ac hieving 4000 rpm in the CW direction
and 3840 rpm in the CCW direction with a time increment to .004 sec . consistentl y
and to .003 sec . not consistent ly.

Leakage Tests — With a fluid temperature of 100°F, C1 and C2 ports open and 3000 psi
app lied to the pressure port and with leakag e from C 1 and C2 v isuall y equalized by
manually mov ing t he hydraulic motor output shaft the combined leakage from C

1 and
C2 was 890 c c/mm .

W ith C 1 and C2 closed and their pressures equalized by manually mov ing the hydraulic
motor output sha ft , the comb ined leakage from the return and motor case was 900 cc/
m m .  (0. 24 ga ls, -~ii n ) .

Iron Bird Tests

The EHPM control circuit  i l lustr ated in Fi gure 48, controlle d by the dig ita l
computer , was used to operate the C—5 Iron Bird Flap system , Fi gures 49 through
55, w ith no load, intermediate loa d, and maximum load. Initiall y the return
from the EHPM was routed into the norma l system return which is exposed to boost
pump pressure that is nominall y 100 psi. The unit wou ld not operate sat isfactori l y due
to return pressure load s on ‘he nut bearings which must be rotated by the EPM. When
t he return was routed d i rec t l / to t he reservoir the unit could achieve 100% speed
(4000 RPM) in the extend mode and 92% speed in the retract mode. T he unit started
and stopped smoothl y at al l  pos itions of the flap and wi th the various loads . The
accelerat ion and deceleration ramps cou ld be readil y a l tere d and the effect on system
performance promptl y evaluate d from the data recordings. The speed reduction feature ,
w hich causes speed to reduce when pressure fal ls below set point (1500 psi) and to
stop and app ly brakes w hen below brake set point (1200 ps i) wai t  2 seconds and then
res ta r t , worked wel l , exce pt that operation at the 1500 psi set point caused a pressure
(. 125 psi) and flow (~ 1.5 gpm) pulsation of approximate ly I cps wh ile the average
F low and speed was decreased to maintain the 1500 psi inlet pressure. The motion of
the flap mec hanism was not severe and was controlled by the program . The EHPM
r esponded as programmed by stepp ing up in speed and then down in speed to maintain
the pressure setting . Althoug h this mode of operation is not norma l i t  does occur
w hen system flow demand is greater than system flow capacit y. It is believed that the
pu lsation can be removed by programming, but time did not permit tr ial of the program
changes.
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The test results are shown in a series of brush ecordings to show the dynam ic
response of hydraulic pressures , flap input control, and output position . Flow
rate can be use d a, a measure of system speed using the direct l y proport iona l
speed/flow relationshi p of the fixed displac ement EHPM motor . A flow of
27 gpm is equivalent to 4000 rpm of the EHPM. The flow rate curve also
identifies the accele ,at ion/dece leiat ion cha racter ist ics.

Ground Cart Operating Runs wi th No Deceleration Program — The first test runs
on the Iron Bird were accomplished wi th  the hydraulic power from a hydraulic
ground cart. For these iuns , the so ftware program did not provide a ramped
deceleration . When the input and output encoders matched , the EPM was stopped
w ithou t decreasing speed with a ramp . The flap system was ac tuated a number of
cycles and data was recorded on a brush recorder . Performance is shown in
Figure 56. Although the system was programmed for onl y 50% speed the
pressure transients are noticeable , particularl y on dece~ erat ion. Stopp ing was
very positive causing a hard transient throughout the mechanical flap drive
system . The dece le cot ion  characterist ic shown on the flow trace is caused by the
EHPM valve feedback after the pulse motor has stopped . This rate of deceleration
is perhaps too severe for the mechanical drive system . When the decel program
was added the pressure and mechanical transients were eliminated .

Eng ine Pump Operating Runs with a Deceleration Program — With hydraulic powei
delivered from the Iron Bird eng ine pumps and using a software program which in-
c luded a decel ramp the flap system was operated throug h severa l extend and retract
cyc les and data was recorded . Cycles were accomplished with no load , w ith partial ,
and with maximum loads. The system was stopped and started at various positions
of the load.

In the initial tests , max imum speed could not be obtained when operating with the
Iron Bird hydraulic power system . Investi gat ion determined that a high return
pressure and a desi gn c haracterist ic of the protot ype EHPM generated high thrust
loads on the translato r nut bearings and higher tor que demands on the EPM . The
return flow was routed direct l y to the reservo ir reducing the retuin pressure. With
this change 1 00’% speed (4000 RPM of the EHPM) when extending the flaps and 92%
speed when retracting the flaps was achieved .

The brush recordings of Fi gure 57 show the excellent response of the system to
inpu t control changes . Mec hanical functioning was very smooth and quiet. At
first g lanc e i t  appears t hat the contro l is erratic , however , the system is responding
to very small s hort duration input control changes . In the first few cycles the flaps

F arrive at the selected position before obtaining full speed . The acceleration ramp
is interrupted and the deceleration ramp stows the unit to a stop at the selected
position. Other contro l inputs are followed by smooth output control for the extend
and retract modes of flap operation . For the selected recordings , the flap travel was
control led between 75% and 100% where the flap loads change from zero to max imum.
At the center of the recording the flaps are 100% extended and the motor pressure
is about 2600 psi dif ferential , c lose to the desi gn point at rated speed. On the right
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s ide of the recording a 92% retract speed (25 gpm) and a 100% extend speed
(27 gpm) was obtained . It should be noted tha t the programmed acceterat ion/
deceleration ramps have eliminated pressure surges in the hydraulic system and
EHPM motor and that the pressu re changes occur smoothl y as a result of sy s tem
loads. The EHPM translates smoothl y from running to stal l , and the stal l  pressures
ore proport iona l to load . At approximatel y 75% flap travel the load i~ zero
and null pressures are below 500 psi. At l00% flap travel the different ial
pressure is 2600 psi holding maximum load. The programmed EHPM flap drive
system started and stopped smoothly for oil loads and modes of operation of the
input control handle , including reversal w hile in motion , before and after
reach ing limit speed and when taking a sing le encoder step (abou t 1250 pu lses).
A normal cycle flap operation is shown in Figure 58. The flap drive
system was loaded by the Iron Bird Flap ac tuation load system . The extend time
at 100% speed was 28 seconds the retract time at 92% speed was 30 seconds .

Some mechanical problems were encountered during this phase of the testing.
The problems generall y resulted in jamming of the nut/screw translator drive
assemb ly, a known deficiency of the protot ype EHPM desi gn . The jam ming
was cause d by e ither (1) a malfunctioning of a torque limiter in flap panel # 5
actuat ion system or (2) running into the stops dur ing program trials and changes.
Minor disassemb ly or tor queing the EPM input shaft corrected the jamming and
test ing continued . This problem can be corrected by non— jamming stops in later
Ef-IPM’s .

Response to Inadequate Hydraulic Supp ly — 1~vo tests were conducted to evaluate
the behav ior of the system when hydraulic supp ly was not adequate causing
system pressure to drop . In the first of these tests , system supp ly was adjusted by
pump speed so that system capacit y was only sl ightl y more than adequate to operate
the EHPM. A fixed by-pass flow of 9 gpm (limited by ~ flow regulator) was
suddenly app lied while the EHPM was operat rrg . The by—pass load simu lated the
operation of some other load in the system such that the tota l flow required ex-
ceeded the capacit y of the system . In the second test the eng ine pump was
operated at decreasing speed so as to decrease i ts  capacit y .  The EHPM was
operated while capacit y was decreas ing to record operation at various levels of
inadequate flow rate .

When operation of some other device in the system causes system capac it y to be
exceeded, system pressure w i l l  drop below normal and can under some conditions
drop below flap brake release pressure. Th is wi l l  cause the brake to cycle on and
off or drag . Either case is unsatisfactory and the control system must prevent this
mode of operation. Therefore , the program reduces the EHPM speed when system
pressure is below 1500 ps i and causes it to stop when the pressure is below 1200 ps i.
The brake is app lied by shutting off pressure to the system v ia a shut-off isolation
valve when system pressure is below 1200 ps i. To prevent uncontrolled cycl ing a
2—secon d delay is programmed between the shu t down and restart due to pressure
r ising above 1200 ps i. Performance for this mode of operation is t ypified by the
recor ded data for one run shown in Fi gure 59.
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The pulsing nature of f l ow and pie r’uI  e f lects  the control a l gor ! I - r Y  used and

the resolution ava i lable w t i s  the 8—bit  analog to d i a l  Core. - -I  t r  (ADC) u’r’d
to di git ize the si gnal from the prs’ s~ ur e transducer. the al gor it hm causes the
speed to be stepped down one ~ot r ; Ir for each program cyc le rf  pr essur e is below

set point (1500 ps i) and to be step ped up one notch per program cyc le  if pressure
is above set point. Althoug h the flop travel  data of Fi gure 59 does not reflect

th is pulsing , the EHFM did pulse. An approach to smoothing t his pulscition is to

inc r ease the time between speed changes if the pressure is near t i re  — e t  point.

For examp le , if  the pressure is :rbove 2000 ps i the r ime between ‘ r e e d  changes
could be the normal .015 ms and if it is below 2000 psi t c o- r id  be .15 ms.
Selection of this value b-~ t r ia l  should 5 e t ec t  the lowest .a iue wh ich  w i l l  g ive

acceptabl y smoot h operation . HIOI I I ’I resolut ion c - {  the pressure would a l low ad-
jus ting speed with in a narrower pr e~s ure range.

To evaluate this pulsation throu ghout the full rang e of flow inadequacy t he speed
of the eng ine pump was graduall y dec r eased unt il f l o~’,- was about 5 gpm. The re-
corded da ta for this run is shown in Fi gure 60. The pulsing nature of f l0w

and pressure is ev ident , how e ,-er  t he program did control the speed at the avai lable
reduced F low .

Further attempts to smooth th is pulsat ion were limited by time.

Failure Mode Tes ts — Hydraulic fa ilure mode test ing was conducted by decreasing
system pressu re to less than 1200 ps i o demons trate the - hu t - - c)fi feature in the pro-
gram. Pressure was decreased by adjustment of the ground car t pump compensator .

Electr ical fai lu re modes were occ o mp/ i r hed using the -~urch i l it y - c i t  arrangement.
With the unit running, electr ica l power to t he EPM was int er r u c ted .  The test was
repeated several t imes. The unit  stopped each time po- .veI was in t e i r e p t cd .

It is concluded that the EHPM cons ept is compatible w i t h  a typ ical c i ’  c r a f t  hydraulic
system , t hat pressure surges can be minimized , and that ‘ i re concept lends i tsel f
readily to op t imization of per formance by ad j us to rs -nt~ to con tr o l pCJ - irnrt~ r~ in  the
so ftware program. It is a lso conc luded that the protot ype EHPM is inadequate in two
respec ts . (1) The drive screw ja ms when the valve reaches i t - . t rav c ’ i l imit . ( 2 )  Ti re
effect of high sy ’ te m return pros - ure and the l im ited torque capacit y of the EPM.

Durc r bi 1r t y Te s ts

The durability tes ’ set—up s show n in F i q r r e  61 and is schurna t col ly the same

as Figure 45. 4 computer progra m was wri t ten to simu late flap operation and to

cycle t he EHPM a minimum of 5000 cyc le ’  II uccordan -: c- w i th  the Fol lowing schedule.

Norma l Landing Cyc les - Def in it ion of one cyc le :  Start ing at 0
0 flap ang le , e’,tend

to takeo ff and approach pos it ion (21 seconds ) , stop I— s - O i t  2 sec onds), extend to land-
ing position (5 seconds), stop (w a it I second), r e t j r , 5  to 0~ flap ang Ie (26 seconds ) ,
stop (wait 2 seco nds). Total  cy c le  time 56 ,eeor r~ I - ,.
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Loau ~yc lc’ s Re- ru red Cycles Comp leted

0 2500 248 1

65c 1 250 1287

1 00° . _±!~
Sub Tota l 4166 4240

Touch and Go Cyc les - Definition of one cycle:  Starting with the flaps at the

takeo ff and approach position , exten d to landing position (3 seconds), stop (wait

2 seconds), return to t he takeoff and approach position (3 seconds), stop (wait

2 seconds) . Total cyc le t ime 10 seconds.

Load Cycles Required Cycles Comp leted

0 667 709

100% 167 240

Sub Tota l 834 949

Total 5000 5189

The unit was cyc led as shown in Fi gure 62.

At the startup of each day ’ s test ing, severa l cycles were required before the EHPM
wou ld consistentl y reach l imit speed . A procedure to run at some intermediate speed
unt il the warmer system oil was circulated through the unit was established prior to
runn ing on the programmed durability cycle tests. The oil temperatu re was main-
tained at 100°F through 680 durabilit y c yc les and then raised to 150°F for the re-
ma ining cycles . After 250 no load, full cycles the unit would not reach limit speed
ever after warm-up. The unit was disassembled and the outer bearing of the trans-
lator nut assem bl y was found to be rough. The bear ing was rep laced with a Fafnir
9103K bearing and testing was continued . Later the electric pulse motor was also

c hanged due to a roug h bearing in the EPM. Modifications to the return lines
were also made to reduce return pressure from 100 psi at 85% to 65 psi at 92%
speed. Dur ing the tests return , null , and differential (C 1 

— C9) pressures in-
crease d and internal leakage became excessive. To allow continued operation ,
the limit speed had to be dropped as shown in Figure 62. The
limit speed was reduced to 75% (3000 rpm) prior to the comp letion of full flap
cycle operation at 3602 cyc les . Flow recordings taken at various times are
shown in Fi gure 63. Flow recordings were not taken until maloperation of
the unit occurred and high interna l leakage was suspected . Figure 63 shows
that leakage flow was about 2 gpm at cycle number 1904 and about 8 gpm at

cyc le 5076 and that this leakage is present whi le stopped and at speed and that
interna l leakage was again low after repair and reassembl y.
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Cyc les Load Speed — % of 4000 RPM Remarks
Normal Extend Retract

0 0 100 92

249 0 100 90 Changed nut bearing

958 0 95 90

146 1 Max 95 90

1538 Max 92 90

1560 0 90 90 Change EPM

1597 Max 85 85

1711 0 85 85 System return change

1933 Max 85 85 Trace 4o, 4b

2192 Med 85 85

3479 0 85 85

3602 0 75 75

Touch & Go

4240 Max 75 75

4-480 ‘ Med 75 75

5189 Complete Trace 4-c

Figure 62 Summary of Durabilit y Cycling

99 

~ - - - — - - - — - - -—~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~ 



To
L~~ IT r’t,r — ~~~ 4PM - 

CYCLE 7 ID ISPLA CEMENT 1. FOE T h  ,PEIØ 22 ‘ ‘P44 ~ 0 SECOND - oo ,~

- ~~ ~
— *.~ P~ HI I - .:: A - s i  . Y ! P A ,  4 L 4  - — C L I

TYPICAL COMPLETE FLA P CYC LES

To- - - - -
CY CLE 

~~
° I6 ( 904 J I SECOND — LI MIT SPEE D • 34~ 4 PM

a I 
DISP LACEMENT ‘ L , 9  t ( ’P  :.Ir SPIE D - 72 0PM

~~23~~~~~ ~~~~~~~~~~- - ~~~~
5 - -  

- 
-~~~~~~ ~~~~~~~~~

- - - - r  
~~~~

- -

5-- 

- - - 

~
4_ I6T I P~~~P CYC LE

TYPICAL EXTEND FLA P CYCLE W ITH FASTER RECORDING

50 - - - L r-41r SPIED ‘ )~~~~ EPM

I SECOND 6 DISPLACEMENT PLOA i s c  ~
- CPM

~ 

- 

r

TYPICAL TOUCH AND GO CYCLES HAVING
HIGH INTERNA L LEAKAGE

Z ~~--- 0 SECOND - - -
4

~

I

~

WITH DC MOTOR DR IVE AFTER
REPA IR SHOW ING LOW INTERNAL LEAKAGE

Figure 63 Durability Flow Tests

100

— - - .5 - ~~~~~~~~~~~~~~~~~~~~~~~ 
- 

-~~~~~~~
-
~~~~~~~~~ 

- -~~~~~~~~~~~~~
— -

- -
i - 5-



——.5 .5- -.5 . 5 - -  -- . 5-- - - . 5 - -

After com plet ion of the durabilit y cycles the EPM was replaced with the D.C.
motor to run the va lve performance tests.  During the drag torque t~~~t ’ , w hen
runn ing in the c lockwise (CW) direction , a fa i lure occurred that caused the speed
to increase followed by a bump and stopp ing of the unit. Fol low ing the fa i lure , a
bad sea l leak at the EPM gearbox was present w hen running and the unit wou ld not
start w ith 17 amps current in the CCW direction . A tear—down inspection revealed
that the sleeve reta ining nuts had loosened allowing the sleeve to move enough for
“0” r ings to fai l  — resulting in hi gh interna l leakage which prevente d norma l per-
formance. A retaining pin in the sleeve had also fo iled , apparent ly as a result of
the valve bottoming out. Two material voids on the spool , shown in Fi gure 64
were found that appear to be where pieces of chromep late flaked off . A score was
found on the sleeve bore at a position where the flaking occurred on the spoo l , in-
dicating that the flaking caused the score. Removal of the score by lapp ing al lowed
reassembl y and comp letion of the drag torque and leakage tests .  The lapp ing was
not in the area of a leakage path . Internal leakage was found to be less than at the
beg inning of the test program. The disassembled unit is shown in Fi gure 65 and
66.

Anal ysis of the failures leads to the foI l- i conclus ions:

o The effect of return pressure — increased return line pressure causes
the translator nut load and torque to increase until the EPM driving
torque is exceeded and the unit sta l ls .  The protot ype desi gn al lows
return pressure to act on the full area of the seal mate , Figure 34,
instead of the face sea l area only and increases the bearing load by
a fac tor of four. A desi gn c hange to limit travel of the seal mote would
improve the desi gn and reduce the effect of return pressure.

o Interna l leakage caused by sleeve ~~~ r ing sea l failures — The progress-
ivel y deteriorating condition of the EHPM was cau sed by the increased
interna l leakage and sea l fa i lures. The valve sleeve retaining nuts were
loose on disassembl y, allow ing the sleeve to move and the seals to fail
where high differential pressure was present. The retaining nuts are
threa ded and were loosened by alternate torques transm itted through the
s leev’~ when t he translator nut/screw assembl y was jammed or on spool/
sleeve momentary se izu re during the drag torque test following the dur-
abilit y runs . This torque to sleeve condition is not present in purel y
t ranslat ional spoo l/sleeve assembl ies but is inherent  in the rotating spool

concept of the EHPM. An improved method of sleeve retent ion w i l l  f ix
t his problem .
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Fi gure 64 The Valve Spool Showing Materia l Voids
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Figure 65 The EPM Disassembled
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o Spool/sleeve wear or eros ion — In the limited durability test , no deter ;—
oration or wea r of the spool/sleeve assembl y was evident on teardown or
in the fina l va lve performance tests. It is thought that the momentary
seizure during the final valve performance test was caused by separation
of the chrome on the repaired spool used in the fina l assemb ly.

o Performanc e of the unit after repair and assemb ly — In respec t to internal
leakage and null pressure performance after repair ind icates tha t some “0”
ring damage may hav e been present at the beginning of the test program.

o Valve Drag Torque — The valve drag torque measurements shown in Figure
67 indicate a change in torque above 2000 rpm in the CW direction .
The orig ina l CW torque test shows a drop in torque above 2000 rpm. The
later test shows a r s e  in torque. The rise in torque over the earlier test
may be due to the score in the sleeve . The spoo l is running in aba.i t the
same position as the score.

It is concluded that wear of the spool and sleeve was neg lig ible; that research for
a spool sleeve mater ial and gap combinat ion not dependent on a p lat ing would be
a worthwh ile effort ; and that other failures which occurred are preventable in fu ture
designs v ia state—of—the—art detail techniques.
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SECTION V II

CONCLUSIONS AND RECOMMENDATIONS

CONC LUSIONS

State—of—the-Ar t and Available Hardware- EPM technology and input system tec h-
nology including the dig ital computer are adequatel y developed to support the use
of the EHPM concep t for aircraft to be desi gned in the -‘ext decade. EHPM ’s
presentl y in use are not appropriate for aircraft use , but their successfu l use for
mach ine tools is a si gn ificant substantiation for the basic concept. ~- i r  c ra f t  EHPM’ s
w ill not require the high resolut ion of machine tool units , but w ill require higher
speeds so as to minimize wei ght.

Component Ana lysis — The hydraulic motor needs to operate at a higher speed than the
EPM so that the EPM can operate on the higher port ion of i ts torque cu rve .  The
reso lution of the aircraft EHPM can be several orders of magnitude less than the
mach ine tool unit so this EPM speed reduction is achievable. Al l  loads including
inertia and viscosit y re flected to the EPM need to be minimized and need to be
dependable. The size and wei ght of the EPM needs to be reduced . These conclusions
lead to a singular conclusion; namely, the EPM should operate a pilot section which
in turn hydraulicall y pos itions the main spool. The pilot section is constructed as
small as phys ical l y feasible and arranged so that pressure loads are balanced and viscous
and inertia loads are nil .

Open Versus Closed Loop — The arrangement used for the Iron Bird tests where the input
is an absolute binary encoder and an identical encoder is driven by t he output of the
system is considered to be an exce l lent approach for aircraft  uti l i t y and secondary
fli ght control subsystems. The system operates open loop for acceleration and speed
control but close d loop for position control .  As was done , pressure s ignals close the
loop when necessa ry . Open loop may be usefu l for some app l ications which involve
loads that w i l l  never exceed desi gn values or w here failure is of l i t t le  consequence.
Open loop can be used only if the EHPM always has the capabilit y of achieving the
mot ion corresponding to the EPM motion , If the power demand exceeds the power
capability the valve w ill bottom out, and the EPM wi l l  stop . With the arrangement
used in the flap drive system the output encoder is examined to determine f it has
stopped , and if it has the EHPM is restarted . If the unit is arranged so that bottoming
out does not jam b it , so t hat the onl y result is to stop the EPM , then the flap drive
systems offers a good so lution. If the EPM is used only within its start—stop range of
speeds and limit switches are provided , open loop cou ld be used between the limits.
It is concl uded, however , that for most app l ications the loop shou ld be closed as was
done in the f lap drive system. The hardware used for closing the loop — i .e.  encoders
vs. other t ypes of position sensors needs further study to assure minimum c o s t .

Prototype EHPM Desi gn - Non—ja mming thread stops are needed on the translator .
The va lve sleeve retaining nuts need positive locking, and the s leeve should have a
torque tie to t he body ot her tha n the retaining nuts . The face mating sea l needs
support to the body so that return pressure wi l l  not force it aga inst the nut bearings .
The vent passages in the spool shou ld vent the spool ends to the hydrau lic motor case
but not to the valve return. The EPM torque is not adequate for the desi gn.
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RECOMMENDATIONS

Additiona l Testing — Severa l areas of additiona l testing using the equipment de—
ve loped in this program can add economicall y to EHPM technology. Spool and
s leeve nxsteria l combinations and clearances need to be evaluated . The chrome
plated spoo l used in this program apparentl y cause d a failure and if unplated
materia l can be used the p lating—failure mode can be eliminated . It is also
feasi ble to modify the desi gn of the new sleeve and spoo l specimens so that re-
turn pressure w i l l  not load up the nut bearings . The new specimens shou ld be
subjected to the durabilit y test.

Additiona l programming with operationa l evaluation to smooth Out the pressure
contro l functions and to evaluate acceleration limits should be performed . The
latter item involves programming the computer so that at each speed the maximum
acceptable acceleration to the next step is found . The data obtained allows
se lection of an accelerations ramp with a known marg in.

Conceptual Desi gn - Conceptua l desi gns using a pilot section and a speed re-
duction between the hydrau lic motor and the valve and overcoming the faults
discovered in this program shou ld be developed. Layout studies already accomp lished
indicate a high probability for success of this effort. This effort should investi gate
other alternatives.

Black Box Definitions — A black box which can contro l any subsystem or parts of
variou s subsystems and whose functions can be standardized so that only the program
has to be different for different app lications appears to be a realistic concept.
Studies leading to the definition of the functional requirements for such a control
should be pursued.

Linear Actuator — The EHPM conce pt is app licable to linear actuator contro l and the
approac h appears to be a viable alternative for thrust reverser control and cargo ramp
control where mult iple actuators must operate sync hroni~ ed. A conceptual design
study for suc h a device based on the C—S thrust reverser requirement shou ld be
accomp lished .

App lication Studies — Preliminary desi gn studies for app lications where the pay—off
appears to be s ignificant should be performed. The thrust reverser app lication, ala
C-5 requirement , is especia ll y appropriate. The basic requirement is app licable to
future systems , and a cursory anal ys is of t he C—5 system indicates a high probability
for a good pay-off.

Systems Studies - The basic system approach used for the Iron Bird tests is believed to
typ if y t he control system of the future. The selected elements used in this program ,
t heir concepts and their pac kag ing do not, however , portray the tec hnology which is
to be used in a production system. The trend , though, in t he technology for t hese
e lements is obviously leading to costs , size , we i ght , and performance that wi l l  make
the approach irresistable. Studies need to be made in the areas of packaging, i.e.
where to put the various Functions; position feedback elements , i .e. w hat concept is
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optimum to perform t he encoder functions; computer capabilit y requirements , i.e.
how fast rind how much memory; and programming tec hniques , i.e. how to make
the system react smooth ly to t he vario us forcing functions.
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APPENDIX A

GLOSSARY OF TERMS

This sect ion is divided into the following sections: EHPM, EPM and Input Control
System . Most of this information was obtained from References I and 2.

Electro hydraulic Pulse Motor — EHPM

An electroh ydrau lic pulse motor , re ferred to in the l iterature by two acronyms , EHPM
and EHSM, is a power amp HUer which , in combination with its electronic contro l,
transforms a stream of low power e lec t r i ca l  pulses into high power rotary mot ion .
Above some low speed the rotary motion is smooth and not pulsatory . The disp lace-
men t of the hydraulic motor shaft is proportional to the number of pulses delivered;
the speed is proport ional to pulse rate; and the accelerat ion is proportiona l to the
c hange in pulse rate. Al l  of these can be control led in open loop . The EHPM con-
sists of an EPM which is mechanicall y connecte d to a four—wa y valve such that a
disp lacement of the EPM causes the va lve to translate and deliver flow to the hydraulic
motor whose rotat ion causes the “a lve disp lacement to be cancel le d. The arrange-
ment causes the hydraulic mat 01 to fol low the EPM . Some terms which are used in
EHPM technolog y are defined as fo l lows:

Translator Driver — this term has been used twice in the current program. In
one case it is the threaded nut within the EHPM which causes the spool to
translate when the EPM rotates and in the other it is the Icon 60 1—T electronic
package wh ich includes a 28—vol t  power supp ly, a log ic circui t  to convert pulses
to sequent ial energ ization of the f i ve  power amp l i f ie rs  which supp ly the higher
electr ical pow er to the f ive EPM coi ls.

Electr ical Pulse Motor — the elec trical pulse motor referred to in the literature
acronyms , EPM and ESM , is the input device of the EHPM and because

of its important role its descri ption and the terms used in its technology are
presente d under a separate heading which fol lows next in this g lossary .

Elec tr ical Pulse Motor (EPM)

Accurac y — The step positions in a motor are determined by dimensions of the parts and
assem blies built into it during manuf ~rctu r ing. Tolerances in these dimensions result in
tolerances in step positions from the nominall y correct locat ions. This is termed
accuracy and is expressed as a maximum angular dimension. For examp le , a max imum
error of 0.25 degree in a 24—step-per—revolution (15 degrees/step) could be given as a
±1.67% accuracy. Accurac i es of commerciall y available motors range from ±5% to as
low as ±l%.

no



These buil t- in posit ion errors are ~y~ temat ic , or repeata bl e , for any g iven motor , and
noncumulative. They occur under a l l  load conditions. Loads involving si gnif icant
internal fr ict ion are subject  to an additional nonrepeatable positional erro r . This
more—or—less random e’ ror is unrelated to the bui l t —in motor accuracy, alt hough the
two types of error are add it ive in the syste m . This error is also noncumu lat ive.  The
value of this error can be obta ined from a p lot of the holding torqu e.

Eff iciency — The power out c’f the stepp ing motor divided by the power into the dr ive r .
This ranges from 0, w hen the motor is just holding , to 1O% at best , w hen the motor is
running. Steppers are positioning devkes , and are very poor at energy co nver C ion .

Note that this low ef f ic iency app lies to the stepper only; the eff ic iency of the hy-
draulic motor is fa r higher. Also , the low eff ic iency of the stepper reduces the
eff ic iency of the e lectroh ydrau lic system onl y sl ightl y because the power input into
t he stepper is a small  f ract ion of 1 hp, whi le the hydraulic motor may involve many
horsepower.

Inductanc e - Al l  motor wind ings have self—inductance and many motors also have
mutual inductance. Mutual inductance is essen t ia l l y nonexistent in mult i p le—stack
VR motors. When the term inductance is used , it commonl y means the sel f—inductance .
The inductance varies w i th  the rotor position and current in the w inding. The in-

ductance is highest wi th rotor and stator teeth ali gned and no current f lowing in the
winding.

Interna l Iner~io — The internal inert ia of the motor is usefu l in eva luat in-~ the ef fect  of

load inerr ia on motor performance. However , due to the uni que t ime—variant and non-
l inear nature of motor torque , the convent ional torque —to—inert ia or torque—squared—to -
inertia ratios are of questtonab le value for other than rough comparison purposes. Rotor
inert ia includes the inert ias of a l l  ro tat ing components . When select ing a motor , the
rotor inertia must be included in the calcu lat ions.

Minimum—Respons e-’Fme Curves — The minimum—response—time cu rves  c - i e much mar e
use ful than pu l l— in  torque curves . They indicote the minimum transit t ime to tv:ve l
the indicated distance , given in degrees for each curve , w ith an inert ial load (no
fr ic t ion ) ri g idly coup led to the motor s haft. The values of the load inertia are given

along t he abscissa on a logarithmic sca le .  The time in seconds/cycle covers the start-
from—rest throug h return—to -r est  at the end of t ravel .  The curves for short motions are
obtained w i th  some form of damp ing. For long motions , t he transit time is determined
by acce le ra t ing and dece lera t ing  the motor . The last pulses are timed to cause the
motor to have zero ve loc i t y at t he time it arr ives at the f ina l pos it ion. If the motor
has some veloc it y as it reaches final pos ition , it w i l l  ring and additional set t l ing time
is required .

Resolution — Resolu ’ion is expressed as the number of steps per evolution , or step ang le
in de grees.  This is an unalterable , bu i l t- in c haracte ristic of stepper motors.

The VR and PM motors are avai lable in the range of 1 to 500 step -~ in- . o lu t ion . The
nut ating disc and f lexsp line t /pes , from 400 to 2000 steps/revolut ion .

Resonance — EPM ’s have a natural fr equency . Stepped at the ir natural frequency, t hey
w ill resonate and b c e  step . They w i l l  go t hrou gh resonant speed er ro r—f ree .  lne r tics
load ri g idl y coup led to the motor shaft lowers the natura l freqriency arid resonance.
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Speed — EPM speeds are normall y g iven in steps per second . Dividing the ste ps per
second (speed) by t he steps per revolut ion (resolution) and 60 seconds g ives the shaft
speed in revolutions per minute (rpm). The following types of speed are encountered
in EPM technology:

o Start—stop speed is the highest ste p rate to which the motor wi l l  respond
w ithout step loss during start ing and stopp ing .

o Slew speed is generall y t he fastest speed at which the motor w i l l  run un-
loaded wi th  very s low accelerat ion.

Stepper Motor (EPM) or (ESM) — Devices , generall y elec tromechan ical , wh ich in
response to a signal inpu t , assume a known position. The si gnal may contain the
the nece csa > power to shift the load, but generall y does not in the larger sizes of
steppers . Four ma in t ypes — variab le reluctance , permanent magnet , nutating disc ,
and f lexsp line - are compared as fol lows :

o Variable reluctance (VR) and permanent magnet (PM) motors both generall y
have a rotor and stator wi th teeth. Energ izing a coil  creates magnetic flux
which al i gns t he teeth. Dif ferent coi ls  cause different teeth to ali gn and
peir i i ts sequential stepp ing . PM t ypes have a permanent magnet in the
c ircuit which aids or bucks the flux induced in the coi ls.  PM types have a
detent action when e lec t r i ca l  power to t he coi ls is removed .

o Nutating disc type steppers have a wobble disc with two sets of low ang le
beve l gears connect ing the disc to the output shaft . Solenoids positioned
in a c i rc le sequential l y a t t rac t  the disc , rotat ing the shaft.

o Flexsp l ine n otoi s use a thin wal l  f lexib le cy linder with minute gea r teeth
on t he outside and thin layers of coiled magnetic material on the inside.
Radiall y pos itioned solenoids attract the magnetic material , distorting the
cy l inder into an Oval shape. The gear teeth at the high points engage a
ri g id internal sp line . Sequential l y energ izing the soleno ids moves the
points of contact.  A 2—tooth difference causes the f lexsp line to rotate
small amounts . The ou tput shaft connec ts to the f lexsp line.

Torque — The following t ypes of torqu e are encountered in EPM tec hnology :

o Holding torque is the maximum stead y torque that can be externall y
app lie d to the shaft of an excited motor without causing continuous rotation .

o Detent torque is the maximum torque wh ich can be app lied to a non—
energ ized stepper before the rotor w i l l  snap out of pos ition . Only PM
motors have si gni f ican t  detent torque.

a Sta l l  torque is the maximum torqu e available while running at a very low
spee d.

L 
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o Ru nning or pull—ou t torque is the maximum constant torque load against which
the stepper can run error free, after t has reached speed . This is the torque
shown in most manufacturer ’s torque vs. speed curves . This torque measure-
ment is on ly sl i ghtl y influenced by inert ia loading.

o Pull—in or torque—to—start—without—error is the maximum torque load that the
motor can pull into synchronism with a constant frequency step rate. This
torque is determined by putting a fixed torque load on the motor , then giv ing
the motor a constant frequency pu lse rate. The pul l—in torque is the largest
pure torque load against which it can start and remain error free (that is ,
w ithout any step loss). No inertia load is considered in this definition .

Windup — Stepper shafts wi l l  twist under torque loads. The VR and PM types are
fairl y linear , and exhibit l i t t le hysteresis.

Mechanical motors do not exactl y have backlash , but the windup is not linear abou t
zero , and there is more hysteresis.

Input System

EPM Electronics — The stepp ing motor drive system accepts low power IC level pulses
and converts t hem to the proper phase format for the motor windings; a power amp lifier
then switches the required current through the windings. Choosing the proper drive
cIrcuit desi gn is an important as selecting the proper motor.

Some drivers use constant current power supp lies; others use constant voltage power
supp lies. Constant voltage types are simp le and inexpensive. Constant current
drivers ar e more camp licatec , but offer better performance. The characterist ics of
severa l types of drivers are as follows:

o R/L Drives — The coils of the motor have an inductive time constant which
limits average coil currents and motor torque at high stepp ing rates. To
reduce circuit time constant , an external resistor is connected irs series
w ith the motor coils , permitt ing an increase in power supp ly vo ltage without
a correspon ding increase In coi l current. The net effect is to decrease the
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c ircuit time constant and increase hi gh speed torque. In practice , the
voltage “over drive ” is increased to 10 or more times the rated motor
voltage. T he majo r disadvantage of using external resistors is the heat
which must be dissi pated by t hem and the resulting increase in package
space and wei ght .

o Uni—Polar vs. 13i-Polar Operation — In the uni—po lar one—half of the
motor w inding is energ ized al ternatel y for each step and the other half
is unenerg ized . The bi—po lar drive operates al l  coi ls simultaneousl y
in a push—pull mode throug h polar ity reversa l rather than through winding
select ion . Typ ica l l y an increase of 30% in output power can be obtained
from the same e lec t r ical input power to the motor w i th  only a s l ight increase
in c i r c u ~’ cost.  Bi—polar R~ L d r i v e  c i rcu i ts  do, however , requ ire double ended
~~ ‘ center tapped oov er supplies.

o Bi-Polar Chopper Dr ives - The chopper drive eliminates the need for ex-
ternal sen d resistors and prov ides even higher operating speeds requiring
less than one—third of the power consumption than R/L drives . A sing le
high voltage power supp ly is incorporated wi th a bi—po bar amp l ifier. The
voHuge to t he motor coi l  is chopped to maintain rated motor current. The
c hopp ing function is control led by a feedback c i rcui t  which continuously
senses motor current.  Thus , t he r equirement for current l imiting resistors
and their related heat dissi pat ion equipment is eliminated . Chopper
drives pro’ ide the hi ghest torque speed levels , especiall y in f requent

start—stop t ype app licat ions , can extend the high speed slew range of the
motors by a factor of 4—5 t imes and provide hi gher torque and speed in the
start-stop mode.

The latter type drive is a constant current system.

A Centra l Processor Unit (CPU) is the control  unit  of a digital computer.

A Read Onl y Memor y ~ROM) s memory which is permanent or semi—permanent in
nature and is not changeable by programm ing the computer and it is not lost when
all electr ical power goes off , i . e . ,  t is non—volat i le.  It is used as fixed input to
t he computer . It ’s use is l imited to being read by t he computer . A PROM is pro-
grammable read onl y memory. l~ is semi—perma nent in nature. It can be changed
but the change is usuall y effected by spec ial equipment when the memory is not
installed in the using system .

A Random Access Memory (RAM) is memory which is changed during normal operation
of the computer . The program can read this memory and can also change it. It is
volat ile so is lost if e lec t r ica l  power goes off.
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APPENDIX B

INPUT CONTROL SYSTEM DESCRIPTION

General — This section provides dircussion and diagrams to furthe r define the system ,
inc luding hardware and software , as it was finall y developed .

Computer — The CPU diagram is show n in Figure B— i . The CPU p lus memory, bot h
ROM and RAM, make up the Altair 8800 computer . As w i l l  be show n in the soft-
ware sect ion , abou t 1000, 8 bit words of memory were required . The instruct ion
set is shown in Figure B—2 .

Icon 60 1—T Driver — This unit accepts a low power pulse stream on either of two
input lines and transforms it into a sequential energ ization at high power of 5 ou t-
put lines . If the outputs are numbered 1 , 2 , 3, 4 and 5 the pulse stream on one
inpu t line w i l l  cause the following pattern: 1 ,2 — 1 ,2 ,3 — 2 ,3 —  2 ,3,4 — 3 , 4 —

3,4,5 - 4 ,5 - 4 ,5, 1 - 5, 1 — 5, 1 ,2 — and repeat. A pulse stream on t he other
input line w i l l  cause the following pattern: 1 ,2 — 5,1 ,2 — 5 ,1 - 4,5,1 — 4,5 —

3,4,5 — 3 ,4 — 2,3,4 — 2 ,3 — 1 ,2,3 — and repeat. This un it includes a 28—vol t
power supp ly .  In an aircraft  system the shi p ’s 28—vol t supp ly wou ld be used . The
circuit  diagram for this unit is shown in Fi gure B— 3. As noted in the basic report ,
t his unit was modified to accept power from a current limiting type power supp ly
wh ich t o o  degree made the Icon 601 —T driver perform like a c hopper drive as de-
fined in Appendix A. This modification allowed the external power supp ly to feed
into the 5 power res istors in the EPM motor circuit while retaining the l2— vo l t  in-
ternal supp ly for the 60 1—T logic circuits .

Encoders — The two encoders used were Model 25H—8NA made by Sequential.  They
are opt ical , absolute , and ei ght bit binary . They we re connected as shown in
Figure B—4.

Interface Board — The interface board schematic is shown in Fi gure B—5 . This c i rcu i t
performs the following functions:

o dig it izes the pressure transducer si gnals so t he computer can read a
binary number that represents pressure

o converts two 8—bit  binary words ( i .e., 16 bits) output from the computer
to direction and speed si gna ls compatible wi th the Icon driver. This
function is discussed further under the heading, Speed and Direction
Control , which fol lows nex t in the text .

o mu lti p lexes the computer inpu t and output lines to faci l i tate reading the
two encoders and the pressure si gna l and outputting the speed , direc t ion
and shut—off valve si gnals.

o Latches si gnals as necessary .
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Css~~ cssct *
M,nom.s,c Oosas tosi Cy~~s Ms*o..uc D.tcn,t ~.o Cy~~,

MOV ,, ,~ Moo, ri~t0IiI to ?l~ lOtIr S 81 Ru ,,, on ,.o S/?
MQV M . r Moe, repine to omn ony 7 851 Sat urn on no :too S - r i
MOV r . M Moo, ,,to mo ,y t o tapIr,, 7 RP R,ruro on oomr-ne S i r
HIT Hat? 7 A M Rr,rn on ret~nuI
M vr , Moo s ,,n ro.d,.r, 015111* 7 RPF Retu rn on p a r ty  anon S Ii
MV r M Moo , ,,n m.d.at , m.mor v 10 RPQ R.,,~,,, ,,,, 

~~~~ Odd ii
1118, fo reman? rigor.? S ass Re,?, ,, 1?
D C R r  O.c ,,menr righ ter S iN r p, 0
58 M Incre,rr,nr m,morp to OUT Out pu t no

OC R M D,c,em,nt nr.mory 10 l~x l  8 load - ‘r r-od a r. sgnte tO
ADD Add tegot y r t o A 4 p,, 

~ADC r Add reg~ r.r to A antl ’ carr y 4 0 load ,nrm.d,at, rig,,,., 10
SUB , 5u brrac r req~tn~ fro nt A 4 P,,~ 0 & F
SO B, SobttaC t r e g s t l r  f r om A 4 1 0 Id load ,,, n—, d aI, r o g u e ,

w r it , borrow P,, H A I
A SA r A’,d regorir w , th  A 4 1 0 SP I oa~ ‘rr ’oed ,?e ,rac ’ p o ,n r ,- TO
ORA r F,ci,uu,u i 0, rep, ’.? w it, A 4 P1/ S ly B Put?’ op t i c .  P, .  8 & C o n
08 A ‘ Or rig’s’.. w , ? h A 4 l a o
CMP r Co m p a re rng tt ,r *,th A 4 PusH 0 0,,-,- ~~~~~ P1. 0 & F on I
ADD M Ad d ,00rr rn,y to A 7
ADC N Add nr,morv to A WI? ? ’ Corry  7 p,,cy H P ,,, , ,~~ , 1 .  P 0 U & Ion n
SUB U Subtract  memory from A 7
SO B U Subirac ? memo ry f rom A 7 PUSH PSW P ,,ol A ond 1~ agl II

s T b  b O , r3*

A P4 A N And m em o ry *rIt, A 7 POP B P —i-  ,e q,, e, p a P  P. C if no
X RA U F . r - ~ r . .  0, memor y * itr A 7
O R A  N Or ‘nr ’n ‘ - , w , r h  A 7 ?OP o ~~ 0 09-r i O pu ’  0 0. of? nO
CUP U um p i re me mor y w - t h  A 7 ‘_ T 4 L ~
AO Add ,,r nred,atl to A 7 POP 4 ‘ -~ 

-
~~ - -  ~

,, H & i -~~ 10
A C ’  Add r,r nr.d,ai, 0 A w rI’ 7

- 0 0  ~ ‘PP s A “- o 0 ’  , i l - u ~, ID
S W Pl o, - “ me d -a le f, o rrr A 7 i

58 1 5 1-, ’ ., - -n ered,,,, t,on, A 7 s p A  - ,, 
~ ~~

,,,, 3
* l?’ ho’ ’  w r:’ o ,. A ~~ ‘ 13

A N A . d  mmed- ail *,Ttr 4 p -or ’, P . - n0 ~ 
l o H4 4

oR l  F , r !u s , r e  Or ,mm .d ,.t , wil t , I
A n , - , / . ‘ ,‘ ‘Q o ’ - i l - ’ ’ ’ a O ’ ” ? .l ‘8

08 1  Or rn -on-are  W I ? ’  A 7 S P H L  o P .  I ~ - - ‘ u, p — - c  S
CPI c r- pa’ , ,m r rr ld,ate *,th A 7 PIP ‘C , ‘ l ’ - ’ q ’  - , ,  -i. S
RIC Rcrrare A le t ? 4 - :o  B A i d  B P . C  ‘ - ‘4 & 1 t O
RR C Ror ,r, A -g Il DAD 0 Add O P .  F ~- H & i tO
S A L  Rot a? ,  A n ’ ?h oo qh ‘0- 0 4 o41 ’  H Add -_ 0. 1 ‘0 -o & p tO
R A P  Rnr .re A - yl’ rh~oug tr 4 liii 5P A i d  ,roc c p- , -,? . I O H &  I ID

S T A X  B - ‘ - c  A ‘d r op ?
IM P 1- ‘i - d~ ,‘a i  tO u T A X  0 - - r A  - - 0 - n’ ’

i n - p ’ - a ’ ’ . 10 1 A I B  ~d A - U ’ e i
iNC loo p no no a ’ ’ y  10 I D A ’  0 1 od A - 0 .  ‘
Il - --  no ,,n In- - 10 • - - ‘ n - n o ’ - ,  8 0. C . .pst.rr 5
/11/ i “P 0’ ”' 10’ ’ tO N~ 0 ‘ - - , ~~ “ r - O A F  ‘opt?,., S
JP ~

n-P C- ’ POI I r ’ Ot 10 i S O  H - - ,, -r- - ’ H & Ireg nrtrt S
IN J um pnn nr nur 10 ,~ o SP ‘ - ‘ ‘n” ,- - t rot p c’ S
J PI Jum p on p a . - ? , ...n tO DC ’  B Oep r .m ,n r BA  5
JPO Jump on pa . ’ ?, -‘dd 10 nr 0 1’ e .--.- ’ 0 P. 1 S
CA L I Call on, O~ d ’  i~ a ’ I ?  DC 0 H f l oc ,emon r U & I, S
CC Ca ll on ca rr y  l l ’ 1 7 010 SP r.,’,’. n t iac ~ p - re S
CR C Cal l on 00 carry t I / 1 7 INA I - ‘ r - pi - ’ r~e’ - A 4
Cl Call o n ,ero I l / I l  S IC S.~ o a r ,  4
CR1 Ca ll n” no pol o 1 1/17 CMI I ,inpon-enr a, ’ u
CP Ca ll on poid ~~ I l / I l O A A  Oec , ma l ad,u,i A 4
CM Call o n ?,r, n us I l/ l i SH LO S ‘ -, ,e H & L d,rw r lB
CPI lair on parity ie,rr 11/17 LHLO L oad H & & d e n? IS
CPO all on perdy odd 1W 1 7  II En abi ,  l n rsrr u plu 4
MT R~ t ,rn t O Dl 0-rablo ,nterro Dr 4
IC R e,ur 0 On Carr y S/t i  SOP P40 op,r,r, oo 4
ISC Return  ,n no c,rr~ S/l t

‘Two possible cyc le  times indicate that instruction cycles are dependent on
condition flags . 4 C loc k Cycles = 2.~s

Figure B—2. Microcomputer Instruction Set
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Sr~eed and Directional Control — The function of the speed control circuit  is to
control t he fi equency of a pulse train. The computer works wi th  binary numbers
and uses a binary si gnal to represent speed. The speed control circuit transforms
t he binary number into a frequency or pulse rate which is related to the value of
the binary number. Direction is controlled by steering this frequency onto one of

rwo lines . One line causes CW rotation , the other CCW. These two lines are

inputs to the 6O1-T driver which converts the 13w power pulse train to a sequential

pattern of high power electr ification of the 5 output lines of the driver , i.e., the

coils of the EPM.

The speed control circuit  in essenc e consis ts of a 14—bit binary counter , a clock
feeding into the counter , a preset system whkh wi l l  preset the bits of the counter
us ing a binary si gnal from the computer , and a log ic system to determine when al l
bits of the counter are the same and del ive r a pulse when they are the same. It
operates as fo l lows: The clock , wh ich is opera ted at 2 x 106 pps, causes the
counter to rip, i.e. ,  t he counter counts the clock pulses. When all bits are the
same , the outpu t line is energ ized causing one pulse in the pulse train that is the
input to the Icon cHver . The time between the pulses so generated depends on how
many counts that are required to change the counter from the state where all bits
are the some to t he next state where all bits are the same. This number of counts
can be selected by presett ing various bits of the counter; i . e . ,  the t ime required
for the counter to count a fu ll count is controlled and each time a full count occurs
a pulse is generated .

The relationshi p is defined by the follow ing speed equation :

Cloc k ro te
Speed (pps)

16 ,383 - Preset number

16,383 - -  Base 10 value of fu ll count in a 14—bit binary counter

Preset Number Base 10 value of the binary preset number.

T he binary preset number used in the program is a 16-bit number and the two most
si gnificant bits are used for direct ion and tI go ul control. The 14 least si gnificant
bits make up the preset number for the above equation. As on examp le , the
hexadecimal number which is stored at addresses 016A and 016B of memo~y,
Fi gure B— 6, is FEB2 and const i tutes one comp lete binary speed and directional
control number which k

F E B 2
1 1 1 1  1110 1011 0010
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Without the two most si gnificant bits , the preset number has the base 10 value
as fo l lows:

E B 2
1 1  1 1 1 0  1 0 0 1  0 0 1 0

512

1024

2048

4096

8192

128

16

2
16,050

w hich when substituted in the speed equation g ives a speed of

6 62 x l O  2 x l OSpeed = ______________ = ______________ = 6006 pps
16,383 - 16,050 333

Note tha t the adjacent binary numbers give:

62 x 1 0  —_____ - 6024 pps
332

62 x 1 0  5988
334

6
also: 2 )C 10 10,000 pps Top Speed

200

62 x 10
9,950 pps = Nex t to Top Speed

201

so that 50 pps step c hange is the finest avai lable at the upper speed whereas
6024 - 6006 18 pps step change is available cit 6006 pps.
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In summary, FE B2 says go CW at a speed of 6006 pps. If the number were 7E B2 ,
which is in memory locations 01E2 and 01E3 , the speed would be the same but the
direction would be reversed . That is , the c ircled values in Fi gure B—6 are values
stored at the indicated addresses in memory and when the program says output the
value in one of these addresses the value stored ( 1 111 1110 101 1 0010 or 0111
1110 101 1 0010) is de livered by the CPU to the speed control circuit which is
located on the interface board.

Compar ing FE 82 with 7E B2

F 1111

7 - - 0 1 1 1

The l eft di git is for directional control and the adjace nt bit is “go ”. If it is 0,
the un it w i l l  stop , i .e. ,  either 1011 or 0011 w i l l  result in stop .

Software - Software is the list of instructions which tells the computer what to do. To
prepare software it is a usual pract ice to f i rs t  prepare a f low chart which pictor ica l l y
defines the log ic problem. The flow c hart for the flap drive system is shown in
Fi gure 8-7. The computer is programmed using assembl y language. A standard
set of instructions cal led the instruction set provides the codes for programming .
The Al ta i r  8800 set was shown previousl y in Fi gure B—2 . Binary numbers are
dif f icult  to work wi th  so the computer is arranged to accept hexadecima l numbers.
Using the flow chart and the instruction set the programmer develops an in-
struct ion arrangement which w i l l  cause the computer to handle the data in accordance
w ith the ~og ic of the flow chart.  The p ogrom for the Flap D r v e System is shown
in Fi gure B—8 . The computer reads this program and stores in memory the in-
structions it needs to accomp lish the instructions.

For the Fla? Drive System the information stored in memory was shown previousl y
in Fi gure B—S . The computer stores the data in binary form but when it is in—
1rtructed to disp lay the data stored it transforms the binary data to hexadec ima l form
as shown in Fi gure B-6.
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Index to Flap Drive System Programs of Fi gure B— 8

Address

Rea l Time Clock Trap 0000

Initialization of RTC 0040

Clock Counter Subroutine 0050

ADC In put Subroutine 0070

Low Pressure Time-ou t Loop 0090

Solenoid Valve Control Loop OODO

Acceleration Table (non linear) 0100

Memory Location for Variables 0250

Pressure Loop Time—out 0260

Startup and Initialization 0280

Clock Wait Cycle 02A0

Cloc k Wait Cyc le and Flap in Transit Test 02B7

Calculate Error Between Input & Position & Add Lead Term 02D0

Zero Error and Decelerat ion Loop 0308

Minus Error and Pressure Deceleration Loop 0330

Minus Error and Pressure Control Loop 035D

F Plus Error and Pressure Control Loop 0370

Zero Error and Deceleration Loop 03B0

Restart Time—out Loop 03D0
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