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FOREWORD

This document is one of the final reports identified in the accompanying docu-

ment tree presenting the results of a Preliminary Design Study of a Lunar

Local Scientific Survey Module (LSSM). This study was performed for the

National Aeronautics and Space Administration, Marshall Space Flight Center,

Huntsville, Alabama under Contract NAS 8-11411, Modification No. Z, by

The Boeing Company with the assistance of General Motors Corporation-

Defense Research Laboratories and A.C. Electronics Division, Radio

Corporation of America, and the Garrett Corporation -- AiResearch Division.

The NASA Technical Supervisor for the contract was Mr. Lynn L. Bradford,

Advanced Systems Office, Marshall Space Flight Center.

BACKGROUND

The Apollo Applications Program (A.A.P) has been proposed to extend the capa-

bilities of Apollo systems to extensive Earth and lunar orbital, and lunar

surface, scientific operations. In a typical AA.P lunar surface mission, two

flights will be made to the lunar surface. The first will deliver a LEM-

Shelter, together with scientific and operational support equipment. The

second flight will deliver two astronaut-scientists in a LEM-Taxi to the

vicinity of the LEM-Shelter. Akey element of support equipment delivered

by the first flight will be surface mobility aids to extend the astronaut's

range of exploration. These mobi/ity aids may include one or two lunar local

scientific survey modules (LSSM's) and/or a lunar manned flying system (MFS).

The LSSM, a manned lunar surface vehicle, will transport a pressure-suited

astronaut and an extensive inventory of scientific equipment on sorties of up

to 6 hours duration within an area of 8-kilometer radius about the lunar

landing site.
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LSSM GENERAL DESCRIPTION

The baseline LSSM vehicle, as illustrated below, is a six-wheeled semi-

articulated vehicle capable of traversing the lunar surface under direct control

or an on-board pressure-suited crew member. The forward unit provides

crew station, life support (PLSS) stowage, and space for carrying a cargo of

scientific equipment or a second astronaut. The aft unit carries equipment

for communications, navigation, drive system electronics, and power. The

LSSM is designed to provide transportation of an astronaut-scientist and a

3Z0-kilogram (700 pound) load of scientific equipment for round trips of up to

Z6 kilometers in traversed distance on the lunar surface.

The four-wheeled forward unit and the two-wheeled aft unit are connected by

flexible frame to provide freedom of pitch and roll movement between the two

units. Ackermann-type steering is used on both front and rear wheel pair._.

The I. 0Z-meter (40-inch)-diameter wheels are of flexible-wire-frame

construction. Each wheel is mounted on a parallelarm suspension with torsion

bar springing and a viscous damper. The wheels are driven by individua/

electric motors through a harmonic drive gear reduction.



Electric power is provided by two 3-kilowatt-hour _ilver-zinc storage batteries

that are recharged betweensortics fz-om the LEM-Shelter power system. A 50-

watt SNAP Z7 radioisotope power system supplies the small amounts of power

required during lunar storage, when the LSSM cannot be dep_ndenton the

LEM-Shelte r.

C(_mmunications are provided by S-band and V|IF equipment adapted from LEM

denigns. Direct two-way voice communication with Earth is provided, as well aa

a I. 6 l_ilobit-per-second telemetry c,_pabillty for vehicle monitoring and

scientific data tr_nsmisnion.

A p!.lotlng mode of navigation is provided by an odometer distance measurement

system and an inertial measurement unit for heading information.

All of the electrical and electronic equipment is packaged on the aft unit o.nd

uses a pa--_Ive thermal control syatenq. Elements of this system include the

thermally lnGulated compartment, a segmented horizontal space radiator, and

a two-phase wax heat sink. The heat-st_d_ m_terial permits spreading the high

heat-rejection loads of the 6-hour sortiel over a Z4-hour duty cycle, thus

minimizing radiator area requirements.

The crew station provides a seat with adjustable foot position for a range of

Astronaut sizes, a folding boarding plaLform, a side-arm controller for vehicle

throttle, br_ke and _teering functicn_, and a cont_'ol and display panel. The

neat and support structure (ro|l bar) fold for stowage on the LgM-Shclter.

Life support IB provided by the aatro,-,.aut's pressure suit and three portable

life support system (PLE, S) unit,. Oiae of these ie worn by the astronaut and

used for opor_.ttona o_f th_ vehicle. '_-_ other two unit_ are vehicle-mounted

and provide for on-board oper&tions _nd ar_ emergency reserve."Y" connections

on the mutt p_rm_t rapid and reliabl_ transfer from one ul_tt to _nother.
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The LSSM provides for a variety of both vehlcle-mounted and vehicle-transported ;'_!i:

scientific equipment. Major elements include a 3-meter drill (20 kilograms) in

the_ hr._t category and the emplaced scientific station (ESS) (136 kilograms) in

the _econd category.

LSSM OPERATION A2':D PERFORMANCE

After delivery to the lunar surface as part of the total lunar exploration payload,

the LSSM may remain in its stowed position on the LEM-Shelter for up to six

months. During this storage period, critical system parameters are monitored

by telemetry tiansmission to Earth using the LSM-Shelter S-band equipment.

/% signal umbilical connecting the LSSM telemetry system to the LEM-Shelter

communications system is provided for this purpose.

The operat.ionad mission begins with arrival of the two-man exploration crew

in._ LEM-Taxi. The LSSM is unloaded from the LEM-Shelter by the menustng

mechanical uuloading aids as necessary. The LSSM tie,-down and unloading

system is currently considered an element of payload integration hardware, and

not an element of the LSSM system. Technical consideration of requirements in

these areas are included in this study, but no resource allocations are provided.

The operational mission involves a series of one-man, 6-hour sorties within an

8-kklometer radius of the LEM-Shelter. The sorties vary in distance traversed

and ._c_ntific activity accomplished withi_ the two principal constraints of 6-hour

duration and 6-kilowatt-hour energy reserve in the fully charged LSSM batteries.

Typical extremes are a Z6-kilometer traverse distance combined with I. 3 hours

of scientific obs-.rvation, and a 16-kLIometer traverse distance combined with _

3 hours of activity to drill a _-meter hole and install an emplaced scientific
..

station. _'
,t

The LSSM is capable of performing its mission in a wide variety of lunar terrain

conditiuns. Drawbar pull-to-weigbg ra:io ranges from 0.56 in hard softs to 0. 13
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irLextremely soft soils (bearing pressure of 1 psi per foot sinkage}. Average

velocity capability ranges from 7. Z kilometers per hour acros_ maria profiles

to 5.6 kilometers per hour across typical uplands profiles. Maximum design

speed on level, smooth terrain is 16 kilometers per hour. The vehicle is

capable of negotiating 130-centimeter-h_gh step obstacles and 142-centimeter-

wide crevices. The vehicle is statically stable to 52 degrees i_ roll and 6_

degrees in pitch, and is dynamically stable for all conditions of speed and

turning radius on any slopes expected to be encountered in the lunar maria

or uplands.
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1.0 INTRODUCTION

I. l GENERAL

This document reports the technical work accomplished by GM Defense

Research Laboratories {GM DRL), General Motors Corporation, under

Roeing Purchase Order K-634755-95_8, Change #2 (NASA Prime Contract

NAS 8-I1411), on the Preliminary Design Study of a Lunar "Local Scientific

Survey Module" (LSSM}.

The major objectives of the program were to conduct a preliminary design of

the selected LSSM concept with emphasis on the mobility sy0tem, and to perform

a performance analysis of _.he derived design.

To accomplish th-.se technical objectives, the following approach was taken and

the results are reported herein:

0 A review was made of existing lunar surface _vhoelcd vchlclo, concepts

to d_tcrmlne th_ best approach to LSSP_/. design.

O A range of feasible LSSM conceptual configurations wa_ defined and

their performance characteristics determined.

O Eased on syct_rn restraints and performance reo,ulrements, a selection

was m_d_ o_ the co_cF_tusl approach coz_idered moBt promising for

LSSM baseline design. The configuration selected wa_ a b x 6 scrni-

_rticula_ed vehicle, consisti_ 3 of a Z-wheel _xnitconnected to _ 4-wh_el

unit through a fl_xible frame coupling. All wheels would be individually

powered.

The major mobility subsystems, conzi_tin_ of wheels, wheel drive

moch_nlsma, su_penalon, eteeriz_, chassis-france snd electric drive

D2-8 ._0 IZ,. I



sy.qtem, were deAigned to given performance and environmental

rcquriemcnt_, and incorporated into a complete mobility system

asscmbly.

o An overall LSSM system conceptual design was performed to achieve

inter;ration of.all LSSM subsystems including power, communictttlunl,

navigation, crew accommodation_ and scientific equipment, in

addition to the moI.,iitt: system.

A detailed mobility performa_e _nalysi_ of the baBeline LSSM was

performed including characteristics pertaining to soft ground mobility,

obstacle capability, maneuverability and dynamic ride behavior.

o Design and functional _peclfications were prepared for the mobility

system.

o
• * _0. rFailurc mode and rchabfl,_ an_lyseB were performed for the mobility

system.



I. 2 REQUIREI_ENTS
i= , , , , i

Major requirements affecting LSSM concept selection arid the design of the

mobility system were:

o Maximum LSSM system mass Z500 Ibm (1140 kg).

o Maximum mass without car_o or operator 1540 Ibm (700 kg).

o Ability to transport up to 700 Ibm (318 kg) of specHied scientific

equipment, or a second astronaut in place of the cargo.

o Speed of at least 5 km/hr on level soft soil(k_ = 0.5, n = 0.5).

o Speed of at least B km/hr on levelcompsctod so|l (k_ : 6.0. n = t. ZS).

o Ability to negotiate all soil and slope combinations specified in

Engineering Lunar Model Surface (ELMS), KSC TR-83-D.

o Average speed capability over ELMS should be at least 5 kin/hr.

o Maximum mobility and maneuverability over as wide a range of

possible lunar surface conditions as practicable.

o 200 km (125 rnile_) tot_ travel in 14 day (earth) period, maaimum

sortie distance of 25 hm (16 m_les), minimum operational radius of

8 km (5 miles) from LEM/Shelter.

o I_n_r d_y cr night ope:&tior_l cap_.blUt¥.

o C_p_ble of being storeci in standby mode for r_t least 6 months.

o Compatible with volume const.-'aint_ of L_M/Sheltor.

o Capable of bein_ unloaded and deployed on the luv._r ouzface by one

astronaut.

o Capable of withstanding all handling, transportation, launch, flIAht,

staging and operational loads.

o Mission succeGs and crew e_foty are prime design objectives.

D2.83012.1
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2.0 REVIEW OF EXISTING WHEELED VEHICLE CONCEPTS
............. ,n., -- i

2. i APPROACH

In order to assist in the formulation of LSSM vehicle concepts compatible with

system and mission requirements, a literature search was conducted to cather

together an many previously proposed lunar wheeled vehicle concepts as possible.

This revicw was limited to wheeled vehicle concepts sincc studies performed

during the MOLAB Program had shown that, on the basi_ of locomotion efficiency

and reliability in the expected lunar environment, wheels would be the most

practical mode of locomotion over the lunar surface.

From a review of the references listed in Figure Z.L.I, it was determined that

at least forty-seven (47) wheeled vehicle concepts had been previously considered

or proposed for lunar use. These are summarized in Figure 2.1.2 according

to preposing organization, literature source, vehicle type, and available char-

acteristics.
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2.2 DISCUSSION

These concepts encompassed both rigid - and articulated - frame typel ranging

from gyro-etabilised single wheel devices ( I x [ ) to train - type vehicles for

extended lunar exploration (}.0 x iN). Ma_ses rankled from about 50 Ibm _o

25,000 Ibm. As would be expected, the l_rgo majorRy of the propowed concepts

were of the 4-wheel variety, with 6-wheel versions next in poputarlty. This is

not aurpri_In_ becau_e, '_nlegs the lunar surface is radically different from what

so .Car has beoncon_dered, vehicle concepts based on either four or six wheels

would strike a reason_b|e balance between performance and simplicity for

most rni_ siena.

Insofar as LSSi,Japplication was concerned, simple analyseo based on system

constraints and performance requirements resulted in the conclusion that only

4 x 4's and 6 x 6's shuuld be seriously considered. Concepts wzth less th_.n four

wheels were eliminated on the basis of one or more of the following factors:

o Stabil!_.y considerations

o Poor obstacle cap._biHty

o Poor p_ylo_d carryi_ c_pacity.

Concepts with

app!Ication on

O

O

O

O

more than six wh_Is were considored not practlc_.l for LSSM

the baois of the following:

Undue design comp!exity

Poor m=neuverabillty characteristics

Difflcultic_ of stowage in I_M/Shelter envelope unless wheel

diameters were kept small.

Mobility performance, in the softer aoil_ would b_ poor due to

small v_h_l diarn_t_r_.

DZ-8301Z- I
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3, 0 ASSEMBLY OF LSSM CONCEPTUAL CONFIGURATIONS

3. 1 APPROACH TO BASELIr_E SELECTION

Conceptual layouts (both in the stowed and operational configurations) were

prepared of ten 4 x 4 and 6 x 6 designs, ranstng in size from the smallest

considered practical to the tar_eot that could be stowed within the available

LZM/Shelter _[_ce envelope.

'rh_.e conc6p_ c.ncom['_ssvd the following mobility configuration.s:

o 4x4,

o 4x4,

o 4x4,

o 6x 6,

O

rigid frame, fixed wheel geometry

rigid frame, variable wheel geometry

articulated frame

seml-flexlble frame

6 x 6, fully-flexible frame

All concepts utilized flexible wheels with dL_metero ranging fro;n 36 to 4_

iuch_0. For the 4 x 4's, primary steering mod_ considered InaIud_d _ront-

wheel Acke_'rnann, double Ackermann and fl'ame artlculatlon. In the case

of the 6 u 6's, double Ackermann, combined Ackerrnann-arttctflated, and

double frame-articulation were conQi_ered,

The ten confit_ur_.tions can be described briefly a8 fallows:

CGNCEPT NO.

(i)

(z)

(3)

(4)

(5)

(6)

DESCPA PTION

L_rge 4 x 4, rigid fra_ne, trat.tLn5 arm rear suspension

(x'var suvpen_ton arms rotated at deployment to _chteve

larflo wheelbaae)

La_'gc 4 x 4,

L._rge 6 x 6,

L_r_e 6 g 6,

Large 6 _ 6, ai'tlct_ted in p_tch o_ly

L_rge 6 _ 5, fu!ly floxlbio t'r._mo

GOES-type articulated frame

aeml-fle_ible fram_ (_-wheel unit forward)

_eml-flc-_ible fr&m_ (?..-wheel tmlt forward]



CONCEPT NO.

(7)

(8)

(9)

(to)

DESCRIPTION

Small 4 x 4, rlsid frame

Small 4 x 4, GOER-type articulated frame

Small 6 x 6, semi-floxlble frame

Small 6 x 6. articulated in pitch only

The dimensional characterlstlco for these concepts are given in Figure 3. I. I.

Some of the typical configurations considered are shown in the sketches of

Figure 3. I. 7..

A simplified mc_illty performance analysis was conducted for each of the

concepts listed. Included were estimations of drawbar pull to weight ratio

over ELMS and Annex G soft soils, locomotion energy requirements over

the ELMS Maria and Uplands models, obstacle performance, turning radius

and static stability. In order to make the necessary c_Iculations, vehicle

masses were estimated based on parametric subsystem data contained in

Boetn2 Document DZ-832_I-I entitled "AES/LSSM An_lysls and Concept_l

Design", dated Jun_ 1905. For these rna_e e_tirna_o_ it w_s assumed that

all "large" vehicles carried _.70 kg (594 Ibm) of _clentlfic equlpm_nt; the

"small" ones 150 k S (330 Ibm). The estimated rr_ss breakdowns for the ten

concepts is shown in Figure 3. !. 3. In addition, equal wheel loadlngs were

assumed in _ll crees.

Drawbar pull was calculated for the softe_; opeclfled EL,_ soil (k_ = 0. 5,

n = 0. 5, _ = 32 °) and for a very weak so_J. used in the Surveyor Lunar Roving

Vehicle (SLRV) study (k 0 = 0o 083, n = I. 0, _ = 20 °). Step obstacle and

crevice crossin_ cal_h_i_ies were estimated on the b_ai0 of model studies

previously conducted in the MOLAB and SLRV programs. Turning radius

and off-t_acktng could be c_lculated from the known vehicle |]eometrtes.

Calculations of static pitch and roll st_bLtlty limlts _,.ere based on c_nter-of-

gravity heights estimated from the mass breakdown_ of Figure 3. l. 3. Lees-

motion energy requirements were o_tim_ted by gc_li_ results previously

obtained for vehicle© of similar size and n_s_. The_e requirements assumed

D2-8301Z-I
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CONCEPT NO.

' (I) (4) (5),

Sys[em

Mobility

Power

LBM

5O4

22O

(z) (3)

LBM LBM

5O4 5O9

2ZO 2ZO

LBM

5O9

220

Astrionics

Crew

Scientific

139

88

594

139

88

594

139

88

594

139

88

594

Astronaut

PLSS (3)

TOTAL

200

145

1890

200

145

1890

200

145

1895

.I

200

145

1895

[,BM

543

220

139

88

594

200

145

1929

System

Mobility

Pow e r

Astrionics

Crew

Scientific

Astronaut

PLSS (3)

+_ ,
L' --

TOTAL

(6) (7) !8) (9) .,!10,)

LBM

543

220

139

88

594

200

145

1929

LBM

271

198

114

66

330

ZOO

145

1324

LBM

271

198

114

66

330

Z00

145

1324

LBM

286

198

-114

66

330

Z00

145

1340

LBM

286

198

114

66

330

200

145

1340

Figure 3. 1.3 - Estimated Mass Breakdown

For LSSM Conceptual Configurations
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a traverse half over the ELMS _.4aria; and half over the ELMS Uplands. In

addition, all concepts were assumed to}rove a drive sy0tem efflctency of

60_7_and a 35'_0co_tt!n_,,_ncyf_tctorwas added to allow for energy expenditure

due to surface roughness. A summary of the estimated performance char-

_cteristlc_ i_ shown in Fi_lure 3_ I, _.

A preliminary de_Ig.,:review was held to evaluate and compare the propo3ed

cenceptt_l confi2ur_'_tions. Th_ parpo_e was to reduco _he number ofpcactical

approache_ to baseline L$SM dsslgn as much as possible.

Based on factors such as e_stimates of mobility performance, mission require-

ments, p*ytoad carrying capacity, available mass, complexity and growth po-

ter,.'lal,itwas decided that only the large 4 x 4 t'igtdframe and 6 x 6 ;emi-

flt:xlbl_frame configuration-_ should be further conoidered for LSSM design.

T}m_e conce_ta are depicted below with their m_jor dlmen,,iomtl characteriltlcs.

{Cc)ncopt l)

Large 4 .-;4 - _i_Id-_-:xtondcd

Trailing Arm

C_,_rall Length - 150 in (dO(>cm)

(3vor_ll Widt.h - 92 iI_ (234 cm)

Wheelb._se - IIZ ;n (_._'_. cm)

Vthvc_l Diameter - '_8 in tl_:2 cn_)

Wh,ol Width - 10 in (25.4 cm)

(Concept 3)

l._,'[ie 6 x 6 - Semi-F'lexlble

1(_0 in (406 cm)

92 in (234 crn)

53/62 tn {147/157 cm)

_0 in (10Z cm)

10 in (25.4 in}
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3.2 PERFORMANCE COMPARISON OF L_SM CONCEPTS

A more comprehensive performance analysis was then performed for these

conceptA, including soft ground, slope climbh_ and obstac|e capability,

locomotion energy requlre.,nent_, stability and maneuverability, The majority

of the calculations were ma_e for a sross vehicle ma_s of 1800 Ibm (816 kg),

wh_.ch was the estlrnated b_sellne mass a_ the time thla work was con_

ductml, with all wheels equ,_lly loaded. Center of sravity heights above the

ground were estimated to be 3Z inche_ for the 6 x 6 and 34 inches for the 4 x 4,

due to th_ larger wheel diameter. Wheel deflections on hard surface were

I. 67 inches in both cases.

The equations and techniques to evaluate soft around and _lope climbing

(drawbar-pull to weight ratio) capability, stability, m=n_uverabillty and

energy requirements are given in Sections 5. Z and 5.4 of this report. The

only important difference he_,eeL_ the pre_nt _nalysie and the baseline _SM

mobility a_i-fsia in Section _.0 is the _act _hat i.n _,is case a rJi'ive _y_tern

efficiency _f 407_ was ao_umed, constan_ over the entire _peod rar_e, wh_reaa

for baeelin_ evaluation the dr_.ve _ystem efficiency wa_ a known function of

speed.

Figure 3. Z. I compares the total motion re._ietance of the 4 x 4 concept with

48 inch diameters with that of the 6 z 6 with 40 inch wheels. The comparison

_.as "n_e for t_vo soils; the softest EL_S (k_ - 0.5, n : 0. _, _ : 3_°), =tn_ the

very weak soil previously ue.-d in the $L, RV =tudie_ (kt_ : 0.0_3, n : 1.0, _ = ZO° )

Motion resistance has been plott;d as a function of vehicle mass, with th_ range

of interest for LSS/v! de_i_n Ir.d_c_t_d. Although absolute dlfferenco_ between

the two concepts do not appear to be large, they could be ai_nific,_nt in terms of

energy requirements since these are a direct (unction of resistance.

Figure, 3. _-. Z _hows teat results obtained fro:n _inBle wheel te_,ts conduct_d

under con_'_olh_d cor_',litlon_in the G_ Dl_, _o_I bin, They illuatrate O_e _ffect

on motion re_Istar_ce of multiple passes mad_ _T a _heel running in d_e _am_

rut. It e_nbe s_en that there !s a ducrea_ in _istr-nce on both the second

D2-_012oi
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and third passes. Since all calculations of motion resistance, drawbar pull

and locomotion energy are based on the assumption that all wheels operate ir

virgin soil, it can be deduced that in the case of tracking wheels the advantages

of a 6 x 6 over a 4 x 4 are greater than can be indicated by the usual amtlytical

techniques. The inflation pressure used for these tests was 1.0 psi, as

compared to the estimated LSSM ground pressure of 0.5 - 0. ? psi.

The impact of the los_ of drive to one wheel due to mechanical or electrical

failure is graphically presented in Figure 3. _. 3 for the 6 x 6 and 4 x 4 LSSM

concepts in terms of drawbar-pull-to-weight ratio. Note that in the very soft

(k_ - 0.083) soil, loss of drive to one of 4 x 4 wheels results in a reduction of

DP/W ratio of more than one-half. Even in a very compact soil (k¢ -- 6),

where the drawbar pull capability of the two concepts is equal when all wheel0

are driven, degradation for the 4 x 4 is much greater than for the 6 x 6.

The chart of Figure L2.4 summarizes the estimated capabilities of the 4 x 4

and 6 _: 6 concepts over the obstacles specified in "Anne_: G, Mobility Criteria,

April 1964", an attachment to the st._tement-of-work. (The obstacles and their

mode_ of negotiation are depicted in Figures 5. ;_.l and 5.3._ of this report.

Perhaps the cases of greatest interest are Obstacle 2 - Mode 2 which represents

crevice _rossing, and Obstacle _. - Mode 5 which is the case of a vehicle climbir.g

a vertical step obstacle.) The capabillti_s shown;ire based on model test result_

obtained for 4 x 4 and 6 x 6 concepts during the MOLAB program. The resu!to

shown are somewhat idealized as _hey do not con_Idcr tl_a effect of suspension,

unusually high c.g., or unequal _.xle load di_tribut,on. They aro, however,

indicative of the relative performance of _he I_SSM concepts under coz_mideration.

Estimated peak torque requirements a¢ a function of step height, based on model

test results, are plotted in Figure 3.2.5 for a 6 x _ semi-flexlblo frame vehicle

with 40 inch wheels and a 4 x 4 rigid-frame vehicle with 48 inch wheels. For a

given obstacle height, th, 6 x 6 concept requires significantly lesa torque than

II
rl
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the 4 x 4. Furthermore, the torque r_luirements of the 4 x 4 increase

rapidly •s step height incre•se_ in comparison to the 6 x 6. Designing the

4 x 4 Los a step height capability of 50 _m (Z0 inches) and the 6 x 6 for •

capability of 100 cm (40 inches} would result in • significantly larger drive

system for the 4 x 4.

In •dditlon to the results illu_trated, calculations were made of drawhar

pull to weight (DP/W) ratio, turning radius, pitch and roll stability ar,d

locomot'Jn en_,rgy. The results of the performance analysis are summari,_ed

in Figure 3. Z. 6. It can be seen from this and previously illustrated results

that the 6 x 6 semtflexible frame concept is superior to the 4 x 4 rigid frame

configuration in all aspects of mobility performance. Furthermore, qualitative

assessments of failure mode operation and system rellsbilit7 sLl_o appeare_

to favor the 6 x 6, dtss to In.her_nt subsystem redundancies. Since the. 4 x 4"

appeared to have littl_ if any advantage ?re• th_ points-o_-viow of factors

such as mass, de•fen simplicity or payload carrylna c_F_clty, the 6 x 6

se_Iflexible frame conflgurmtlon was selected for J-_M b_eline design.

DZ-8__01_-I
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.;.0 DESCRIPTION OF BASELINE L,_SMCONC_PT
.. - .

4. I _X_CU_SION OF ALTE_INATE I_:_aM CONFIGURATIONS

Two alternate verzions of the _ x 6 semlfleNlble fram_ cot_iguration were

origin_lly considered for baselln_ ci_ign.

Both consisted of a four-wheel forward unJt coupled to a two-wheel aft unit

throui]h a flexible frarr.e,which permits the two units to pitch and roll relstive

to each other. This feature pormlts the wh_el_ to maintain contact with the

gruu,_i and provide traction even over _e_ _rely undulating terrain, and also

_reatiy enhances obstacle crossing capability. In both c_ses, the crew

station and accommodations for scientllic equipment were located on the

forward unit; the aft unit carried a thermal compartment which housed navl-

Bc_tion, telecommunic_tions, drive electronics and power systems. A]I major

dimensions ouch as wheel size, overall length and width, wheel base, etc.

were identical. The only Important dlfferences between the two versions were

in steering and suspension de0ign.

One version (Figure 4. I, l) was similar to MOLAB in that it incorporated

Ackermann-type steerln_ of the front wheels of the forward unit and articulated

_toertn_ of the aft unit. In the seceded version (Figure 4,1._.) the wheels of the

a_, unit were also Ackermann steered.

With respect to suspension design, the firct version had parallel arm-type sus-

pensions at the front wheels, and tr_illng arm _ttspen_ion= on the cent,_r and

a_t sets of v;hecle. The _,eco.,_d veroion incorporated identical parallel arm-

typv suspe,_._ons throughout,

In th© e:_rly _t_gee of the _tudy, the dt-cisionw_e made to ,:_ilL_e the first

version as the b=seline L_SM concept. Thi_ was du_ lar_ely to two f_ctors:

o Articul__d steerina of the &_t unit perrnit_,_d a wider thermal

con)_ _=_yn_;-_t si_c_ there would he no who.el encrcachme_t as in

the cc.._ :_' Ack_r_n_nn _teering.

o D;_e to ..n_._nxn _'_raetry, tr_iIh_._, arm cu_p_neions _pl-_ared to

be _irnpler _o fn_.l_ _ _ center _.nd r_r wh_ls _h_.n p_r=liel
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However, as prelin_inary design of the mobility system progressed and

systern z'cquirements became b_tter defined, it was determi_ed that the

major objections to the second version were not critLcal.

Since use of identical steerLng mechanisms for the for_ttrd and aft unLls

and identical su_[_ensions at all wheels would _-,',_Ult in a simpler design

_nd greatly reduce development _nd testing requLrements, the concept

with double.Ackermann jteerLng and parallel arm-typ_ suspensions

thrc_lghout was redufined as the. baseline ISSM.



4. Z BASELINE LSSM CONFIGURATION SUMMARY

The baseline L_SM as it finally evolved in the course of this study is shown

in Lts operational mode in Figures 4. Z.l, 4.Z.Z and 4.2.3. The crew

accommodations system including seat, controls, displays, roll bar and

PISS, and scientific equlpment are located on the forward unit. Batteries,

power distribution and regulation equipment, drive electronLc3, tele-

communications and navigation equipment are located in a thermal corn-

pertinent on the aft unit.

In order to stow the LgSM in the LEM/Shelter space envelope (Figure 4. Z.4),

it is necessary to collapse the vohlcle by sliding the flexible framo assembly

into the forward unit chassis. In addition, crew station roll bar, controls

and display console and antennas ,-re either collapsed or folded to satisfy

envelope constraints. The SNAP-Z7 is attached to the forward unit frame

and provides power for heating during transit and storage. Life support sys-

tems and scientific equipment are placed on the vehicle only after deployment

on the lunar surface.

A mass summary of the baseline LSSM is given in Figure 4. Z. 5 for two cases;

when carrying maximum scientific payload and during a typical sortie.

The general characteristLcs of the baseline LSSM (typical sortie :ase} are

given in Figure 4. Z. 6.
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I

Gross Vehicle Mass (with Crew)

C.G. Height Above Ground - Overall

Forward Unit

Aft Unit

Axle Load Distribution

Front

Center

Rear

Overall Length

Overall Width

Wheel Diameter

Wheel Width

Wheel Deflection Cat Nominal Load)

Average Ground Pressure

Hard Surface

Soft Soil (k¢ = 0.5, n = 0.5)

Wheel Base

Wheel Tread

Ground Clearance

Hang-Up Radius

Angle of Approach

(Bet_veen Axles)

(Between Wheels)

Angle of Departure (Less SNAP Z7)

Basic Platform Area - Total

Forward Unit

Aft Unit

984 kg (Z170 lbm)

0.82 m (32. Z in.)

0.88 m (34.8 in. )

0.67 m (26.4 in.}

30.9%

37. i%

3z.

406 cm (160 in, )

234 cm (92 in.)

101.6 cm (40 in.)

25.4 cm (I0 in. }

4.3 cm (1.67 in.)

0.7 psi

0.5 psi

147/158 cm (58/6Z in.)

Z09 cm (SZ in.)

45.7 crc, (l_ in.)

35.5/41, 9 cm (14/16.5 in. )

13Z. 1 cm (52 in. )

90 ° +

90°+

4.61 m 2 (49.6 ft Z)

3.56 m 2 (3_.3 ft 2)

1.05 m 2 (11.3 ft 2)

i

1

!

1
f

1

i
!

|

Figure 4.2.6 BaseDne L_SM General Characteristics

i
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5.0 BASELINE LSSM MOBILITY PERFORMANCE ANALYSIS

5. I INTRODUCTION

This part of the report on mobility analysis of the baseline LSSM covers the

_-_iollowing aspects of vehicle performance:

o Mobility over soft ground

o Obstacle capability

o Maneuverability

o Dynamic ride behavior over rough terrain

Each subject is discussed separately under indi_ddual sections, and the results

summarized.

The evaluation of mobility in soft soils was largely based on mathematical

models of soil-vehicle relationships developed by _. G. Bekker and extended

by the Land Locomotion Laboratory of the Army Tank Automotive Center.

Obstacle capability was determined by means of scale-model tests. The

analysis of maneuverability was by means of equations standard in automotive

engineering, modified to the "non-standard" LSSM baseline desigl_. Dynamic

performance over rough terrain was evaluated by means of an extensiv_ analog

computer program.

DZ-83012-1
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5. Z SOFT GROUND MOBII.,ITY
m

5.2. I General

The soft ground mobility performance _ualysis included:

o Tr_tctive per_fomnance

o Motion resistance

o Drawbar-pull capability or gradeability

o Drive power and torque requirements

o Locomotion energy requirements

The evaluation of locomotion performance in soft soils was based on analytical

and experimental methods developed by M. G. Bekker for the purpose of

evaluating terrain-vehicle systems in off-the-road locomotion. In this approach,

mathematical models of the soil-vehicle relationship were formulated to express

vehicle performance characteristics, i.e., thrust, motion resistance, grade-

ability_ etc. Laboratory scale model experiments were also utili_ed in this

approach to solve mobility problems which were not readily amenable to

analytical treatment. Most of the rnobility computations were performed with

the aid of the 7040 digital computer, making it possible to perform extensive

parametric analyses.

5.2. _- Vehicle Characteristic_

All calculations following were performed for the baae_ine LSSM rtsde,_cribed

in the previous section of the report. Gross vehicle nass was taken as Zl70 Ibm

(984 kg) with the following axle lo_tddistribution on level ground:

o Front - 30.9%

o Center - 37. 190

o Rear - 3Z.0%

The assumption was made that the two wheels on one axle would be equally

loaded. Other vehicle characteristics pertinent to these calcuJa_ions were:

o Wheel dimensions - 40 in. O.D. x I0 in. wide

o Wheel deflection rate - 36 Ib/in.

o Coefficient of rollin_ resistance - 0.04

c

i̧ : ]

• . 2;,

g' ,u

; 4

i " t

i_ _.4.
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_he latter value is the resistance due to wheel flexure and was determined

Jy means of tests on the GM DP.L rolling road. The actual values measured

,n a 60 inch wire frame wheel, over a wide range of loadings, varied between

_'_}. OZ to O. 04.

_*2.3 Surface Characteristics

n order to evaluate mobility performance, in addition to knowing the pertinent

'ehicle parameters such as mass, load distribution, size and form of the con-

act area and power characteristics, it is necessary to quantitatively describe

he terrain characteristics that affect performance. In this study, calculations

cere based mainly on the terrain characteristics of the Engineering Lunar

vIodel Surface (ELIvIS), given in An_.ex A of the statement.-of-work. Combinations

,f soil values specified were: ¢ , = .

' = 3.o] . [k_ = 3.0. n= 1.0, -32 °] and [k_ = 6.0, n -:I..5, 0 = 3.o] .

vhere _ = soil angle of friction)and k_ and n are vertical deformation parameters

W means of which vehicle sinkage can be calculated. Another soil given for

:onsideration (Annex G of statement-of-work) had the characteristics of a very

0.0 , .: ,. 0.  .0°I .  e.e
o be non-cohesive (c = 0, k = 0). In addition to the giver, charactcristlcs, it

C

vas necessary to make the following assumptions to complete the necessary

:alc ulatio ns:

O

O

O

Soil specific weight, _ = 0.01 Ib/cu. in.

S, -_I deformation modulus, K = 0.5

Coefficient of friction between wheel and

hard surface,_ = 0.8

_he assumptions were necessary for the following reasons:

o Motion resistance due to bulldozing is dependent on the soil

specific weight. The value chosen, _e= 0.01 ib/eu. _., corresponds

to the specific weight of loose, dry sand, adjusted to "lunar weight".

O The value, K, is required to define the form of the soil thrust - slip

curve. Tests conducted by GM DI_L indicate that a value of K = 0.5

is reasonable for dry loose sand. DZ-83012-I
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In order to evaluate perforn_,-_nce over a hard, non-deforn_.able

surface, the coefficient of friction between wheel, and surface

must be known. A value of/e(= 0.8 was selected to permit the

vehicle to negotiate the 35 degree slopes specified in the ELMS.

5.2..I Baseline LSSM Mobility Calculations

Two of the most important measures of vehicle mobility performance are its

(!rawbar_pull capability, which determines its abilitl, to climb slopes, accelerate,

tow loads, etc., and the energy consum_required for locomotion.

%

?

!

J

Drawbar p_!l is defined as the excess thru,_t a vehicle is capable of developing

over and above that required to overcome motion resistance. The thrust {or

gross tractive effort} a vehicle can develop depends on the shearing character-

istics of the soil.

It has been suggested that the shear stress-strain relationships of soils can be

where

"_ = soil shearing strength (lb/in. Z)

K 1, K z = sol! deformation parameters (in -1, dimensionless)

j = horizontal soil deformation (in.)

maximum value of quantity in brackets (dimensionless}

soil cohesion (lb/in. 2)C =

= soil angle of friction (degrees)

p = ground contact pressure (lb/in. z}

Since for most soils, particularly dry granular soils, the stress-strain curve

does not e×hibit a peak and then a decay (as per Equation 5.1), other investigators

have suggested a simpler equation:

= (c + p tan 0) ( 1 - e -j/K) (5.2)

where K is a soil deformation modulus (in.) that can readily be determined

from conventional shear vane tests. As was stated previously K = 0.5 provides

D2-83012-I

Page 5-4

3

i

i' ,!

!

: ii

t :
I

(



a close fit between analytical and e::perirn,_n'..a[resu)fs. 9?hi,J:._illustritec!

in Figure 5. Z.I. Fo_" comparison purposes, curves derived from Equation(5. I)

using values of K I and K z suggested in Annex A are also included.

_" The tractive effort (or thrust) developed at the wheel-surface interface can be

found by integrating the shear stress along the ground contact area:

Assuming a uniform ground pressure over the contact area, integrating

Equation (5. Z) yields:

S = [c A + Wn tan @] [I + s_(exp('-_.->" I' ]

who re

s = wheel slip (%)

_. = length of ground contact area (in.)

H = tractive effort or thrust (lb.)

A = ground contact area (in. Z)

W = wheel load normal to the surface (lb.)
n

and other terms are as defined previously.

(5.3)

Thus the thrust developed by each wheel can be found as a function of slip if

the soil parameters _ and K, and the ground contact length and v.,heel load

normal to the surface are known { c = 0 in all cases).

A thrust-slip curve for the complete vehicle can be developed by taking the H-s

curves for each individual wheel and adding the values of H at each value of

slip.

Thrust versus slip curves for the baseline LSSM are shown in Figure 5. Z. Z

covering all soil conditions considered in this study. Note that these curves

are for level surfaces and thrust is expressed as a percent of vehicle weight.

To determine drawbar pull capacity, the resistances encountered by the vehicle

must also be known. Total motion resistance is composed of the following

factors:

DZ-8301Z-I
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Wn=240 Ib

W n = 135 Ib
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O Rolling Resistance Due to Wheel Flexure

This is a loss that takes place entirely within the wheel and can

be expressed by

R =fW
r n

is.4)

where f = a coefficient determined by experimentation and W is the wheel
n

load normal to the surface. As was stated above, a value of f = 0.04

has been established for this study.

o

where R b

Y

Motion Resistance Due to Soil Deformation

This is composed of two factors; resistance due to soil co.,_paction and

resistance due to soil bulldozing. The latter can be determined from

the following equation:

I/2_bz Z tan2(45 ° + _/2) + 2 cbz tan (45 ° + _/2)
R b

= bulldozing resistance (lb. }

= specific soil weight (Ib/in. 3}

b = width of ground contact area (in.)

z = wheel sinkage (in.)

(s.5)

For the post_alated soil models, c = o and_has been a_sumed to be equal to 0.01.

The equation to b_ used to calculate compaction resistance depends on whether

the whel is considered to be fle.xible or rigid.

For a rigid wheel,

I . "l(Zn +Z)R - 1 3Wn. ,___l)l_

C (2_÷'-'2} ,(Zn + l } I/(2n +')Lq_j :(5.6) t
(3-n) (n + 1) (kc + bk¢)

n = exponent of soil sLnk_ge (dimensionless) n + !_
k = cohesive modulus of so{l deformation (lb/in. I)

k 0 = frictional modulus of soil deformation (lb/in. n + Z) _.]
i:{

D = wheel diameter (in.) ,:_

W n : wheel load. :x)rmal to grour_d _urface (Ib. } DZ-83012-I !

b = widr_h of ground contact area (in.) Page 5-8
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For a flexible wheel

R =
C

where i

are as described previously.

(n + 1) (kc + bk_)I/n n

= length of ground contact area in inches and the other terms

For the postulated soils, k = o.
C

(5.7)

To determine whether the flexible or rigid wheel equation should be used,

it is necessary to determine the critical ground pressure above which a

flexible wheel behaves like a rigid wheel. This critical pressure can be

found from:

w
Pcrit = n

(5.8)

where Petit = critical ground pressure and all other terms are as previously

described. If this value of Petit is greater than the ground contact pressure

calculated for the case of a flexible wheel, then the wheel can be treated as a

high deflection f]exible wheel; if lower, the wheel must be consxdcred as a rigid

wheel.

O

where

Motion Resistance Due to Slopes

This is the dowmhill component of *,-he vehicte weight and is calculated by

R = W sin @ (5.9)

g

R = grade resistance (lb.)
g

W = vehicle weight (lb.)

8 = angle of the slope from the horizontal (degrees)

if the vehicle is going downhill, R has a negative value.
g

'rhe total motion resistance then can be expressed by:

=R +Rb+R +RRt r c g

Curves of motion resistance on level surfaces are given as a function of wheel

load in Figure 5.2.3 for the ELMS and Annex C, soils. The range of interest for

L_SY;A4 lies between wheel loads of 55-65 Ibf. As an added matter of interest,

DZ-8301Z°I
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Figure 5. Z. 4 illustrates the correlation between results derived analytically

by means of the above equations, and from tests conducted in dry sand. Also

_.learly illustrated is the superiority of flexible wheels over rigid wheels from

the point-of-view of motion resistance.

Drawbar pull as a function of wheel slip can now be calculated from the

relationship:

DP= H-R
t

(5.11)

Figure 5. Z. 5 shows the drawbar capability of the baseline LSSM plotted in

terms of drawbar pull w to - weight ratio versus wheel slip, for three soil

models. Again, the calculations are for level surfaces. The results indi-

cate that the LSSM would be able to negotiate slopes as follows:

(1) For soilk¢ = 0.05, n = 1.0, ¢ = 20 ° -Slope = 7.5 °.

(Z) For soilk¢ = 0.5, n= 0.05,_ = 32 ° -Slope = 27 °

(3) For soilk¢ = 3.0, n = 1.0, ¢ = 3Z ° - Slope = Z9 °

The large difference in capability in Case (I) as compared to the others is

mainly due to the difference in soil friction angle, 9, which results in a large

difference in a_-ail_ble tractive effort or thrust. The slope climbing capability

for the LSSM on a hard, non-deformable surface., would depend on the coefficient

of friction between wheels and surface. For example, assuming sufficient

torque were available, the coefficient of friction required for climbing a hard

surface 35 ° slope _vouid be at least A_ = 0.7.

To estimate stt:ady - state locomotion ener_requirements over smooth terrain,

it is necessary only to know the values of the above elements of motion resist-

ance, the efficiency of the vehicle drive system, and the wheel slip relative to

the ground contact surface. The equation for this ca_e is

0.001Z3 R t (5. IZ)
ES -

,;_l1 -s)

DZ-8301Z-I
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where E S

R
t

= steady-state energy (kw-hr/krn)

= total steady-state motion resistance (lb.)

= R +Rb+K +Rr c g

= drive system efficiency (dimensionless)

= slip (dimensionless)

(5.iz)

The value of _ depends on the specific design of the drive _ystem and in the

case of the LSSM will vary with wheel spee./.

To determine the value of slip, it is necessary to know the shearing char-

acteristics of the soil. For steady-state operation, the thrust H developed by

the vehicle must equal the total motion resistance K t developed by all wheels.

Therefore, knowing K t, the average wheel slip can be found from the vehicle

thrust-slip curve.

D2-83012-I
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_us, all factors affecting the -_teady-_tate energy can easily be determined

,ce the terrain and vehicle characteristics are specified. GM DRL has

'epared a 7040 digital computer program which permits rapid calculation

-_ the necessary resistance and s!i p factors. The following vehicle parameeers

•e inputs to the program:

Nominal wheel load, as determined for level surface - W.(i = 1,
1

Wheel diameter - D. (in)
z

Wheel width o B. (in)
1

Wheel spring (deflection rate) - _i (lb/in)

Coefficient of wheel roiling resistance - f. (dimensionless)
1

7, .... 6) (lbf)

Re operations1 mass of the LSSM is presently estimated at 7.170 Ibm d_s-

buted as per 5.2.2. The pair of wheels on each axle are assumed to be

lually loaded. All wheels are 40 incher in diameter with a maximum section

idth of 10 inches. The wheel spring rate is estimated as 36. lb/in and as

)inted out previously, the coefficient "f" is taken equal to 0. 04.

he values and distribution for the soll parameters #, k_, and n, and slopes

, used to calculate enersY in this study_ are given by the ELMS M__ria and

plands models, in all cases, c and k are zero. The form of the thrust-
c

ip curve for ELMS soi!s was assumed to be represented by Equation 5. Z.

he steps carried out to calculate locomotion e_ergy requirements for each

>mbination of soil type and slope are as follows:

(i) Calculate wheel norrn_l loading for each wheel

W = W.cos O (5. 13)
n.

1

The effect of weight shift due t_ slopes or suspension deflection

is neglected. Calcu!ations have shown that these have negligible

effect on vehicle energy requirements.

L
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(Z) Calculate average ground pressure under each wheel.

(a) Calculate wheel deflection: _i = Wn. / _ i (5.14)
1

(3)

(4)

(b)

(c)

(d)

Calculate ground contact length for each wheel on

non-deformable surface:

_i = Z A i (D i - Ai) (s. is)

Calculate ground contact width for each wheel on non-

deformable surface :

h' = 2_ (B. - A i) (5.16)1 i 1

Calculate ground contact area for each wheel on non-

deformable surface. Experimental data shows that the

area is nearlyelliptical in shape and can be approxi-

mated by

A.' = _f b:d' iS. 17)
4

(e) Calculate average ground pressure on bard surfacs

Pi' = Wn./- AWl
1

(s. 18)

Calculate Pcrit from Equation (5. 8). If Pcrit is greater than

' as calculated above, the wheel can be considered flexible;Pi

if Pcrit _ P_ then rigid wheel equations must be used. In

the case of LSSM, the wheels can be considered flexible.

Calculate wheel sinkage _ for each soil-slope combination.

(a) In the first approximation, calculate sinkage using

average grou t ! pressure calculated _.n Step 2e above:

I i -" I/4_,

D2-83012-1
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(b) Correct ground contact length for specified soil con-

dition: ( see sketch below)

DIRECTION OF

_-: TRAV.V.L

ADDITIONAL I _/'SINKAGE

CONTACT LENGTH _.._._. _'

DUE TO SINKAGE _ _ HAYtD SURFACE CONTACT LENGTH

The corrected length is given by:

I i= _i/z+ Ai÷z i} (D i - a. - A z. ) (5. Z0)

(c) Correct ground contact width for specified soil condition.

In a mariner similar to above, this can be determined to

be:

JiAi , , (5.Zl)b i-- Z + z. )(B. - A. -z.), * I x

_j:'i

(d) Recalculate ground contact area:

A. - -- I b. (5. ZZ)
• 4 i ,

(e} Recalculate average ground pressure:

Pi = W /A. (5. 23)n. I
I

(0 Recalculate sinkage

z" = [Pi/k]l/nt
(5.z4)

•i!

!

ii
:• ]

P

!•

I
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(5)

(6)

(7)

(8)

(9)

(g) Iterate above correcdons until two consecutive calculations

of sinkage are within 3% of each other.

Calculate the rolling resistance K
r

for all wheels.

for each wheel and sum up

"" _fwZ.,R =
r. n

1 i

Calculate bulldozing resistance R b

(5".E) and sum up for all wheels.

(5.zs)

for each wheel using Equation

Calculate compaction resistance R for each wheel and sum
C

up for all wheeis. Use Equation (ft.7) if wheel is flexible;

Equation ( _.& ) if rigid.

Calculate grade resistance R for total vehicle.
g

R = WsinO
g

where W = weight of vehicle (5.Z6)

Add totals of R , R b, and R to Rr c g

steady state motion resistance.

to determine total vehicle

P

V_2_

t

!/

l -i

I

f

L

i"

4

]

(i0)

R t =Rr + Rb+ R c --+ Rg (5. Z7)

Calculate thrust H as a function of 61ip.

(a) Using Equation (5. 3) determine H as a function of slip

for each wheel. GM DRL assumes K = O. 5 for all

ELN_S surfaces, including the 35 ° hard surface. The

value of tan 0, or_ for this 35 ° surface is assumed to

be 0. 8. The ground contact length, _ , has previously

been de'ermLned for each soil and slope combination in

Step ,t.b above. Dg-8Z01Z-1
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Zll)

{lZ)

[13)

(b) The H versus Slip curve for the com,plete vehicle is then

obtained by adding the separate H values for each wheel

at each value of slip. This results in a thrust versus

"average" slip relationship.

Determine "average 't wheel slip. For steady-state operation,

the thrust H must equal the total external motion resist_ce,

R t. ThereLore, knowing R t for the vehicle from Step 9, the

value of slip can be read directly from the Thrust,Slip curve

derived in Step 10. b above. This is only for those cases where

R t is a positive number, in which case drive power must be

a_plied. In cases where the vehicle is goix.g downhill, it is

possible for R t to have a negative value; that is, R_Rc+Rb+R r-

In these cases brakes are applied to prevent acceleration and

no drive energy is expended.

Calculate required wheel torque as follows:

{a) For any surface condition, take total vehide motion

resistance, R t, and divide by the number of wheels

to obtain average R t per wheel.

(b) Multiply this average R t by the effective wheel radius

where the effective radius is equal to (D/2 -_ ). This

is the required value of wheel torque.

Determine average wheel speed. This depends on the torque-

speed characteristics of the drive system. The present LSSM

drive system output torque-speed and power/speed characteristics

are shown in Figure 5. Z. 6.

These have been derived from the following minimum requirements :

DZ-83012-I
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O

O

O

A maximum vehicle velocity of 16 km/hr (10 mph)

over hard level surface (this represents a wheel speed

of about 9Z rpm).

An 8 km/hr (5 mph) velocity over compacted soil with

characteristics k¢ = 6. 0 and n = 1.25.

Maximum continuous duty requirements (69 ft-lb of torque)

correspond to climbing a 35 degree hard surface slope

at a wheel speed of about 5 rpm.

Maximum intermittent duty torque of 1 ZO ft-lb at 2 rpm

to climb a vertical step obstacle 40 inches high.

Where R t is positive, the wheel speed is found from the torque-

speed curve for the corresponding torque value calculated in

Step 12. b.

(14) Determine vehicle speed. For the cases where R
t

value, this can be determined by:

has a positive

Speed = (Average Wheel Speed) (Effective Wheel Radius) (l-Slip)

The value of slip is that found in Step 1 l)and the wheel speed is

that found from Step 13. The effective wheel radius is calculated

by finding the average of all wheel deflections and subtracting

this value from the _mdeflected wheel radius. The value of

is that uGed in Step 1Z. b.

To determine vehicle speed for the cases where R has a
t

negative value, that is, coming down high angle slopes, the

following procedure is used=

_m

D2-83012-1
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{15)

(16)

(17)

Ca) Assume that the vehicle is maintained at a constant

speed; that is, braking is applied to prevent acceleration.

(b) Assume that the speed of the vehicle doming down the

35 ° slope (non-deformable surface) is the same as the

speed going up the slope. The braking power for this

case is then (-R t) times {vehicle speed).

Cc) Assume that this value ol_braking power is available

for all other slope-soil combinations. Then the vehicle

speed for each condition -..an be found by dividing the

braking power by the corresponding value of -R t.

Determine distance vehicle travels for e._ch slope-seLl com-

bination. If a total traverse of one kilometer is assumed, then

the distance travelled for each oondition is simply equal to the

percent occurrence whihh is specified in the ELhr_S models.

Calculate travel time for each slope-soil combination. This is

equal to the distance (_tep 15) divided by the vebic!e velocit 7

over each surface condition.

Calculate net steady-state locomotion energy for each slope-

soil combination. This is equal to:

E S = (0.001Z3)R t (Distance)

Cl-s)

where E S : net energy over given surface (l_v-hr)

Distance ,, distance travelled per kilometer over given

surface condition (Kin)

s = slipC0 - 1.0)

R = total motion resist,_nce (Ib)
t

CS.z8)

DZ-8301Z-1
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(18)

(19)

(z0)

(only the cases where R t is positive are considered; that is,

where drive power must be supplied for locomotion. )

Energy dissipated by the suspension dampers must also be

considered because this must be provided by the drive system.

An analog computer program for LSSM operating over an

undulating terrain similar to that shown in Ranger 7 photo-

graphs established damping power as a function of veh_c!e

speed. This is discussed in Section 5.5 of this report.

Energy for damping that must be supplied can be determined

for each travel segment (slope-soil combination) by multiplying

travel time (Step 16) for the segment by the damping power

required at the calculated vehicle velocity (Step 14).

As in the case for so-called steady-state energy, damping

energy is considered only for those cases where drive power

must be supplied. That is, if R t for the vehicle has a negative

value, damping energy (E d) is neglected because it is not

supplied by tile power system.

Add net steady-state and damping energies for each soil-slope

combination (E S + Ed).

Determine gross energy due to R t and damping requirements.

This depends on drive system efficiency which in turn d_pends

on the specific drive system. For LSSM, the overall efficiency

is a combination of electric drive system and wheel drive mechanism

efficiencies. The overall efficiency as a function of whebl speed is

shown in Figure 5. Z. 7.

Therefore, dividing the results from Step (19) by the efficiency

at a corresponding wheel speed gives the gross value of {Ep. + EdL
t
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(zl) In addition to the factors so far discussed, energy is _so

required to accele::ate, brake and steer the vehicle, and to

overcome losses due to surface roughness. These latter losses

are reflected in increased wheel flexing and slippage, and in

impact energy absorbed by the vehicle and ground surface.

Since no simple analytical methods are prcsent!y available

to treat these factor_ in a rational .nanner, it is necessary

to provide an energ7 reserve. At the present tirne, GM DRL

is usinga reserve of 35%oithe gross value of (E R + E d) as

calculated in Step (Z0). t

(zz) Calculate average velocity capabi/ity over ELMS. This is

accomplished by adding the travel time for all travel segments.

The average velocity is the reciprocal of this value since a

total traverse of one ki/ometer was aseu,ned.

Figu=_es 5. Z. 8 and 5. Z. 9 sho_ the results of the locorno_:ion

energy calculation procedure for the EL_S N'Larla and Uplands

models. Similar cahzulations were made for the rraxirnum

estimated LSS_4 iru%_s of Z300 ibm. Tb_s condition reflects

a maximum scientific equipment payload of 705 Ibm.

The results are summarized in Fi_ure 5.2. 10. (Note that

the average velocities shown do not reflect possible limitations

that might exist due to ride performance over rough surfaces. }
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r 3 LSSM OBSTACLE PERFOR_ANCE

_'-: 3.1 General

A test program was conducted utilizing a I/7 . scale model of the LSSM

configuration to determine performance over the types o_ obstacles specified

in Annex G of the statement-of-work. The specified obstacles and their

modes of negotiation are shown in Figures 5.3.1 and 5.3. Z. The cases of

greatest interest are Obstacle 2 - Mode Z, which represents the simple case

of crossing a crevice of any depth, and Obstacle 2 - Mode 5, which is the case

of a vehicle climbing a vertical step obstacle.

i

The 1/2 scale LSSM ,.as essentially the Bame mobility model used in the MOLAB

program with appropriate dimensional modifications. Figure 5.3.3 shows the

model negotiating a step obstacle. Tests were conducted early in the program

before subsystem and payload mass characteristics had been clearly defined.

Tests were conducted at equal wheel loading with the vertical center-of-gravity

of the forward unit 35 inches above the ground line, and that of the aft unit 27

inches above. (All values given are in terms of fu!l-_ize equivalents. ) Loads

and v. c.g. 's were simulated by mounting adjustable weights at appropriate

points on the model. Although the model was equipped with suspensions, it was

necessary to lock them out because they were too soft for LSSM simulation. In

most cases, incorporation of a suspension would improve obstacle performance.

The coefficient between the wheels and plywood obstacle course was on the order

of 0.7.

Results of Lhe _ests performed under the above conditions are given below:
m

Obstacle ! IN. CM

Mode 1 (height) 26 66

Mode Z (he_,ght) 21 53

Mode 3 (height) 19 48

,Jr rl ._ ,,

Mobility Over Annex G Obstacles

(Model Test Results)

Obstacle Z IN. CM
i i J . ,_-

Mode 1 (width) 58 147

Mode Z (width) 56 14Z

Mode 3 (height) 3Z 81

(width) 40 - IZO 101 - 304

Mode 4 (height) 7Z 185

Mode 5 (height) 51 130

DZ-8301Z-I
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At the present tiff, e, axle loadings for baseline LSSM are estimated to be as

follows: Front - 31%, Center - 37%, Rear - 3Z%. Extensive tests conducted

and reported during the MOLAB study indicated that overloading of the center

axle has negligible effect on step obstacle capability, and might even improve

crevice crossing. The present estirn _s for the vertical centers-of-gravity

are: Front unit - 34.9 inches, Aft unit - 26.4 inches. These are very slightly

lower than the v_lues used in the model tests, and the differences would have

no effect on the r_sults.

The effect of coefficient of friction on step climbing ability is illustrated in

Figure 5.3.4. Note the coefficient of 0.7 permitted the LSSM to develop its

fullest capability. A reduction in coefficient to a value of 0.6 would reduce the

maximum step from 51 inches to about 45 i,__hes.
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5.4 LSSM MANEUVERABILITY

5.4.1 Introduction

This part of the report describes studies performed on the baseline LSSM

relating to maneuverabi'-ity. Topics included are:

o Steering characteristics

o Tracki:_g characteristics

o Braking characteristics

o Roll stability

o Pitch stability

5.4.2 Steering Characteristics

The steering characteristics for LSSIVI were established so a common center

of rotation resulted for all wheels during a turn. The geometr 7 is illustrated

in the sketch of Figure 5.4. I.

Equations relating _e wheel steering angles to the physical dimensions of the

LSSM were derived from the geometry, and turnin_ radius determined for each

of the four steered wheels as a function of wheel angle. The turning radius is

defined as the outside (wall-to-wall) turning radius,which for this vehicle is that

of the outside aft unit wheel, due to the slightly longer aft wheel base.

The minimum turl._ng radius doper, s on the position of _,_heinside aft unit wheel

which has a maximum steering angle, limited by chassis and suspension geometry,

of 25 degrees.

The equationfor determining the wall-to-wall turning radius is:

R-L z +b ÷r (5.z9}
sin-_ 2

where

L 2 =

b --_

| --

aft wheel base

Lng!e of _ft unit outside wheel

wheel _ridth

distance fron_ _t_" ring pivot to wheel ccnterlin_.

!

!1

il I

¢ d
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L I - Forward Unit Wheel Base

L z = Aft Unit %_neel Base

R = Wall-to-Wall Turning Radius

' = Forward-to-Center W]neel Off-Tracking
A I

' = Aft-to-Center W-heel Off-TrackingA Z

o = Steering Angle

Figure 5.4. 1 - LSSM Steering Geometry Characteristics
J
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The steering angles of the other steered wheels are determined from

Wheelbase
Bin a( i

FDi'stanc'e from Common Steering 1

[Center to Steering Pivot J (5.30)

The results of this analysis are shown in Figures 5.4. Z and 5.4.3. The

minimum wall-to-wall turning radius is seen to be 18.9 ft (6. 1 meters). These

graphs also indicate the angular relationship the steered wheels must have for

synchronization at any turning radius.

5.4.3 Tr_tcking C_haracteristics

Due to steering geometry, in turns a certain amou.,t of off-tracking occurs

between consecutive wheels (see Figure 5. d. I). The equation for determining

the off-tracklng of the outside front and rear wheels, relative to the outside

center wheel, is:

I/2

where A' = off-tracking

L = distance from center wheel to wheel under consideration

0_= steering angle of wheel under considcration

The tracking characteristics of the baseline LSSM are shown in Figure 5.4.4.

The amount of off-tracking for the front and rear wheels is 8 and 9 inches

respectively, or just under a wheel width.

5.4.4. LSSM Braking Character._stics

The braking capability of LSSM is affected by the vehicle velocity and the

coefficient of friction on hard surfaces, or soil shear strength and motion

resistance in soft soils. The minimum stopping distancc for a vehicle on

_.evel ground, assuming com]t-_nt deceleration and neglecting wheel drive

mechanism resistances, is given by:
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where ¢ = soil angle of friction

m = vehicle mass

F = Wtan¢ for soils and _W for hard surfaces

.L

Rt= Rc + R b , Rr for soils an,d Rr for hard surfaces

v = vehicle velocity
I

W _

(s.31}

inertia mass factor for rotating parts in the wheels. This was

used as 1.04 for LSSM (similar to conventional vehicle_s).

vehicle "lunar weight"

coefficient of friction

The braking diBtances for the baseline LSSM on hard surfaces was determined

over a range of coefficients of friction from 0. I to I. 0. A family of curves

was generated for constant vehic!: velocities of 5_ 10t and 15 km/hr, Thcse

are Lzhown in Figure 5.4, 5. For a coefficient of friction of 0.6 and a speed of

15 km/hr, the required stopping distance is on the order of Z7 feet.

!

!

Braking distances were also determined for the LSSlVi travailing at a velocity

of 5 km/hr over soft soils with the following characteristics:

o k¢ = 0.083, n = 1.0, ¢ = 20 °

o k¢ = 0.5, n= O._J, ¢ = 32 °

o k{_ = 3.0, n= I.OD q) = 32 °

These calculations were made for a range of slopes and the results are plotted

in Figure 5.4.6. The results illustrate that stopping distances are greatest for

soils where low shearing forces are developed (function of _), even though the

soil may be very soft as compared to the others.

_-_4

the coefficient of _¢riction on non-deformable surfaces.

_-as based on the following relationship:

Figure 5.4.7 shows an attempt to correlate braking properties of soft soils to

The technique used
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W tan _ + Rc + Rb + Rr = a_W + R r (from Eq. 5.31)

On this basis, each soil can be said to have an "equivalent" coefficient of

friction as shown.

5. 4.5 Ve_hicle Stability

Static Stabilit 7- The static stabihty characteristics of the LSSMwere deter-

mined as a functior of slope angle and azimuth orientation. The results were

plotted in polar coordinates and are presented in Figure 5.4.8. This polar

plot illustratee the static stability characteristics regardless of the direction

of vehicle travel. Zero degrees Rzin_uth corresponds to the vehicle travelling

straight up the slope; 180 degrees is coming down.

the following can be seen.

o For coefficisnts of friction less than I. 0,

slide rather than overturn.

O

o

O

From the results shown,

the LSSM will always

Up to an angle of approach to the slope (azimuth) of 37_ degrees, the

LSSM will tend to overturn in pitch rather than in roll.

The minimum slope angle at which the vehicle will roll over is 52 ° .

The minimum slope angle at which the vehicle will overturn in pitch

is 6Z °.

1Roll Stabilit Y in Tnrns: In the lunar environn',ent, the lateral stability of a

vehicle is seriously effected when maneuvering, because the overturning forces

dee to lateral ax:celerations at the center of gravity are the same as on earth,

while the restoring forces dependent upon vehicle weight are reduced to a I/6-th

factor. This problem becomes even more severe when turns are negotiated on

:_traight cor.tir_uous _ide slopes. Therefore, the prob!em of LSSM lateral (or

roll) stabilit,_ ,#as investigated for side slope operation. Equations of equilibrium

were -_et-up for the case of the vehicle overturning about the ground contact

points of the wheels, and the limiting velocity detcr.,v_i_ed as a function of vehicle

turning radius and slope. The equation for this ca_e is:

D2*83OlZ-I
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where

v= [gR' (__t cos 0 +sin0)]
h

112

v = limiting velocity

g = lunar gravity

R f = vehicle turning radius measured at the c. g.

t = lateral distance from wheel contact to c. g.

h = height of c.g. above ground

0 = slope angle

(5.32)

Overturning will occur only if the friction of coefficient at the wheels is large

enough to prevent sliding. Sliding takes place if the lateral acceleration forces

developed during a turn are greater than the friction forces. The equation of

equilibrium fox" sliding is as follows:

.,= [g R, (/_ cos 6 +sin0)] 1]2 (5.33)

where Z( i_ the coefficient of friction and the other terms are as in Equation

(5.32).

The results obtained are summarized in Figures 5.4.9 and 5.4.10. Figure

5.4.9 shows that even for a coefficient of 1.0, sliding always occurs before

the vehicle can become unstable. Calculations show that the coefficient of

friction would have to be on the order of 1.3 before instability can take place.

_These results assume a smooth surface, and do not take the presence of

obstacles into account). Figure 5.4. i0 shows the turning radius at which sliding

takes place as a function of friction coefficient and slope angle. Calculations

were for the case of a vehicle travelling at a velocity of 5 km/hr and turning

up - slope. For the duwn - slope case, results would be much more conservative.

Pitch Stabil_t-v_._ With respect to pitch gtability, overturning momenta are pro-

'L;ced by tractive or braking forces resultil:g from accelerating _r decelerating

the vehicle. The worst cases are for operation on slopes, in which case the

limiting acco-lcraticn_ can be expressed by:
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a ; g [___cos e -sin B] (5.34)

where x = the longitudinal distance from the front axle of the vehicle to

the center-of-gravity. This equation applies equally for accelerating up

or decelerating (braking) down the slope. Figure 5.4.11 illu'Jtrates that, as

in the case fez roll r tability, the LSSM will ahvays slide rather than overturn

unless the coefficient of friction is significantly greater than 1.0. It can

also be seen from this graph that at zero acceler_.tion, the vehicle becomes

unstable only if the slope angle exceeds 62 degree.

Limiting accelerations at which sliding takes place can be determined from:

a= _[,L_cos e - sine] (5.35)

The resulte of this calculation are given in Figure 5.4.1Z as a :unction of

coefficient of fc_ction.
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5.5 DYNA1V_C PERFORMANCE ANALYSIS

5.5. I Introduction

The objective of this study was to determine the steady-state and the transient
.

responses of a 6 x 6 semi-flexible frame vehicle traveling with linear, constant

speed over hard ground. Four aspects were of particular interest:

o Optimization of steady-state per,ormance by varying the

d'_mping and spring rates of the wheel suspensions.

o Determining the influence of vehicle speed and terrain

roughness on steady-state performance of the optimized vehicle.

o Compare the steady-state ride performance of th_ vehicle with

optimized flexible wheels {with and without suspel, sions) with

one equipped with rigid wheels.

o Evaluate the transient response and stability of the vehicle when

hitting a 'burrp'.

To this end, equations of motion of all forces and moments were programmed on

a PACE Z31-R analog computer and the outputs evaluated as a function of terrain

and vehicle velocity inputs.

5.5. Z The Vehicle

The elements of the vehicle are considered to consist of two rigid compartrnents

connected by a massless, continuous elastic beam, and a pitch limiter. The for-

ward unit is support by four wheels (two axles) and the aft unit by two wheels (one

axle). Figure 5.5. I is a line diagram illustrating the possible motions of the

vehicle elements. It contains six. wheel masses an:l two compartment masses.

To desczibe the motion of the masses, a datum p!ane and a coordinate system

are defined. _,"normal" axis is one proceeding, aiong a line normal to tLe datun_

plane; a "forward" or "roll" a-:is is identical with a linear movement of the

vehicle parallel to the datum plane, and a "side" or "pitch" _.xis is orthogonal to

the vertical and forward axes. The rectangular system of normal, forward, and

side axes are connected to the moving vehicle. Because the vehicle moves

linearly with constant speed, one can ,.-.'sualizethe vehicle and the coordinate

__ system as standing still and the [,round moving with ,_'onst-untspeed underneath

the vehicle.
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The movements of the masses are as follows: The six wheel masses move

_..rward with constant speed and are allowed to accelerate only vertically. The

two compartment masses can accelerate vertically, and also pitch and roll.

Therefore. there are a total of lZ degrees of freedom for the vehicle.

Three wheel - suspension combination5 were investigated:

I. F1e×ible Wheel with Suspension

This model consists of:

o A spring symbolizing the elastic propertie,_ of the wheel. The

spring is allowed to bottom, at which time a second, very stiff

spring is engaged. The spring can also lose contact with the

ground. The wheels are point follower.

o A wheel mass.

o A suspension consisting of a bottoming spring and a linear

viscous damper.

r:

r .

; :I

•i1

C

e

L

Zm Flexible Wheel without Suspension

With the removal of the suspensions, the "mathematic%l rood,c!" vehicle

would lack a source of energy dissipation and the dynamic_ of the undamped

model vehicle would probably not reflect the dynamics of the real vehicle,

where in addition to the suspension damping numecous other sources of

energy dissipation exist, for instance, at the interface of wheel and soil,

in the tires, in the eiaLltic frame, and chassis. To restore the damping

capability of the unsuspended vehicle, an arbitrary dar-_ping rate was

assigned to the wheels. A da,np_ng rate of 2 lb-sec/in, was chosen for

this study. (For comparison, a pneumatic tire of about half the _ize of

the LSSM whe_l has a damping rate of about 20 ib-sec/in).

3. Rigid Wheel with Suspension

This model is composed of a wheel mass and a suspen-_ic-n system similar

to that for the flexible wheel.

_nalog models of the three wheel-suspension con-,bir_t-ons are i!lustr_ted in
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Figure 5.5.2. The wheels are point _ol/owers ard are able to lose contact

with the ground.

5.5.3 The Terrain

Three types of terrain models were considered necessary to cover roughnesses

ranging from relatively smooth, undulating hills to small, sharp 'bumps'; a

"random" terrain, a terrain with small, periodic obstacles, and a terrain with

a single obstacle.

The random terrain consists of elevation variations which are stable over re-

latively large distance. They do not contalnobstacles such as large rocks,

abrupt holes, etc. Furthermore_ superimposed slowly varying elevations such

as rolling hills were not considered. Tile roughness of the random terrain can

be described quantitatively in terms of its power spectral density (PSD). Figure

5.5.3 presents the power spectral densities of the terrains used in this study.

The ordinate has units of ft3/cycle and the abscissa, spatial frequency, has

units of cycle/ft. The area under a PSD-curve represents Lhe mean square of

the terrain roughness. The curves exhibit essentially similar characteristic

features.

The curve with an RM_S value of 1.0 ft. follows closely the curve describing

lunar terrain as interpreted from Ranger VII photograph P979. For comparisor,

curves of an extremely rough terrain (Bonito Lava Flow, Arizona) and of very

smooth terrains (Grass Runway and Concrete Ta.xiway) are also plotted. An

additional terrain was derived from the 1.0 ft. terrain ._:imply by shifting the

PSD-curve downward until an RMS value oi 0.5 ft. was obtained.

In this study the two terrain profiles underneath the left and the right side of the

vehicle are completely uncorrelated although they exhibit the same statistical

properties and follow the same PSD-curve. In reality there could be a correlation

between the _,errain tracks depending on the auto-correlation function of the terrain

and the distance between the wheels. The extent of track correlation has yet to

be investigated and, therefore, is not taken into account in this study.
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The wavelength range and spectral levels of interest to the designer of a lunar

vehicle are dependent upon the natural frequency, the velocity, and the size of

the vehicle he is considering. Using a summary of all existing lunar vehicle

designs, a rough estimate yields a natural vehicle frequency of about 1 cps.

Consequently, frequencies below 0.3 cps scarcely affect the dynamic perfor-

mance of these vehicles. Lunar vehicles are likely to travel at speeds below

10 mph. Therefore, the minimum spatial frequency of interest is (0.3)

(3600/10) (5280)= 0.0Z cycles/ft. Accordingly, the spatial frequency range

below 0.0Z cycles/ft, does not affect lunar vehicle dynamics. This range can

be pictured as gently rolling terrain.

An upper limit of the frequency range of interest is found by considering the

power of terrain wavelengths smaller than the footprint of the wheel. Vehicle

footprint lengths range between 1 ft. and 3 ft., depending on the wheel dia-

meter, the soil condition, and the wheel load. Therefore, spatial frequencies

larger than 0.3 to 1 cycle/ft, will be felt by the wheel only if the associated

amplitudes are large enough to cause multiple contact within the footprint.

Evidently, a terrain of the Mare Cognitum type yields very little power at fre-

quencies higher than 0. 3 cycles/ft. Therefore, terrain perturbations having

wavelengths smaller than the footprint length apparently will not indent the

wheel significantly.

Because the random terrains exhibit frequencies of significant power only in the

low frequency range, a second type of terrain with increasingly higher power in

the high-frequency range was added (a frequency analysis of this terrain was not

performed). The upper sketch in figure 5.5.4 shows the profile of. this terrain.

It consists of triangular obstacles, _qually distributed, with a height that is

small compared to the wheel diameter (2 in; 1 in; 0. 5 in.). In this phase of the

study, the obstacles were assumed to be contacting the t_vo wheels of one axle

simultaneously. Consequently, only :oh and vertical bounce of the vehic!e was

investigated on this terrain.

A third type of terrein consisted of a single bump on a tilted plane. This terrain

permitted the study of transient motions and of the stability of the vehicle when
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operating on a slope. Two slope types tilted at 30 ° 15 °, and 0°, were

investigated. These are illustrated by the bottom two sketches in Figure

5.5.4. The first type represents a side slope with a bump contacting the upper

wheels of the vehicle. The second type represents a front slope with a bump

contacting both wheels of one ax!e simultaneously. The 'slope' with an in-

clination of 0° is a horizontal plane with an obstacle contacting either one wheel

or two wheels simultaneously. The form of the bump is sinusoidal; its height

is less than the wheel radius (I ft. and 2 ft.).

5. 5.4 Notations

Following is a list of all notations used in this portion of the study, with ::

corresponding figure reference:

(x

0 t

8
C

et

C

An__,le.s (radians)

angle of forward slope

angle of side slope

pitch angle of aft unit

pitch angle of forward unit

roll angle of aft unit

roll angle of forward unit

(see Fig. 4)

(see Fig. 5)

Distances (in.)

a

b

d 1 • •. d 4

e

f

g

h I • •. h 6

7h "" "%6
s,_ ,A

h I • •. h 6

g

P

q

wheel radius

(see Fig. 17}

rp

¢

see Fig. 5

YI" " "Y6

u I • •. u 6

z I • •. z 6

see Fig. 8 z t

z
c

&.
see Fig. 5

h
P

(see Fig. 8)

(see Fig. 5)

(see Fig. 16}

(see Fig. 17)
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• Lunar Weights (lb.)

W ,

C
Weight of the forward unit

W t ' Weight of the aft unit

W I W cos cos
l

C C

W", W sin
C C

W ''t , W cos sin
c c

W _ _ COB cos
t t

" W sin
Wt ' t

'" W"t -W t , _. sin

W 1. .. W 6, Weight of wheel assembly, unsprung

2
___,ses (lb. sec /in)

(see Fig. 7)

(see Fig. 8)

m t, aft unit (sprung)

rf'A j

C
forward unit (sp_'ung)

ml...m 6, wheel assembly (unsprung)

Mass Moments of Inertia (in. lb. sec Z)

(see Fig. 5)

(see Fig. 8)

I t '

It*,

I ,
C

I*
C

aft unit, around c. g., roll axle

aft unit, 8.round c. g., pitch axle

forward unit, around c. g., roll axle

forward unit, around c. g., pitch axle

Danaping Rates (lb. sec/___)

(see Fig. 5)

c I•-.c 6

C

P

suspension

pitch limiter

(see Fig. 8)

(see Fig. 17)
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S ling Rates (Ib/in)_-- .: == • : _ .....

k 1

k 1

kl*, *• "-k6

k,k*,
P P

k6 "•.. , suspensio:,

• ...k6*, suspencion snubber

•""k6' whe_l

, wheel snubber

pitch limiter

(see Fig. 8)

(see Fig. 17)

S 1 • • .S 6,

V 1 • • V 6,

V t ,

V ,
c

P,

H' & H "
t t '

H'&H "
c c

T_ p

T ,
c

M t ,

M •
c

Forces (Ib)

wheel force between wheel and ground I

suspension force between suspension

and compartment

vertical force between aft unit and |
elastic frame

vertical force be_,een forward u*fit

and el-_stic frame

forward force between pitch limiter

and compartments

side forces at wheels of aft unit

side forces at wheels of forward unit

Moments (in. lb.)

torque between elastlc frame and aft

unit (roll)

torque bet_veen elastic frame and

forward unit (roll)

moment between elastic frame and aft

unit (pitch)

moment bet',._een el_._tic frame and

forward unit (pitch)

(see Fig. 8)

(see Fig. 16)

(see Fig. 17)

(see Fig. 13)

(see Fig. 9)

(see Fig. 16)



Il

Q,

E

Miscellaneous

surface 1_ornent of elastic frame (:n4)

torsion rate of elastic frame (in. Ib/r::d.)

Young's modulus (Ib/in 2)

q.5 5 Ecuation_ of Motion: General Remarks
- , J, _ ....

Thv derivation of the equations of motion is based on the free-body prir, ciple.

First, the vehicle is divided into a suitable number ,_f elements and then forces

are applied to re-establish equilibrium, r:i_mlly the equations of equilibriun_

are formulated for each element.

For practical reasons the vehicle has been divided into 10 elements (see

Figure 5.5.6) as follows: 6 wheel assemblies, I forward unit, 1 elastic frame,

1 pitch damper, I aft unit.

All equations are based on the assumption of small ar:gles, U_at is sin × = tan

x = x and cos x = 1. To derive the equations of motion the vehicle is co:.-,aidered

to be traveling over a hard surface sloped both in the forward and side directions.

The tilted plane is the datum plane. Consequently, tl-,e weight forces c.f the

masses have to be resoived into thrte components orthogonal to the datum plane

{see Figure 5. 5.7) as follows:

W _ = W cosolcos_

W" = W sino_

W"--- W COSCl sin/_

5.5.6 EQuations of Motion for the _rheel A_ss_erl-.5_

Figure 5.5.8 shows a schematic diagram of a ,._,heel assembly. All I,_oJL..'_-. move

in a direction normal to the datum plane. The following notations for the time

dependent ordinates are defined as follows:
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Figure 5.5. 6- Ten Free-Bodied Elements of _he Vehicle
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Ul.-.u 6,

Yl" ""Y6'

Z ...Z,,
1 u

distance of the terrain profile underneath the

contact point from datum plane

distance of the masses from the datum plane

distance of the connection bet_veen wheel suspension

and compartment from datum plane.

All springs and dampers are linear. The wheels are point followera, Forward

thrust, slip, rolling resistances, and motor torque are not considered. Only

mass forces, weight forces and _pring and damper forces in the direction

normal to the datum plane are taken into account.

The wheel operates over three ranges of spring rates as shown in Figure 5.5.8:

o Range I: The wheel leaves the ground and the force S. between
1

wheel and ground is zero.

o Range II: Only the outer spring frame of the wheel is deflected.

o Range III: Outer and inner spring fra1_',es of the wheel are

deflected (bottoming). - The suspension a!so operates

over three ranges of spring rates as shown in

Figure 5.5.8.

o Range I: Only the suspension spring i_ deflected.

o Ranges II Both suspension spring arid snubber are deflected

and Ill. (bottoming) in either direction.

The equations of equilibrium for a wheel-suspension assernbly can be expressed

as follows:

where

S. =

l

s -w'.-m.Y.-V.=O (l -a)
I I I I 1

_i (ui " li) if

(u.- yi) + (u.- Yi ""if
1 I I I I

u. -yi_ O1

0<u. - yi _'h-
I I

U. - _r_ i.
, -I > I

( 7 - IZ)

A

V.I ={ ki (Yi " zi) + ci (_'i - _i )---- if - h._1 _'i - z.1 "_ h.1

ki (Yi - z.) + k.*'(yi - z - b.) + c. (_ - _.)---if Yi " z.> h.
1 1 i 1 1 i 1 1 i

A

k. (Yi " z.) + k_ (Yi " z. - h.) + c. (}" - _.)---if Yi - Z'<-h"i i i i i i i i i i

(13 - 18)

i = I .., 6 DZ-8301Z-I
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Equations (7} through {-tS} are valid for cases wb.ere the spring force -

deflection characteristics can be expressed by linear functions. If this is

not the case, the equations would be as follows:

s. -- F. -yi)i i (ui

V.I = Gi (Yi " z.)1 + ci {_i - zi )

i=l -6

where F. and G. denote functions of the displacements (u. - y.) and
1 I I 1

(Yi " z.),x respectively.

5.5.7 Equations of Motion !or the Forward Unit

Figure 5.5.9 shows all forces and moments acting on the free-body of fl,e

forward unit. The weight forces are:

%V ) ,
C

W::

C

W! I!

C

weight component normal to the datum plane

weight component in torward direction

weight component in side direction

To understand the method of deriving the proper mass forces a simple case is

considered. Figure 5.5.10 shows th_ _-ompartment in a pitching mode. The

rear and the front of the compartment can move only normally to the datum

plane, according to the previous assumptions. Therefore, the mass is accel-

erated in the _o_',nal dit'ection wit/_ _" , in the forward direction with qO, and
c

around the axle A with "{. Accordingly, the mass forces are:

m
c c

m q_),
c C

¢&

n_ Z )
c C

I _:',
C C

I*'ff ,
c C

inertia force in the forward direction

inertia force in the side direction

inertia force in the normal direction

inertia moment in roll

inertia moment in pitch
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Figure 5o 5. 9- Forces and Momenta of the Forward Unit
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From figure 5.5.9, the forces acting from the f]_xiLle frame are:

V , frame force normal to datu_ plane
C

M ,

C

Z )
C

pitch moment of frame

roll moment of frame

Frame force.n in the side and forward directions are not cons;.dered inthis

study; it is a_:surncd that these forces are counteracted within the compartments.

CoBsequently, the forces m q _ and W'"acting in the side. direction have to
C c )'2.

be counteracted by forces at the contact between *..he wheel_ and the ,;round.

tqow the_e counter force_ are distributed is unknown. To simplify the problem

it has been assumed that the side forces at tl_e wheel contact points are equally

distributed and, consequently, add up to the resultant force H', as indicated in
c

Figure 5.5.9. Similar cm_siderations hold for the forward forces W", and
¢

m o:0' These counter forces add up to H" acting at a distance r = wheel
C ' C" C I

radius from the compartment.

Forc,:s stenLrning froBa the whccle are:

V 3. . . V 6, wheel a=s,'rnbly forces in normal direction

The pitch limiter exerts a force P in the forward direction on the torwacd

unit. (The magnitude of this force will be derived later. )

.he equations of equihbzim are then easily derived from Figures 5.5.:_,

and 12.

Since the sum of all forces in the forward direction equals zero,
QO

m q O - W" + P - H" = 0
C C C C

Since the sm-n of el! forces in the normal direction is zero,

V + V +V + V, + V -W' -m _" = 0
3 4 5 b c c c c

Since the sum of all forces in the side direction is zero,

If' - In q _" + W' " = 0
C C C C

tl

(19)

(20)

(21)
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Figure 5. 5. 1 l- Forces and Morne,.ts of a Roiling Forward Unit
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Figure 5. 5. 1Z- Forces and Moments of a l_tching Forward Unit
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Since the sum of all moments in the roll direction is zero,
OI

(V 3 + V5)d 3 -(V 4 + V6)d 4 - d4"d3 V -T - m q
C C C G

oe

+W '"q -I ¢ - II' r = 0
C C C C

Since the sum of all moments in the pitch direction is zero,
_e e_

V g + M + (V 3 + V4)a -(V 5 + V6)b + I_ 8 + (m q 0-W"')q
C C C C C C C

+ P E + H" r = 0
C C

(22)

(23)

5.5.8 Equations of Motion for the Aft Unit

Equations for the aft unit are derived in the same manner as for the forward

unit (see Figures 5.5.13, 14, 15). The pitch and roll centers are always located

at the axle.

In the forward direction,

"" - W"- P - H't': 0mt P Ot t

In the normal direction,

V 1 + V Z - V t - W t'- m t

In the side direction,

W"' _ +H' = 0t " mtP t

(24)

In roll,

V I d I + V t dz-d
2

Tt-It_'t : 0

_e

z = o (25)
t

In pitch,

- (v I

Z ,B

- V 2 d__ - H't r - mt P _t + W"'t p+

• " 2 _'

V 2) + I* 0 + m t p 0 - W" p -+ f + V t (f + e) + M t t t t t

(26)

(27)

P £t + H"t r : 0 (28)

5.5.9 Eauadona of Moti.on for the Flexible Frame

The flexible frame connecting the two compartments is considered to be a

massless, continuous beam of uniform cross section loaded at the ends by:
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F[gure 5. 5. 14- F'orccs and Moment_ of a Rolling Aft Un"-t

Figure 5, 5o 15- Forces and Moments of a Pitching Aft Unit



o force_ V andV acting in the normal direction
c t

o moments M and M t acting in the pitch direction¢

o torques T a_td T acting in the roll direction
c t

Forces in the fGrward and _ide directions are not considered, as explained

above. The beam can be deformed by txvist!.ng in roll, by bending in pitch, and

by moving the two hears ends in the normal direction. Because the angles and

deflections are small, the principle of superposition canbe employed. Figure

5.5. 16 shows how, by superposition of tx_o types of beam defiectien, a general

picture of beam deformation without torsion can be achieved. The equations of

equilibrium for this general case are:

V - V = 0 (Z9)
t c

-:,,_. -M +v £ :o (30)
t C C

where

V t : lZ m f_t - 17. rn $ + 6 rn 8 + 6rn O (3i)
i--Y lz c Z t t. c

M =6m g -6m S +4m0 +Zm 0 (32)
t _ t _ c t c

and m = EI (32a)
J

The equilibriura of torquesis simply expressed by (see Fig. 16)

T - T : 0 (33)
c t

wber _.

T t = O (_ - Ot) (34)C
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5.5. I0 Ec_uations of Motion for the Pitch Limitcr

The relative pitch between the forward and aft units is limited by a pitch limiter

as shown in Figure 5.5.17. It is essent_ally a linear spring with snubbers at

both ends. The spring is attached at both compartr_ents and is constantly

engaged. To prevent the continuous storage and re!ease of anergy in the spring,

damping is added. From the spring characteristics and the geometry of the

Iimiter, the following equations can be simply derived:

Ikp (Bc 6c - 9t Et) + c (1_ (c Et)

p c if-hp O c£ -0 EtCh
p_ c t p

k (e _c " 0 £t } + k* (O _ - 0 ( -h ) '-c (0 __ _ _ _t). (35)p c t p c c t t p p c c t "

5.5.11 Geometrical Relationships

if -hp_8c £c - 8t £t_'hp

Other equations relating to geometrical relationships can be derived from the

various vehicle dimensions:

St = zt - d2 " dl _t + (e + ;) 0t (36)
Z

d 4 - d 3S = z - 0 - gO (371
C C C C

2

zl = zt + f 0t + dl _t (38)

z 2 = zt + f 0t - d 2 Ot (39)

z 3 = z - a 0 + d O (40)c c 3 c

z 4 = Zc - aOc - d40 c (41)

z_ = z + b 0 + d {3 (4Z)_ c c 3 c

z 6 = z c + b 0 c - d 4 Oc (43)
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5. 5._12 Human Tolerance to Vibration

The level of human tolerance to vibrations may limit the speed of the vehicle.

Some of the most recent studies on this subject have been conducted b 7 Pradko

and others. * Figure 5.5.18 shows the findings insofar as they are relevant

to the problem of defining human tolerance to random vibrations. Pradko

vibrated persons seated (without cushions) on a shake table in the vertical,

pitch, and roll modes by means of white-noise vibrations filtered through a

2 cps band-pass filter. The pitch and roll center was located in the contact

are_ behveen seat and subject, and the center frequency was varied between

3 cps and 30 cps.

The frequency range of interest for the LSSM lies between 0.3 cps and 4.5 cps,

as was discussed under the section on Terrain. From Figure 5.5.18 we esti-

mate that in _his frequency range the RMS levels of human tolerance to random

vibrations will be:

o Vertical - 0.25 g {100 in/sec 2)

Z
o Pitch - 6 rad/sec

o Roll - 9 rad/nec 2

The pitch and roll tolerances cannot be applied immediately to our problem

because the pitch and roll axes of the LSSM are not located at the seat. The

actual locations of the pitch and roll axes of the forward unit chang with time,

but very likely they may be found most of the time beneath the center of gravity

in the plane of the wheel axles. To transfer Pradko's data to a rotation center

located at a certain distance £rom the seat, it was assumed that the hips o! the

seated person exactly follow the motions of the rotating chair, as if this part

of the body were connected rigidly to the seat.

F. Pradko:

U.S. Army Tank Automotive Command,

Research and Engineering Directorate, 1965

* F. Pradko and R. A. Lee: Vibration C_mfort Criteria,

Society/ of Automotive Engineers

Paper 660139, January 1966

Human Tolerance to Random and Sinusoidal Acceleration,
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As the distance from the seat to the hips is appro.¢imately 0.7 ft, the

horizontal acceleration of the hips associated with the tolerable pitch accel-
Z 2

erationof 6 rad/_ec is (0.7) (6) - 4.2.¢t/sec . It a distance of 2.7 ft. is

as,qumed between the hips of hhe driver and the pitch and roll center of the I_.SSM

(see Figure 5.5.19), the same horizonta!acceleration for the case of the
Z

LSSM would be attained at a pitch acceleration of (0.7) {6)/(Z. 7) = 1.6 red/see .

2
In the case of roll, the to!cranes level wouid he 3.3 rad/ecc .

To summarize, the following values can then be taken to represent the tolerance

leve!9 to random vib,'%tions of an LSSM driver.

o Vertical - 100 in/see Z (RM_)

o Pitch - 1.6 vad/sec z (RMS)

Z
o Roll - Z. 3 tad/see (RMS)

These numbers represent performance on Earth, and how they might change in

the low gravity field on the ,noon is unP_nown. Because the lunar gravitational

Z.
acceleration of 65 in/see _s less thanth_ human tolerance to vertical vi-

brations on earth, it is conceivable that the tolerance level to vertical vibrations

may be decreased considerably on t.l_e moon. The other L%vo tolerance values

may be unchanged on the moon because gravitational effects are not involved h,

es s entially horizontal motions.

5.5.13

As was stated

program we- c

Vehicle Performance Evaluation

previoasl¥, the main objectives of thi_ dynamics analysis

to:

.

o Optimize the suspension system from the point-of-view of

vehicle dynarn.ic pc::_-form_.nce.

o Determine the influence of speed and terrain roughness.

o Compare rigid and fl-exibte wheels and evaluate effect of

eliminating the suspension system.

o Evaluate the transient response and stability of the LSSk_

when opcrating over "bu_np3".

In order to achieve the above, it was considered necessary to assess the

following elements of vohicle zeupon_c:
DZ-83012-I
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o The percentage of time one wheel or both wheels on one axle

lose contact with the ground. (This information can be considered

a measure of the controllability of the vehicle. )

o The root-mean-square (rms) val.ues of the vertical accelerations

of the centers of gravity (cg) of both unit_.

o The root-mean-square (rrns) values of the pitch accelerations

of both units.

o The root-mean-square (rms) values of the roll acceleration_ of

of both units. (These acceleration d_.ta permit an estimate of the

ride comfort. }

o The damping power dissipated by the d_.mpers of the wheel suspensions.

(This is an important part of the power requirements of the vehicle. )

o The percentage of time the force between a wheel and the ground surpasse.'

a certain limit. (This provides structural design information. }

The rms-values of accelerations were compu'.er in a simplified manner by

assuming that the accelerations were normal! 7 d_r_.buted even if wheel

bottoming or wheel lift-offs occur. The as_v_nption of norn_l distribution

proved _.ohe acceptable in all case_ that were checked-out. Thus the rr_s-vahles

could be computed by fully rectifying the output signal, smoothing it, and

multip!ying it by a constant factor of, C__'_ "

5.5.14 Vehicle Data for Com puteF Program

The L_SM vehicle data used for the dynamic perfornn;.nce e_lysis is listed

below. In actuali_r, computer programs were conducted for vehicle mas_es of

2400 lbm era 1800 Ibm. However, t h_ 2400 Ibm. case was investigated car!y in

the LSSM st_ldy, before vehicle characteristics were we'_/-defined. Furthermore0

the 1800 1bin vehicle underwent a much more t_uorough _r_zlysis. In any event

no sign_.ficant difference in res,.dts was db_cerned be_veen th_ t_vo caaes. For

these reasons, the program cov.duc_ed v,i*d_ the lg00 ibm Z_SM is reported here.

Although a design iteration carried out after t):e con_pletion of the dynn_r,i,-.'_

study resulted in a fully..loaded I__SM with e.n eatia_ated mass of gl70 Ibrr,, it is

felt that the results reported herein arc rea_ov_-_Ll-f applicabl_..
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Dimensions (inches)

a, ZO. 3

b, Z8.7

d I-d 4, 41.0

e Z5

Lunar Weight2
W (sprung), 160

c

W t (sprung), 80

WI-W 6 (unsprung), 10

Dimensions (inches)

f, -I. 5

g, 38.3

I, Z8

p, 9.5

q, 14.7

r, Z0

Masses (sec 2 lb/in. )

m ,

C

n:t,

m I -m 6,

Z.48

l. Z4

0.155

Mass Moments of Inertia (in Ib sec 2)

I (roll) 739
C

I_. (pitch) 1831
C

It (roll) 346

I_ (pitch) 174
t

The mass moments of inertia listed above include the sprung masses plus

suspensions. In addition to the above values, the following were also used:

4
o Moment of inertia of flexible frame, I = 0.0115 in

o Torsional raze of flexible frame, O = 16,900 in. lb./rad.

The suspension spring characteristics considered are shown in Figure 5.5.20.

The spring characteristics of the w_re frame wheel are shown in Figure 5.5. Zl.

5.5. 15 O?t.irnization of Suspension SprinGs

Z7 computer runs were conducted at various spring rates and vehicle speeds

(see Figure 5.5.22) in order to find fl_e rate associated with the 'best' vehicle

ride. The 'best' vehicle ride was con.videred to be a ride with low accelerations

of the forward unit (ride comfort) a.._d a small percentage of wheel lift-offs

DZ-8301Z-I
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(controllability). The spring rates of the forward unit and the aft unit were

varied independently. The terrain used for all runs was the l-ft terrain, which

approximates the Mare Cognitum profile and, therefore, was considered to be

most meaningful for the optimization process. During all runs the level of

suspension damping rate was fixed arbitrarily at 4 lb sec/in which later turned

out to be close to the optimum damping rate.

The r_sults were plotted in a condensed form as averaged, normalized, and

combined vertical, pitch and roll accelerations and wheel lift-offs versus the

spring rate. Figures 5.5.23 and 5.5.Z4 show the results for the forward and

aft units respectively. The "optimum" spring rate appears to be in the vicinity

of 10 lb/in, for both cases. However, due to the relative flatness of the curves,

somewhat stiffer springs would not noticeably degrade performance.

5.5. 16 Optimization of Suspensicn Dampers

The optimization of the suspension dampers followed a procedure similar to

that for the springs. Again the 1-ft terrain was used for all runs. The suspension

damping rate of both forward and the aft units was varied over the range between

0.5 and l0 lb sec/in. Vehicle speeds used were 5.0 and 10.0 ft/sec. During all

runs the suspension spring rate was fixed at 10 lb/in. The results are plotted

in Figures 5.5.25 and 26. For both units, a flat optimum lies between 3 and

5 lb sec/in.

5. 5. I? Vehicle Response as a Function of Speed and Terrain

Having optimized the spring and damping rates of the vehicle suspensions, it

was now possible to estimate vehicle dynamic performauce cn differen_ terrains

at various speeds.

Vehicle runs were simulated over random terrain with two degrees of roughness

(1 ft and G. 5 ft rm_) artd over two obstac.le terrains (heights I in. and .5 in).

Runs were conducted at three velocities: 5 ft/sec; 10 ft/sec; and 15 ft/sec.

Additibnal runs were made using rigid wheels on both the randol_a and t}_e oh,_3tacle
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terrains to study the effect of terrain-wheel impact as a function of wheel

flexibility. A few runs were also made with the vehicle stripped of all

suspensions.

Figures 5.5. Z7 to 5.5.33 illustrate the performance characteristics of the

forward and aft units of the vehicle wi_h suspension and flexible wheels over

the 1.0 ftrms random terrain.

Figure 5.5.27: Percent ol time either one front wheel of the forward unit or

both front wheels of the forward unit are off-the-ground, as a function of speed.

Percent of 'ime either one wheel of the aft unit or both wheels of the aft unit

are off-the-ground, as a function of speed. The wheels of th _ forward unit are

loosing contact with the ground a little more often than the wheels of the aft

unit. At a speed of 10 ft/sec the two front wheels of the forward unit and the

two wheels of the aft unit are off-the-ground about 10% of the travel time.

This may signify the limit of effective controllabil_t-y of the vehicle.

F_F_ure 5.5.28: rms of vertical accelerations of the e.g. of the forward and aft

units, as a function of time. The accelerations do not reach the hun,an tolerance

level on earth of approximately 100 in/secZ(rms), even at the maximum speed

of 15 ft/sec.

Figure 5.5.29: rms of pitch accelerations of forward and aft unit, as a function

of speed. The human tolerance level on earth is reached at a speed of about

13 ft/sec.

_e 5.5.30: rms of roll accelerations of both units as a function of speed.

The human tolerance level on earth is never reached.

_Figure 5.5.31: Maximum angle batween file two units as a function of speed. If

the maximum allowable angle between the two units is, for instance, 15 ° , it is

reached at a speed of 9 ft/sec. This is for the case where no pitch limiter is

incorporated. If higher speeds are desirable, a pitch limlter should be provided.
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Figure,5.5.32 : dissipated damping power at one front wheel as a function

of speed. This information was utilized to help determine total energy required

for locomotion.

Figure 5.5.33: The percentage of time the force oetweenwheel and the ground

is greater than a certain force depends on the speed of the vehicle. At a force

of I00 Ib, which is roughly the foi'ce where the inner frame ol the wheel be-

comes active, we can see that at 5 ft/sec the inner frame is engaged only 3%

of the time. At 10 ft/sec it is engaged 30% of the time and at 15 ft/sec 45%

of the tilT, e. These numbers indicate the difficulties of reconciling low lunar

weights and high mass forces {which do not change with gravity).

Summari_ing the above results, it appears that the maximum speed on random

terrain of the Mare-Cognitum type of the LSSM vehicle witq optimized suspension

and flexible wheels would be approximately 10 ft/aec. At higher _.peeds the

wheels leave the grou,--xl more than 10% of the time, the human tolerance level

for pitch accelerations is .-eached, and the angle between t_e two units surpasses

15 ° .

Figures 5.5.34 to 5.5.37 compare the response of the forward unit equipped with

three different wheel-suspension combinations operating on random terrain

{1 ft and 0.5 ftrms). The three combinations are: susper.de- _ flexibie wheel;

suspended rigid wheel; and non-suspended flexib]e wheel.

F__ percentage of time one f_-ont v,hee! oi the forward unit is off-the-

ground as a function of spe_:d,wheel-suapension combinotion, and terrain rough-

ness. On both terrains the non-suspended wheel parform_ worst; the suspended,

flexible wheel performs best. The same is true for

Figure 5.5.35: percentage of time both front wheels of the forward unit are

off--the-ground as a function ol speed, wheel type, and terrain roughness. If

10% of the time off-the-ground 2s the limit of maximum effective contro!lability,

the upper speed limit of t_.e ve2_ic!e with unuuspe:_ded _vheel_ _,n random terrain

with 1.0 ft rms would be 6 !t/see, whereas on the same terrain, the vehicle
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with suspended, flexible wheels could go at 10 ft/sec.

Figure 5.5.36: rms of vertical acceleration of the forward unit as a function

of speed, wheel type, and terrain roughness. The figure indicates clearly the

superiority of the suspended wheel over the unsuspended wheel.

Figure 5.5.37: rms of pitch acceleration of the forward unit as a function of

speed, wheel type, and terrain roughness. On both terrains the vehicle with

suseended wheels performs better than one with non-suspended wheels. On

the l-ft terrain, in the case of the non-suspended wheel, the humai: tolerance

level is surpassed a_ a speed of 6 ft/sec, whereas for the suspended wheel, be

it rigid or fle_,ible, the tolerance level is reached at 14 ft/sec.

Based on the above results, it can be concluded that a suspended wheel allows

higher speeds and gives a smoother ride than the non-suspended wheel. The

performance differences between the rigid and flexible wheel, both suspended,

are small. This is not surprising because the random terrain wavelengths are

much lazgez than the wheel footprint. The difference in performance between

these two wheels can be assessed more distinctly on terrain with obstacles

smaller in size than the footprint. In this latter case the flexible wheel would

tend to e_,velop the ob3tacle whereas the rigid wheel would follow the terrain

contour, thus developing rather high accelerations and forces.

The comparison between rigid and flexible wheels is demonstrated in Figures

5.5.38 to 41. The vehicle was operated over terrain with periodic, small

triangular obstacles (1 in. and 0.5 in. high). Again with the suspended flexible

wheel, the suspended rigid wheel, and the non-suspended flexible wheel were

compared.

F__ure 5.5.38: percent of time both front wheels of the forward unit are off-

the-ground, as a function of speed,, obstacle height, and wheel type. The rigid

wheel is off-the-ground most of the time whereas the soft wheel never loses

cot,tact, even at the maximum speed of 15 ft/sec.
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Figure 5.5.39: rms of vertical acceleration of the cg of the forward unit as a

function of speed, obstacle height, and wheel type. The vertical acceleration

in the "case of the rigid whv'_l i:, an order-of-magnitude higher than vertical

acceleration for the soft suspended wheel. The flexible, non-suspended wheel

also results in rather high accelerations.

Figure 5.5.40: rms of pitch acceleration of the cg of the forward unit as a

function of speed, obstacle height, and wheel type. The acceleration for the

rigid wheel exceeds the human tolerance level at all speeds, whereas the flex-

ible suspended wheel develops very small accelerations. The performance of

the flexible wheel without suspension is also unsatisfactory.

Figure 5.5.41: peak forces between the front wheels of the forward unit and

the ground as a function of speed, obstacle height, and wheel type. This figure

demonstrates the excessively high peak forces for the rigid wheel, caused by

continuously impacting the ground.

Thus, it can be concluded that the suspended flexible soft wheel out performs

both the rigid wheel and the non-suspended wheel by far. On a random terrain

of the Mare-Cognitum type a suspended wheel permits 4 to 8 ft/sec, higher

speeds than an non-suspended wheel; on a terrain with obstacles smaller than

the footprint, rigid wheels would bounce continously and develop very high impact

forces.

5. 5. 18: D'jcr_mic Stability on Slo e_

On the moon, weight forces are one-sixth as large as on earth. Consequently,

n,ass forces, spring forces and _amping forces dominate vehicle perfor1_ance

on the moon. The interplay between these forces determines the smoothness of

the ride and the controllability of the vehicle, as has been demonstrated in

this study.

Besides smoothness of ride and controllability, another dye_mic criterion should

be considercd as vital for safe and s_.tisfactory vehicle performance:; that is,
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dynamic stability. Because mass, sprix_g, and damping forces on the moon

are counteracted only by small weight forces, a lunar vehicle is subject to

greater instabiiity than a terrestrial _ehicle.

The stability of the vehicle has not been dealt with tl-_oroughly in this study because

it requires a mathematica! model based on real angles and not on small angles.

At small angles, the vehicle is supposedly always stable; instability, however,

can be studied even if the vehicle model is based or, the small=angle assumption

by initiating a transition stage for the vehicle and observing the wheel lift -offs.

It can be assumed that if the wheels leave the ground during the transition for a

}ong period Of time, the vehicle may b_ considered to be in an unstable condition.

This, of course., is a crude procedure and cannot repiace a serious computation

based on real _ngles; however it •will indicate the range in which instabilities may

occur, and possibly, form a basis for a more exact study.

The following estimate of vebic!e stabili_/ is based on a transition tiros of

10 to 20 seconds; if within this time period the wheels iose contact for more than

2 to 3 seconds, we consider the vehicle to be in a sI:ate of instability.

To affect a transition time of 10 to 7.0 seconds, the vehicle was assumed to be

traveling on a slope and hitting a bump as was pictured in Figure 5.5.4. Two

cases were considered: a front slope with a bump contacting both wheels of an

axle simultaneously, and a side slope with a bump cow,tatting the upper wheels

of the vehicle.

Computer runs were conducted at two vehicle spec, ds (4 ft/sec and 15 ft/sec),

three slope inclinations (0 °, 15 °, 30°), arA two burr:p he-_ghts (1 it, Z ft).

The computer results preP-eared in Figures 5.5.42. to 47 are not intrnediately

applicable to LSSM performance becauae they were cbtained for a lunar vehicle

three times heavier than the LSSM (MOLAB - -_ith a lunar weight of l, ZOO ibs).

However, dimens,.'onal ar_/ysis, based on the use of Froude and Cauchy numb ;rs,

indicated that the stability of the LSSM will bc abo_t t,_c _amc as that of MOLAB.
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Figures5.5.4Z to 5.5.45: Wheel lift-off and wheel-ground force for the forward

and aft units for two step heights and two speeds, as a function of time. These

figures are traces of computer records selected as typical specimens of the

changing wheel-ground forces during the transition stage. After hitting the bump

the wheel-ground force first increases to a maximum, and then decreases to

a minimum which is zero when the wheel leaves the ground. If the wheel leaves

the ground for longer than two seconds the vehicle is assumed to be in a state

of instability. A striking example of inst_bilit), i._ shown in F9gure 5.5.45,

where the vehicle on a front slope hits a bump 2 ft high with a speed of 15 ft/sec.

F__u_res 5.5.46 and 5.5.47: These figures are an attempt to find stability

limits as a function of speed, bump height, and slope angle. Fox example, if

the vehicle hits a bump 2 ft high with one wheel on the horizontal plane ((3 = 0°),

it may become unstable at speeds greater than I0 ft/sec, if it hits the same

bump with two wheels simultaneously ( 6_ = 0°), it becomes unstable at a lower

speed, that is at 6 ft/sec. The same bump on a side slope, tilted only 15 °

reduces t_he speed to 6.5 ft sec, whereas the bump on a front slope with(_= 150

limits the allowable speed to 4 ft/_cc.

These may suffice to demonstrate the importance of dynaan_c stability investi-

gations. Correctly executed they will yield a strong criterion for the evaluation

of lunar vehicle performance.
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5.6 LSSM MOBILITY PERFORMANCE SUMM._.Y

5.6. I Soft Soil Mobility_

The LSSM mobility capabLIitlea over the epecLfi6d ELMS and Annex G soile

aro aummarized in the following table, It can be oeen that the baselir_ LSSM

can negotiate all specified conditions with a comfortable rr_rgin of safety.

ELMS MODELS LSSM PERFORMANCE - -"

Slope -

Degrees

0°

I

2

3

4

7.5

10

12.5

15

17.5

20

25

30
30

Soil Values

_= 3_. °

k¢ --0.5
n=O. 5

= 3?. °

k_= 1.0

n= 0.75

0 = 3Z °

k¢ : 3.0

n=I,0

Motion

Resistance
,,, • ....

31.7

38. I

44.4

50.6

%.9

53.2

68.8

80.0

95.3

110.5

125.4

140.2

¢ = 32 ° 168.

k¢ = 6.0, n = 1.25

hard surface

=0.835

ANNEX G SURFACE MODEL
--, ...... ,, ,, • L

0° _ = 20 °

k_ = 0.05, n = I
lw

0

193.6

219.6

Dp/w

0.52

0.55

0.56

0.58

0.76

Slope Capa-

bility, Degrees

27 °

I 28 o

Z9°

30 °

37 °

85 0.13 7. 5 °

5.6.20b-Jtacle Performance

The LSSM has a high degree of cxpabilRy over all typas of obstacles apecified

in Annex G. Step height caI_bilit Y is 51 inches (130 cm) ;is comi_-Lred to the

wheel diameter of 40 inches; crevice cr._going capability is 56 inches (142 cm).
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These values are appreciably greater than convent_onM rigid frame vehicles

are capable of.

5.6. 3 Maneuverability

Steerin._: The minimum wall-to-wail turning radius for LSSM is )8.9 ft (6. 1

meters) as compared to an overall vehicle length of 13.3 ft (4. I meters). This

provides extremely good mane'o.vea'ing capability. The a.motmt of off-tracking

nf the outside w'-"_eets at the minimum turn radius was only 9 inches (Z3 cm),

less than the width of a wheel,

Brakin__.__ Minhnum stopping did, lances were calculated as functions of speed

and surface conditions. It was shown that in deformable soils, the stopping

distance greatly depends on the soil shearing characteristicb; that is, the

lower the shear strength the greater the dibtance required. Ln any case,

vehicle velocity must be limited on the moon due to the face that stopp_.ng

distances will be sly. tirne.J greater than on earth for equivalent surfare

conditions.

Vehicle St-tbility_.: Galcul.ations indicate t2_at tl,._- LSSM ",rill be stable under

all reasonable conditions. From the static stability point-of-view, the vehicle

will not overturn in roll unless slope angles exceed 520; for overturning in

pitch ._tlib value in 62. °. For the more crit'.'cal case of maneuvering on con-

tinuous cIide stope_, it was determined that for all conditions specified in

ELMS, the vehicle will slide rather than overturn. In either the roll or

pitch medes, the LSSM will not become unstable while maneuvering unless

the coefficient of friction is significantly greater than 1.0.

5.6.4 Dynamic Performance

Results of a computer program ride analysis were used to help determine the

design ranges of suspension spring and damping rates, Rates established

were 15 ib/in {26 N/am) for the springs ar.d 50 lb sec/t {730 N sec/cm) for the

damper. P.esults of _tudiea performed for rando:z_ terra'n w'ith a power

spectral density distribution si.:nilar to that deduced from ,Ranger 7 photo-
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graphs, and over small discrete bumps, indicated that from the ride point-

of-view flexible wheels are greatly superior to rigid _heels, and that it is

important that suspensions be incorporated in the LSSM design,

5.6.5 Summary

A summer 7 of the salient LSSM performance characteristics is given in

the chart of Figure 5.6. 1.
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6.0 CONCEPTUAL DESIGN OF BASELINE LSSM MOBILITY SYSTEM

This section of the report discusses and describes the baseline LSSM mobility

systen, and its major subsystems. These include:

o Wheel assemblies

o Wheel drive mechanisms

o Suspension systems

o Steering me chanisnls

o Chassis-Frame assembly

o Electric drive system

6. I OVERALL MOBILITY SYSTEM

6. 1. 1 Jntroduction

The purpose of the LSSM mobility system is to function as a highly mobile plat-

forn_ capable of negotiating the eoi!s, elopes and obstacles of the lunar surface,

while pro,.iding maxiI_num probability of crev¢ safety and mission success. Since

the characteristics of the lunar surface are still largel} un]:nown (or least open

to debate), a major design objective was to provide a system capable of high

mobility performance over as wide a range of possible surface conditions as

possible.

Anether major design objective was to achieve sin_plicity- to reduce deve]ol.ment

costs, consistent v_ith performance and reliability requirements and mass and

envelope restraints.

6. 1. g Requirements

K,_quiren-mnts established for the mc.bility system design were as follows:

(I) Compatibilit_r w-itih the lun;,r thermal and vacuum environment.

(2) Ability to \vith_tand loads imposed during launch, transit, landing

and operation over the lunar surface. (Lr"nese are described in

D2-83012-I
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(5)

(7)

(S)

(9)

(lO)

Boeing Document D2-82068, MOLAB Structural Design Criteria)

Wherever feasible, provide redundanc 7 in critical subsystems.

Ability to accommodate an. astronaut-driver and any necessar 7

communications, _avigation, power _nd thermal sTstems, and trans-

port 600 to 700 ibm of scientific equipment. It should also be able

to accommodate a second astronaut in place of the cargo.

When fully loltded, the LSSM vehicle should have the speed capa-

bil[ty of 16 km/hr (10 mph) over smooth, level, hard ground, and

at least 5 km/hr (4. 1 mph) in level soft soils (k_ = 0.5, n = 0.5).

Ability to negotiate all surface conditions spec[fied _n ELMS.

&verage speed over the ELMS profiles should be at least 5 km/hr

(4. 1 mph).

Ability to negotiate a step obstacle at least 40 inches (101 cm) high.

Angles of approach and departure should be at least 90 degrees.

Provide as comfortable a ride as possible for the astronaut.

6.1.3 Mcb_A't[" System Dascription..

The LSSM mobility system, shown in Figure 6. 1. 1, incorporates a chassis-frame

assembly, essentially identical parallel arm suspensions at all wheels, individual

wheel drive mechanisms, identical steering mechanisms for the forward and

aft wheels, and flexible wire frame wheels. Control electronics for driving

and steering are located in a thermal compartment on the aft unit.

The chassis-frame assembly consists of fo_vard and aft unit frames, and a

flexible frame and pitch limiter located between the two units. The frames are

box structures on which appropriate fittings are locatect _or suspension, flexible

frame, crew station, scienti/ic payload, thermal compartment and stowage

attachments. Two main structural members near the center of the boxes pro-

vide the main load path, a;_d are also the track support on the forward unit for

retracting the flexible frame for stowage. The flexible frame consists of eight

thin-walled tubes, connecting the forward and aft m_its, which permit the units

D2-83012-1
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to roll and pitch relr_tivq to each other. The pitch limiter essentially consists

of two concentric tubes sliding on each other and is designed to limit relative

movement between the forward and aft units, and prevent overstress-hng of the

flexible frame w-hen negotiating severe obstacles.

The parallel arm suspension _ssemblies are essentially identical at all six

wheels. Each consists of welded tubular steel upper and lower arms, damper/

stop assembly and torsion bar spring element. The torsion bar is located

longitudinally between the chassis attachments for the upper suspension arm.

The damper is of the linear dash-pot type with electrical heating elements to

maintain nec :ssary fluid temperature, and is located between the for,vet arm

chassis attachment point _nd upper arm wheel attachment point. The suspension

is designed for a total vertical travel of Z5.4 crn (I0 in. ).

The individual wheel drive assemblies are mounted at the wheel hubs and include

a harmonic drive, spur gear reduction, brakes, declutching mechanism, electric

drive fr_otor dnd radiatur. The harmonic drive provides the major portion of

the necessary speed reduction between motor and wheel as well as providing

a hermetic se_tl for the high speed parts. Dri_dng action of the wheel is accom-

plished through the following sequence: motor output -wave generator - flex-

splint - circular spline - intermediate pinions - ring gear - wheel hub. Locating

the intermediate pinions between the circular spline of the harmonic drive and

the ring gear on the wheel hub permits placing the passive radiator outboard of

the wheel disc, The service brake is a conventional duo-servo hvo-shoe brak.e

actuated by a pilot shoe assembly which in +-urn is actuated by a solenoid. For

parking, manual actuation of the solenoid armature is substituted for electrical

actuation, through a push-pull cable. For parl:ing purposes it is contemplated

that only the brakes of the forward unit wheels will be applied. Declutching

of the wheel from the drive emergency operation £o also accomplished manually

by a release device that disengages the ring gear from the wheel hub,

D2-83012-1
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The electric drive motors are of the three-phase squirrel cage induction type.

Torque and speed are varied by controlling motor frequency, slip and current

by means of transistorized inverter - modulators. Three motors oa one side

of the vehicle are controlled by one inverter - modulator. All e!ectronics for

the electric drive system are located in the aft unit thermal compartment-

The drive system is capable of producing wheel torques as follows: 89m-N

(120 Ib.-ft)at a wheel speed of 2 rpm (maximtun intermittent), 51m-N

(69 Ib-ft) at 5 rpm (maximum continuous), and 4.5m-N (6 lh-ft) at 92 rpm

(maximum vehicle speed of 16 krn/hz).

The Ackermann steering actuators for the forward and aft wheels are essentially

identical. Each consists of a cross-link assembly, housing, connecting links

to the wheels, ball-nut input and an electric motor assernbl}, with a sp[roid

gear output. The two mechanisms are synchronized by means of a flexible

shaft connect'ng the two. A manual emergency steering capability is provided

for the forward actuator.

The wheels consist of the following basic elements: wheel disc, tin', fi_xible

woven wire outer frame, stiff inner frame to limit wheel deflections due to

impact loads, and a tread to provide a bearing surface. The wheels are 101.6

cm (40 in. ) in diameter with a section width of 25.4 cm (10 in. ) and are designed

to have a static deflection of about 4. 3 cm (I. 67 in. ) at nominal wheel load.

The general characteristics of the LSSM mc_i/ity systems are given in Figure

6. I. 2.

The estimated mass breakdown for t_he mobility system is given in Figure 6.1.3.



--p--
I

i

I

I

e,4ti _

F

!

I

a,,ir m

0

1

A

• A

_,.Z,

)

' 1

i

__ . . , ,,

_:1

-_ ,--,1+1
_. ,_!_. I

_,._ _?-_l ! ....... _

li_l I . .- I e:_.'

_-_' _ "-

.... _ _ .... _=_:... ---_,

0

0

0

0

b

d

°_.-4

D2-8301Zol

_age 6-6



LBM

Wheel Assembly (6). 180

Wheel Drive System (6) 132

Suspen.ion System (6) 60

Steering Mechanism (2) 34

Forward Unit Frame 86. 5

Flexible Frame (w/Pitch L[rniter) 10.5

Aft Unit Frame 62.5

Electronics for Driving & Steering 37.5

6O3

KG

82

60

27

16

39

5

28

17

274

Figure 6. I. 3 - LSSM Mobility System Mass Breakdown



6.2 WHEEL ASSEMBLY

6.2. I Introduction

The wheel design for LSSM, or /or any o/f-road vehicle, affects mobility over

both soft ground and obstacles, energy requirements, stability, and vehicle ride

and handling char_cteristlc_, as well as drive train and motor design.

Because the character of the lunar surface is largely unknown, it is necessary that

the wheels be capable of providing an acceptable degree of performance over a wide

range of terrain conditions ranging from deep, loose soils to hard, coagh _round

and over obstacles and slopes. Rigid wheels, while simple inco,.,cept, are con--

sidered unacceptable for this application from the viewpoints of both soft :'nd rout_h

terrain performance.

In soft ground, rigid wheels are ir.ferior to flexible wheels from the following

points of view:

o They develop considerably higher motion resistance than

flexible wheels.

o This means that locomotion energy reqaire_;_ent_ are considerably

h!.gher fcr rigid wheels.

o Drawbar pull performance (which is a direct measure of the "._lope

climbing capability) of a vehicle equipped with rigid wheels is poor

compared to that of one with flexible wheels.

This latter point is illustrated in Figure 6.2.1, where drawbar pull performa::ce

f_r the two t_/pes of wheels is compared over a wide range of soil conditions. Rigid

wheel performance is clearly inferior, especially in the softer soils.

In rough terrain, rigid wheels transfer high impact forces to the vehicle chassis

resulting in possible damage to the vehicle or payload and poor ride perforr_,_-,ce,

as was discussed in Section 5.5 of this report.

In the course of the Lunar Mobile Laboratory (MOL3_B) study, six different metallic

fle_xible wheel concepts were evaluated ard compared to determine which concept

or concepts would best suit the requLvement_ o£ vehicle operation over the lunar

D_-_30 !2-- 1
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surface. The pneumatic tire and rigid "uheel were also included in the evaluation

process for comparison purposes.

The eight candidate wheel concepts are illustrated Jn Figure 6. Z. Z and described

in Figure 6.7.. 3. Conccptual design layouts of each were prepared and supporting

calculations developed in eufficient detail to provide a basis for comparison of the

several concepts from the viewpoints of:

o Mechanical Reliability

o Mass

o Soft Soil Mobility

a. Gradeability

b. Locomotion efficiency

o Obstacle Mobility

a. Step obstacle

b. Crevice

o Steering Resistance

o Effect on Ride Comfort

o Stability

o Wear Resistance

o Environmental Compatibility

o Development Ri_k and Cost

Results of the evaluation indicated that the wire frame and hi-directional metal-

elastic wheels would be the most suitable for lunar application with the wire .frame

version considered somewhat superior on the basis of importance factors assigned

to each of the above criteria. The wire frame wheel was therefore selected as the

baseline concept for MOLAB and is preJently being used as the basis for LSSM

preliminary design. However, both concepts will be tested and re-evaluated in

the Lunar Wheel and Drive System Environmental Test Program (ASS Payloads),

Contract NAS 8-Z0267, presently being conducted by GM DRL.

It should be noted that at this time, pneumatic tires have been eliminated due to

incompatibility with the lunar environment. At present, rubbers and elastomers

are in general not considered practical due to their low tempera_are brittleness and
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CANDIDATE CONCEPT

I. Rigid

2. Pneumatic

3. Wire Frame

4. Metal-Elastir

(Unidirectional)

5. Metal-Elastic

(Bidirectional}

6. Elliptical

7. Hemispherical

8. Hubless

DESCRIPTION

Simp!o, all metal construction. No appreciable

deflectio, under load.

Conventlorml inflated tire. Highly developed for

terrestrial applic a_ions.

Steel mesh covering over a pantographing flexible

wire frame. Perforrr_s somewhat like a pneumatic

tire.

High deflection wheel of open construction. Flexible

semi-circular metal band spokes.

Same as above with full circular spokes.

Metal band wheel of open construction. Canted

hubs and pin-ertded spokes constrain wheel to

e11iptical shape.

Canted hub, hemispherical shape, wice frame wheel.

Provides increased roll stability.

Rim-driven flexible band wheel. High deflection.

open construction

i ii u

Description of Cax, didate Wbeel Concepts

D2o83012ol
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out-gassing characteristics. Other factors such as abrasion and puncture re-

sistance and permeability to gasses must also be considered, if I..SSM operations

are limited to the lunar day, it rna 7 be possible with advances in the state-of-the-

art to develop a pneumatic tire for lunar operation. It is doub*Jul, however, that

such a tire would ever be capable of lunar night operations.

6.2.,2 Wire Frame Wheel TestProg_r_:m

A wire fram_ wheel development program was conducted at GM DRL under the

in-house Lunar Roving Vehicle Design Investigation Program _W.O. Z0-Z2108-Z00)

and the Mobility Test Article (MTA) Contract NAS 8-20251.

Primary objectives of this program were to develop design data on the wire frame

wheel concept defined under the Lunar Mobile Laboratory (MOLAB) contract and

to optimize the design for use on the MTA. In addition, the results of the program

would be utilized to help define an LSSM wheel design. A number of 60 in. dia. x

15 in. wide wire frame wheels were tested incorporating various combinations of

material, number of wires and fabrication and processing techniques. As a result

of this development program, a satisfactory design has been established for use

on the MTA and much valuable data has been gathered to aid in the development

of a wire frame wheel for surface vehicles capable of opera_.ing in the lunar

environment.

The tests described herein were conducted on the GM DRL rolling road facility

shown in Figure 6. Z. 4. This facility consists of a variable speed moving belt

to which obstacles may be attached for rough surface tests. A parallel-arm

attachment structure, to which the wheel with its associated drive system and

suspension may be mounted, is rigid!y attached to the frame of the rolling road.

A loading and counterbalancing platform are also provided. Instrumentation is

provided to measure wheel speed, total revolutions, road speed, wheel torque

and vertical acceleration. A DC motor drives the wheel through an 80:1 re-

duction harmonic drive unit. By varying the speed of the wheel drive system and

the belt speed of the rol!ing road, a ,.vide range of speed-torque conditions muy

be simulated.

DZ-8301Z°I
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In all, ten =e3t article wheels were subjected to endurance testing on the

rolling road. The first test article wheel incorporated aU of the critical

wheel elements - outerframep tread, covering, and inner frame. It soon

became evident, however, that a major problem existed in obtaining adequate

fatigue life. For this reason further testing was restricted to e_urance testing

of the outerframe only in order to develop a wheel adequate for use on the MTA.

Figure 6.Z. 5 illustrates four basic variations of the wire frame wheel which were

included in the test program. In the looped-joint construction each wire _s

looped at the intersection resulting in positively interlocked joints. The hand

woven construction eliminates the looped joints by simply interweavi;,g inter-

secting wires. Both versions of the pre-crimped woven construction utilized

wires which were crimped at regular intervals tc positively locate the wire

inter s ec tions.

Te._t Article 1: The first wheel to be tested was a complete system. That is

all major elements were represented as follows: Disc and rim - 0.080 thick

6061-T6 aluminum spun construction; outer frame - 0.090 music wire, 90 right

hand, 90 left hand wires, 1. S inch mesh, band woven; inner frame - 90 S/_E

1095 clock, spring steel loops connected by 3 rings; covering - type 304 CRES

wire cloth, Z4 x 24 mesh, 0. 010 wire diameter; tread - plastic-coated chain

link fencing, 1.5 inch mesh. Preliminary testing indicated that the cover and

tread design required more development. The most serious problem, however,

appeared to be the wire outer frame. Operatxng at a speed of 60 rpm and loaded

to a deflection of 2.5 inches the first wire in the frame failed at 20,000 cycles

and at approximately 34,000 cycles 5% of the wires had failed. It was, therefore,

decided to defer .;urther te_ting of oLher wheel elements until such time as the

wire frame achieved satisfactory fatigue llfe and subsequent tests were conducted

on uncovered wheels (basic wire frame only}. All subsequent endurance tests

were run at a speed of 60 rpm and a torque of Z5 lb-ft with the wheels loaded to a

nominal deflection of Z. 5 inches. Failure of five percent of the total number of

wires in the wheel was arbitrarily established as the comparison point for £atigue

life.

DZ=8301Z-1
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Test Article 2: Test Article Z, supplied by the Goodyear Tire and Rubber Company,

utilized the looped joint method of construction. The wires failed rapidly at the

points of intersection, reaching the 5 percent failure levelafter only 6000 cycles.

Test Articles 3 and 4: The first teat series indicated that :, design must be de-

signed to provide positive location of the wires at each intersectionv:ithout intro-

ducing the hi_th !seal stresses associated with the looped-joDat mode of construction.

The wire frames of the third and fourth wheel constructed were woven as

continuour_ cylinders with the individual wires crimped at each intersection to

locate them positively. The number of wires was doubled from 180 (1.5 in. mesh)

to 360 (0.75 in. mesh) and the wire size was reduced to 0. 072. inch diameaer in

order to lower stresses. Wheel No. 3 was woven from type 304 CRES wire while

wheel 4 was woven from music wire. Both wheels survived approximately Z8,000

cycles of operation before 5 percent of the wires had broken.

Test Article 5: This wheel was constructed using 0.063 inch music wire in order

to reduce stress levels sti}l flxrther, The number of,.vize_ was maintained at

360 since t/_e 0.75 inch mash was readily available. Extra care was taken in the

crimping process to avoid nicking the wires which causes local stresses. The

wheel survived 48,000 cycles before reaching the 5% fatigue failure level.

Test Article 6: Examination of test resuJ_cs and analysis of t.he wire frame indi-

cated that stresses induced by forming the wheel from z.cylinder into atorus

were in the order of I00,000 psi. This stress, together with operating stresses,

resulting in n'_t working stress levels of 180,000 to 200,000 psi. To attain a

fatigue life of at least I00,000 cycles, stresses must be kept at 150,000 psi or

lower. Test Article 6 was therefore stress-relieved by formin E the _le_xible

wire cylinder into a toruc, on a fixture and relieving the stresses at 500°F *.or one

hour. This wheel survived approximately 60,000 cycles, indicating some improvement

Test A.t....!_ 7: Inability to reach the tax'get life of i00,000 cycles with the first six.

wire frame wheels to be tested prompted the investigation of an alternative concept

which did not use interwoven wires. A radial strip wheel, _.hewn in Fig_:re 6. Z. 6, :[

was fabricated fron_ 90 0. 050 inch x 0.50 h_ch -_ - [pr_.o.med clock spring steel

{DZ-SZ01Z-I
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loops interconnected by a ! inch x 0. 050 inch circu:nferential ring of th_ same

material. This wheel survived 90_000 cycles and showed promise as a back-up

configuration to the wire frame wheel.

Test Article 8: Atest wheel was fabricated from 360 0.125 inchx 0.0_3 inch

clock spring steel strips woven ona 0.75 inch mesh. This wheel proved very

difficultto fabricate and lasted less than Z0,000 cycles before reaching the 5%

failure point.

Test Article 9: Test Article 9 may be considered a pre-pr3totype of the MTA

wheel. It was fabricated from 540 pieces of 0. 065 inch music wire wover in a

0.5 inch mesh. Operating stresses were minimized by "over-wrapping" the

flexible wire frame during stress-relief and by utilizing a large number of small

diameter wires. This wheel has completed approximately 160,000 cycles at the

5% failure point. The results of this test indicate that, with minor modifications,

the 0.5 inch mesh would be suitable for use on the Mobility Test Article (MTA).

Test Articles 10 _nd 1I: Test Article 10 was a duplicate of Test Article 9 with

the exception that approximately one-third of the wires were plated to evaluate

electroless nickel as a corrosion and abrasion-resistant coating. The nickel

plated area failed rapidly, indicating that the plating had a delitereous effect on

the fatigue life of the wire. Test Article 10 was also used to determine the

circumirential spring rate of an MTA type wheel. This was necessary in order

to determine the required load-deformation characteristics of the neathane tread

strips to be used on the MTA wheel.

Test Article 11, a prototype of the MTA wheel, was woven from 630 wires of

0. 065 inch diameter. This wheel was used to verify fabrication and assembly

techniques and to confirm proper fit of the tread strips.

6. Z. 3 Test Program Summary..

In summary it may be concluded tha¢:

o The looped-joint method of zonstructicn is not acceptable,

o Hand-woven conetructionis not acceptable. , DZ-8301Z-I
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o Pre-crimped construction is an acceptable solution if care is

taken in the crimping process

o Stress-relievi,:g is necessary

o A wire material is required with fatigue properties comparable

to those of music wire

o A configuration has been developed suitable for operation in the

terrestrial enviromnent for MTA.

While a significant amount of progress has been made in the development of the

wire frame wheel, a gre,,t deal of effort still remains in advancing the develot_ment

fr_)n_ a functionally acceptable design to the status of fully qualified lunar hardware.

Remaining problems include:

o Selection of suitable wire materials for the flexible outer frame

to prevent cold-welding.

o Design and material selection for the inner frame

o Desigr and material selection for the tread

In any event, the information gained during the course of this test program has

proven useful in the preparation of the present: preliminary design for the LSSN4

wheel.

5.2. I LSSM Wheel Design Criteria

The criteria used for LSSMwheel design are listed in Figure 6.2.7. Wheel

dimensions are set by LEM/Shelter stowage _ equiremerts at 102 cm (40 in. }

diameter by 25 cm (10 in.) wide.

The loaded mass of the baseline T__SSM ranges approximately from 976 kg (2170 _om/

to 1035 kg (2300 lbm) depending upon the mission profile. As a baseline, the nominal

wheel load was norrnalized at 289 N (65 lbf) which represents the mean between the

two extremes. The nominal wheel torque has been normalized to the maximum

continuous duty torque required to climb a 35 ° slope. The limit radial load has

been normalized at 5204 N (I !70 lb£) which represent:_ a 3 g (earth) input; this is

the dynamic load commonly specified for slow-moving, off-road terrestrial

vehicles.

D2-83012-!
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I •

Z.

3.

4 •

5.

I

i7.

18.
I
19.

0.

Nominal Diameter

Nominal Width

Nominal Load

Nominal Torque

Limit Radial Load

Limit Lateral Load

Maximum Torque

Deflection at Norr.inal Load

Nominal Spring Rate

Maximu_ Wheel Speed

Life

101.6 cm (40 in.)

25.4 cm (10 in.)

289 N (65 lbf)

92 N-m {68 lbf-ft}

5Y.04 N {1170 lbf)

578 N (1 30 lb.f}

165 N-m (120 lbf-ft}

4.3 cm (1.7 in. ) Wire Franie

66 N/cm (38 lbf/in. } Wire Frame

92 rpm

100,000 Rev.

Figure 6.2.7 Wheel Design Criteria



The maximum torque represents the intermittent duty torque required for

---_obstac!e climbing. The wheel deflection at nominal load is set as 17% of the

section width, The maximum wheel speed of 9Z rpm represents a vehicle speed

of approximately 16 k_rn/hz" (10 mph) and the life criteria of 1O0,000 revolutions

aliow_ for 200 lwn (125 rni.) of travel with a safety factor of 1.6.

The I.,-%,':SM wheels illustrated in Figure 6. Z. 8 and 6, 2.9 consist of the following

basic elements: u,,heel di._c, rim, woven wire outer frame, inner frame, and tread.

"rh,... wheel design shown in Figure 6.2. g is that evolved during the course of the

present LSSM stu_iy. That shown in Figure 6.2.9 is the design under consider-

ation for use in the Wheel and Drive System Enviromnental Test Program. The

t.vo concepts are similar except for the number of .vires and irmer frame design.

The latter concept is the one that appears most promising at this time and is now

conaidered the baseline L£';M wheel and is therefore discussed below.

TI_e wheel disc i._ a formed n_- _pun conical irustrum which at_:'_cbes to the v,b_eeI

driw? hub a_d the rbr,. 707.q-T6 aluminum alloy and 6AI-gV titanium alloy are

,:,.,.,-rently considered pr¢,:-nisin 3 materia! for tr, is coc;,p:,nent.•

The rim will be fabricated from the sarr..e material as the wheel disc. Fasteners

threugh ".be rim will aecure the rare frame b:., _.,een the rim and the inner frame.

'r'h,-woven .°;-ireouter frame co_;sists cf 540 interwoven wires in a O. 375-in. mesh.

So'_._e m-_terials u_Jer co_;_,ideratioP include P.c:m' 4!, L.506, AZt46, 17-TPH, and

Beta a;tuy titanium (15V-]ICr-ZA1). The wir<:s w_lt be prectimped and woven into

a c,/i_r.d_:r a_:] then Fro:fear•ned to a tozoidal shape b? streas-vetie'_ir,_l on a fLxture.

Dr._'i_n com[_atat_ons were made Vet tLc wgven ",,;ire outer frame bas(_.d on the

ana!.yticat method develap.=d in the MOI-JkB _t::dy and subseq'aently modified by

:' .- :i .'..,l : :_ of teats i:vrformed c,n varZoae breadboard and MTA wheels. The ch_aice

o; :_.Q ,'_ireg wa>: b;_._ed or, ti-e re_ui*.s of *he !?revi,_usly discussed wheel devc!op-

::_,. r;t t*.?stg a_:l r_;aterial fati;,:::,_ lil_: data which inciicatcd that normal operating
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stresses ,hould be kept at or below 150,000 psi for materials with fatigue pro-

perties comparable to those of music wire and I00,000 psi for titanium alloy

wire. The computations established the stress levels as 151,000 psi for the

materials having a modulus of approximately 30 x 106 psi an_ as 96,000 psi for

the titanium alloys. The wire diameters were established ae 0. 127 cm (0. 050 in)

for the 13V-11Cr-ZAI titanium alloy and approximately 0. 107 cm (0.04Z in) for

the other materials. Peak stresses in _he wire frame are expected to be up to

50% higher than the normal operating stress. However, _.e high tensile strengths

of the alloys being considered (ZZ5 to 375 ksi) will prevent any overstrcssing of

the wire at maximum deflections.

The inner frame limits vertical and lateral deflection of the outer frame and

absorbs impact loads. It consists of 36 hoop elements interconnected b 7 a hat-

section ring. Two clamp rings at the ends of the hoop elements carry clinch nuts

used to clamp the outer frame. A welded construction of 6A1-4V titanium alloy

is currently being considered for the inner frame becauze of its high strength-to-

weight ratio.

The assumption was made that the flexible wire outer frame will deflect 7.62 cm

(3 in. ) before encountering the imler fran_.e. Since it had been determined that

maximum wheel deflection must be limited to 8.89 cm (3.5 in. ) to prevent over-

stressing of the wire frame, design calculations for the inner frame were based

on 1. Z7 am (0.5 in. } deflection at the limit radial load of 52C4 N (! 170 lbf). The

number of hoop elements was established as 36 based on the trade-off of minhni_ing

the numbe." of hoop elements to save w_;ight while locating the hoops close enough

to each other to evenly distribute the load. The shape of the hoops was scaled

from the MOLAB inner frame and a rectangular cross-section was assumed. In

order to maximize themon_ent of ine'.tia of the circu_fercntial ring while keeping

weight to a minimum, a stable hat cross section was assumed. Computations

established the hat section dimensions as 3.81 cm (1. S in) h_gh x Z. 54 crn (1.0 in)

wide x 011 cm (0. 043 in) thick and the radial hoop section as 0.8Z c_ (0.3Z2 in)

wide x 0.31 cm (0. 123 in) thick. Stresses at the limit load were calculated as

38,000 psi in the ring and I00,000 psi in the hoop elements.

well within the capabilities of the alloys under consideration.

These stresses arc

D2-83012-1
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The tread provides a bearing surface for the wheel. The design of a tread which

will be capable of the elastic deforrn_tion_ required to conform to the wheel cir-

c-rnfere_ce as the wheel rolls under load will be developed in the ¥1heel and

Drive Experimental Test Pro_rmz_. A woven wire braid material or separate

metal iugs are currently under consideration.

6.2.6 Wheel Ma_s Summary

The results of the mas_ analysis for the baseline LSSM wheel are presented in

Figure 6.2.10. The estimated mass shown re _resents a reduction of about 5 lb.

per wheel as compared to the previous wheel concept shown in Figure 6.2.8.

Item

1. Outer Frame

2. Inner Frame

_. Rim

4. Disc

5, Tread

6. Fasteners and Weldments

Total

Mass

(kgl (lbm)

2.6 5.8

3.9 8.6

0.8 1.7

1. I 2.5

2.0 4.5

0.7 1.5

il.l 24.6

F_.gure 6.2.10 Wheel _ass Summary



6.3 WHEEL DRIVE MECHANISM

6. 3. I Introduction

The conceptual design of the LSSM wheel drive mechanism was guided by the

followin S general consideratlons:

o Me chanic_a/ simplicity

o Compatibility with the lunar thermal and vacuum environment

o Ease of integration _nto the LSSM mobi/ity system

Earlier studies performed during the MOLA.B and M[IIA programs had resulted

in the conclu ion that, for lu_mr operation, the harmonic drive system was the

preferred mechanism for a wheel drive. This conclusion has been carried

over into this study.

6. 3. Z Requirement.._p_s

General requirements for the wheel drive mezhanisms were set forth as

follow s :

(I) Each wheel shall be independent[;, powered by a separate drive

assembly mounted in the wheel hub.

(Z) Each wheel drive assembly shall consist of a drive motor, sear

reducer, brake system and declutching mechanism.

(3) The entire drive assembly shall be hermetically sealed to the

maximum extent possible.

(4) The wheel drive shall be capable of operating in either direction.

(5) Ability to declutch each wheel from its drive mechanism is

required to allow vehicle operation without skidding a wheel

should failure of a wheel drive mechanism occur, or if only some

of the wheels are to be driven, as in the case of smooth hard

ground.

(6) independent passive thermal control {radiator) shall be provided

for each wheel drive system.

(7) High reliability, high efiiciency, low weight, and small size

are primary design objectives.
DZ-8301Z-I
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Operational requirement_ were established as follows:

0

0

0

0

0

Output Torque

@ 92 rpm (maximum sp_ed)

@ 5 rpm (n_x-lmum continuous duty)

@ 2 rpm (Intez-mlttent)

Overal/ Speed Reduction

l_aximum System Temperature

Maximum Brake Torque

Maximum Centinuous Brake Dissipation

6 lb-ft

68 ib-ft

120 lb-ft

130:1

400°F (477°K)

120 lb-ft

45 watts

The intermittent duty torque point is that required for the LSSM to climb a

step obstacle 40 inches high. This value was determined from scale-model

tests. The maximum continuous duty point corresponds to the requirement

for climbing a 35 degree hard surface slope. The maximum speed torque is

derived from the requirement for a maxirr, um vehicle speed of 16 km/hr

(I0 mph) over a level, hard surface.

The overall speed reduction of approximately 130:1 con,Jerts the 1Z, 000 rpm

input to the drive from the integra!ly mounted electric motor to a maximum

wheel speed of 92 rpm.

Maximum brake torque was established to match maximum drive torque re-

quirerr-ents _nd t.be continuous brake heat dls_ipat_on ie der, i_n_d to permit

continuous downh_li braking at speeds equal to the maximum dri_ng speed

uphill. In addition there are requirements for manual operation of the brakes

for both emergency and parking modes, and for ezncrs_.ncy rr_nual declutching

of the wheel in case of wheel drive malf_uction.

6.3.3 Drive Mechanism Descri_

The design evolved to meet these requizements is shown in Figure 6.3.1. It

consists of the follo_dng m_jor elements:

DZ-83012-I

Page 6-23





\

h_

I

,_1 ACTUAI01

N
_BB

Figure 6. 3. 1 - Wheel Drive Mechanism

Subsystem

DZ°83012 1

Page 6Z9



0

0

o

0

o

o

Electric drive motor

Gear train

Brake sy_ten_

Lubrication system

Wheel dr;.ve disconnect

Radiator

The drive motor i_ o[ the squirrel cage i.nduct_.on type, and ia directly coupled

to the wave generator of th,_ harmonic drive. (The motor to discusaer.i in de-

tail ir, .Section 6. . cf thi_ report, under Electric Drive Sy_,em.) I_,,e h_,rmonic

drive provides the rt_aior ,_peed reduction and a herrr, etic seal that permits

high speed components to be operated in a pressurized atmosphere. The out-

_,ut of the harmonic drive te the circular spline which has gear teeth on its

outer circumference to engage three s,nnall pinions which drive a ring gear

attached to the whee_ huh. The wheel hub contains a brake drum surface

against v.,hich a duo-servo brake syntem operates. D_mamic sealc between the

wheel, hub and drive aa._embly pro_.-ide a rnear, s of ccnt:'olling pressure in the

apace whet. the outl)ut gee-r*; and brake op,rrate.

The aet_em, biy i_ mc_u::ted on the vehicle wiLh the motor outboard. The r:_diator

attached to the motor therefore is located in the best available position for

effective radiation to apace.

With a maximum harn_.onic drive input speed of 12, 000 rpm and a wheel speed

of 92 rpm, the ove:'ail speed reduction is about 130:I. The use ofiz;termediate

pinions at the output provide a final output reduction. This reduction, equal

to the ratio of the ring gear and circt,lar spl_ne drive gear pitch diameter_,

is I. 6:1. A reduction of 8Z:I is provided by the harmonic drive.

The effxciency of the drive is not readily determined, however, a reasonabte

estimate that takes into consideration the operating environment would be

or an overallO. 85 for the harmonic drive and O, 90 for the output gearing,

nominal torque efficiency ef abo_t 75%.
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The ring gear drives the wheel hub through a set of spring loaded pins that trans-

mit the torque between the two members. A collar normally retains these pins

in engagement. When this collar is rotated relative to the wheel hub to a

second position, these pins are released and the drive is disconnected from

the wheel hub. An alterlmte system could use a split collar retained by explosive

bolts that could be fi,'ed electrically to disconnect the drive.

The LSSM brake is based on a conventional duo-servo two-shoe brake assembly

actuated by a pilot shoe assembly controlled by a small short stroke solenoid.

Thi_ means of actuation is similar to that of commerci_d electric trailer brakes,

where a solenoid forces a friction pad against the rotating brake drum to obtain

actuation forces.

The decision to have the brake react against the wheel hub eliminates the need

for a second emergency brake such as was required for file MOLAB wheel

drive, where declutching the drive system discormccted the service brake.

The LSSM design also makes the wheel hub. disc and wheel available as heat

sinks and radiating surfaces to dissic_te braking energy.

T}-is location of the brake placed a requirement on it for a high torque capability

and led to a brake configuration with a high degree of aelf-energization to

minimize brake actuator forceu. The detailed design of the brake system

will be sensitive to the brake lining material and its friction coefficient in the

LSSM environment. The main effect of this variable is in the actuator force

requirement. Considerable study of actuator systems resulted in the system

shown.

In this system, a small friction shoe with a certain amount of self-energization

is essentially always in contact with the drum and free to rotate with the drum

and react against the brake shoes. Such an arrangement results in requirements

for an actuator for this pilot shoe of essentially zero travel and minimum force--

requirements that can he met with a low power solenoid. To develop full

braking torque of 120 !b-ft it is estimated only 15 Ibf is requlr_d from the

solenoid. D2,,8301Z- I
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The parking brake is operated by a manual push-pt-l! cable actuatLng a small

cam device in parallel with the armature of the solenoid. These manual

forces required are small, largely determined by return spring forces required

to overcome friction. A tension equalizing system of pulleys is tied to a single

operating lever to apply the parking brakes on the four wheels of the forw_rd

unit.

With respect

0

0

to lubrication, the follow_.ng principles wet'e gene:'ally followed:

To the extent necessary or feasible, mechanisms should be

hermetically sealed from the vacuum.

Mechanisms or parts of mechanisms that cannot be hermetical'f

sealed will be closed-off from the vacuum by mechanical or

molecular seals to achieve an ambient pressure higher than

the lunar vacuum.

Aside from the obvious benefits of avoiding vacuum material problems by

hermetically sealing -- several other justtfica_ons exist:

o The presence of an atmosphere assures convective currents to

help h, the thermal control of the mechanism.

o A controlled pressure alleviates problems that could arise be-

cause of the presence of electrical potentials in the mechanism

at ionization pressures,

o The presence of controlled and predictable pressures reduces

the development and teat effort for elements and materials en-

closed by the hermetic seal.

The use of molecular or mechanical seals on rollother mechanisms is dictated

by the fact that such seals in conjunction with a suitable outgasaing material

can maintain an ambient pressure for mechanisms substantially in excess of

that of lunar ambient with the following advantages:

DZ-_.30!Z- l
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Material prob!emc are substantially reduced.

Pressures are Of a magnitude that can be readily achieved with

ordinary vacuum equipment, simplifying d_velopment testing.

Application of these principles is, of course, not simple. They will be strongly

dependent on considerations of temperature, which varies over an extremely

wide range, and materials problems that even for a hermetically sealed

mechanism will require considerable investigation and testing.

The proposed LSSM wheel drive design is concerned, therefore, not _r[th a

specific solution to the lubrication problem, but in reflecting a mechanical

design that will permit the develcpment of an acceptable lubrication system

when the detailed environmental parameters are firmly established.

Instrumentation at the wheel drive mechanism will be limited to measurement

of temperature at the motor case and of pressure in the hermetically sealed

section. This latter measurement would be used to obtain operational status

data and provide a means of checking the condition of the seal after final acsembly.

Based on MOLAB data and assuming similarity of thermal models, a 2 ft 2 hub-

mounted radiator would dissipate enough heat on a continuous basis to maintain
o

maximum temperatures in the wheel drive assembly under 400 F. This assumes

full solar load, maximum lunar surface temperature, and an average heat input

of 70 watts. This, therefore, is considered a conservative estimate of rad.ator

size,

For night-time operation, the low temperatures are a problem. There are

material, structural and development considerations that dictate that the miniature

operating temperature of the drive be maintained reagomably high. For this

reason, it is propoaed that electrical energy be used to pre-heat or condition

the drive for operation. To minimize the amotmt of energ F used to heat the

drive and conserve waste heat from the drive, a shield over t.hc radiator is

DZ-83012-1
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proposed as shown on the drawing for night-time operation.

The mass of a complete drive system is estimated at 22.0 ibm (10 kg) with the

breakdown as shown in Figure 6. 3. Z.

Drive Motor & Electrical

Gear Train & Lubrication

Hou sing

Wheel Hub & Brake Drum

Radiator

Brake Assembly

lbm l'g
8.3 3.8

3.5 1.6

1.6 0.7

4.5 2.0

2.4 1.1

1.7 0.8

Total 22. 0 10. 0

Figure 6. 3.Z Wheel Drive Mechanis_n Mass Summary
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6.4 SUSI'ENfilO_'_ SYSTEM

6.4. I Introduction

A choice of suspension systems is strongly dependent _)n the specific vehicle

configuration under consideration, as well as the desired performance char-

acteristics. For example, in the case of MOLAB, whicl, _1iiJized Aekcrn_ann-

type steering of the front wheels and articulated piw_t steering of the aft unit,

it was concluded that to minimize problems associated with inc(_rporating

steering mechanisms and t_ minimize interference with the cabin structure,

parallel arm type suspensions would be used on the forward unit. Since thes¢_

prob]ems d_d not exist with respect to the aft unit, a trailing arn_ type s11spension

was considered to be mo_t suitable for that application.

In the case of LSSM, the configuration originally selected for baseline design

(see "Preliminary Design Study of a Lunar Local Scientific Survey Module (LSSM)",

First Interim Report, Boeing Document D2-36072-4, September 1965} was similar

to that of MOLAB. The suspension system for this concept consisted of parallel

arm type suspensions at the front wheels, and trailing arm suspensions for tl_e

center ax]e and aft unit. In this case, trailing arms were chosen for the center

and aft axles because they were readily adaptable to the basically flat chassis-

frame structure.

As LSSMdesign progressed, however, the baseline conflguration was altered to

utilize Ackermann steering at both the fron: znd aft unit wheels. This in turn

led to the conclusion that all the steered w,_ecls should incorporate parallel arm

suspensions. Although the center axle wheels could still use a trailing arm sus-

pension, it was decided that in the interest of commonality and Jn tl_e hope of

reducing development time and costs, parallel arm suspensions with torsio_L bar

spring element would be used thr.',ughout.

6.4.2 Re¢luirements

General requirements established for the suspension systen_ design are

summarized as follows:
DZ-83012-I
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I) Essentially the same suspension shall be used at each wheel

to achieve the greatest commonality of par_s.

Z) Each suspension assembly shall be of the parallel arm type,

incorporating a torsion bar spring element.

3) A linear dash pot damper shall be used at each suspension.

Travel stops shall be incorporated in the damoer.

4) The suspension shall be designed to maximize ground clearance

and resistance to damage from ground surface obstructions.

5) Reli,%bility, minimum weight and simplicity shall be design

objec tires.

Functional design requirements were established as follows:

1) Total vertical travel

2) Spring rate

3) Damping _ ate

4) Ability to react wheel torque of

5) Ability to withstand longitudinal in:,pact load

(applied at wheel centerline)

6) Ability to withstand lateral wheel load

I0 in. (25.4) cm

15 Ib/in (26 N/cm)

50 Ib sec/ft (730 N sec/cm)

lZ0 lb - ft )162 N-m)

2300 Ibf (I0,400 N)

130 Ibf (578 N)

6.4.3 Description

The parallel arm suspension assembly for the LSSM is essentially identical at

all six wheels. It consists of welded tubular steel upper and lower arms, the

damper/stop assembly and torsion bar spring element as shown in Figure (,.4. 1.

Fittings at the upper and lower edges of chassis prcvide t2".e mount for the inner

suspension while the drive mechanism provides the attachment for the outboard

ends of the suspension. Glass filled teflon sleeve bearings are used at the

suspension bear/ng points.

The two arms for the suspension aru fabricated from 150,000 - 170,000 psi

heat treated 4130 steel tubing 0.75 inch O.D. with 0.065 inchwal!s, with forged

steel end fittings. Tubing size was determined from the design condition of

Z,300 lbf wheel impact load.

D2-830!2-I

Page 6-36

I
I
I

i

t

.i

c

?-

i



\

/

I-3_-/



UNK

sT_,,o u.:_-

|.
(to

UmR SUS_/_IOH ARM--_

t

/

3q

_s

I

/ t ......iT-?



JOU_IC_

GROUND LINE

_s._o c_ .o._ _.._._
TOIAL MOV|M|kI_

k
t

/

,,_le,.i_,Cm (6.sI ;__,--)h,.
ItE_OUNO
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The torsion bar is fitted between the two chassis fittin{s of the upper sus-

pension arms and is of conv__ntionaldesign. The damper is a linear dash-pot

type using electrical heating elements to raise damper fluid temperature to the

required operaZing level.

The suspension is designed for a total vertical travel of Z5.4 cm (I0 in) of which

3.3 cm (I,3 in) is the upper bump stop travel and 1.27 cm (0.5 in) the rebound

bump stop travel. Total jounce is 5.3 in (13.5 cm); rebound is 4.7 in.{ll.9 cm).

The relative travel between the vehicle and the ground contact point is 18.1 cm

(7. 13 in} of jounce and 1L. Z cm (6.37 in) of rebound. The estirna;ed mass per

suspension assembly is 10 lbm (4.5 kg).
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6. 5 STEERING SYSTEM

6, 5.1 Introduction

As in the case of the suspension system, the selection of a steering system

depends on the specific configuration and performance and functional require-

ments of the vehicle under consideration.

The baseline LSSM originally selected for preliminary design incorporated

Ackermann steering of the front wheels and articulated pivot steering of the

aft unit. This scheme was utilized because the required size of the aft unit

platform was not well-defined at that time, and articulated steering permitted

a wider platform by eliminating encroachment of the wheels on the platform

area. Furthermore, two methods of steering the front wheels were also con-

sidered at that time:

1) Individual hermetically sealed mechanisms at each of the front wheels

consisting of an electric motor driven harrnonic drive assembly (similar

to the Boeing-GM DRL MOLAB).

Z) An electric motor driven cross-link assembly connected to pitman

arms at the wheels. This method provided positive mechanical

synchronization of the wheel turning angles.

The choice would ultimately depend on problems of integration with the suspension,

wheel drive and chassis assemblies.

As preliminary design of the mobility systcn_ progressed and system require-

ment became better defined, the de.:isio,_ was made to Ackermann steer both the

front and aft unit wheels. In addition, _t was determined that it was feasible to

incorporate the mechanical cross-link asser:_;J]y both on the forward and aft units.

This resulted in two essentially identical steering mechanisms, [hereby potentially

reducing development time and costs. Furthermore, by interconnecting the two

units with a flexible shaft, problems associated with the synchronization of

individual mechanisms would be eliminated. Another important consideration

was the fact that this type of system lent itself to incorporatio,_ of a n|anually

actuated emergency steering capability.
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6,5. Z Design Requirements

Torque--Speed. Characteristics: Torqae-speed characteristics for the outputs

of the steering mechanisms were derived for four assumed steering conditions.

All calculations were made for an asstnned static coefficicnt of friction of 1.0

between wheels and ground, which is the worst possible case to er,,-ision.

Condition 1: The vehicl_ is stationary or moving very slcwly, all wheels are in

contact with the ground, ar, d one wheel encounters an obstacle it cannot negotiate.

The assumption is made that the vehicle will pivot ab out its center of gravity

when sufficient torque is generated at the steered v;heel to overcome the total

resisting force of the vehicle.

For this condition it was determined that the steering torque required at the

wheel would be Z60 lb-ft (35Z N-m) at 0.6 degrees/see (0.1 rpm).

Gondit.;on 2: The vehicle is stationary and all wheels are in contact on level

ground. In this case the torque is that required to rotate a deflected wheel.

Steering torque was determined to be Z0 lb-ft. (Z7 N-m) at a steering rate of

6 degrees/see (1.0 rpm).

Condition 3: This condition is the same as (Z) above, except that the torque was

determined for a steering speed of 15 degrees/see (Z.5 rpm). Furthern_ore, an

assumed equivalent sliding coefficient of friction of 0.63 was used in place ef the

static coeffk.ien_ of i. 0.

The torque requirement for this case was calculated to be !Z Ib-ft. (16 N-m).

Condition 4: This condition was established to determine _e maximum re,aisting

torque which the steering mechanism must be able to develop.

This was determined to be 40'_ lb-ft. (552. N-m) for an a,.;sumed dynamic longi-

tudinal load input through the wheel center]ine.
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Geometric Characteristics: Other important requirements established for /he

steering systemAminimum turning radius consistent with vehicle geometry, and

synchronization of steered wheel angles to maintain a common center of ro-

tation at all times. The maximum angle was determined to be 25 degrees,

which would result in a wall-to-wall turning radius of about 19.0 ft. (6. 1 m).

The required angular relationships between the steered wheels are shown in

Figures 6.5.1 and 6.5.2.

6.5.3 Steering System Description

Stee...___rin_z Mechanism: The proposed design is shown in the drawing of Figure

6.5.3. The system consists of two electric motol*-powered units, one steering

the forward set of wheels, the other steering the wheels of the aft unit. The

concept is similar to that of conventional automotive Ackermann steering.

Each steering actuator assembly consists of a cross-link assembl_y, housing,

connecting links to the wheels, bail-nut input, motor assembly with a spiroid

gear output and a flexible drive shaft interconnecting and s)aachroniz_.ng forward

and aft steering actuators. The short stroke of these linear actuators makes

hermetic sealing with conventional bellows feasible with no significant weig},t

penalty. In addition, there is provision for a manual emergency steering input

for the forward unit actuator. Overall reduction of t ae mechanism is approxi-

mately 1250:1; 33:1 at the ball screw and 38: t from the spiroid gear and pinion.

Each actuator can develop a maximum thrust of 7,450 N (1675 !bf], a maximum

rate of travel of Z. 7 cm/sec {1.08 inches]sect and total stroke of 5.6 cm {2. Z

inches}. The complete steering system weighs approximately 15.5 kg {34.0 Ibm}

of which 2.2 kg (4.8 Ibm) is associated with the emergency steering mode.

The emergency mode of operation is designed to operate independently of the

actuator mechanism and thereby remain operative in case of complete freeze-up

of the internal p_rts of the actuator. This is accomplished by releasing the

locks that retain the Ixousing so that the housing becomes the cross-link regard-

less of the position the _nternal cross-link is in when it becomes inoperative.
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Figure 6.5.3 - Steering Actuator Subsystem,

LSSM
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Steerin2 Motor and Controls: The e.l.ectric motor for each actt_ator is rated at

about 30 watts output. The motor output characteristics are shown in Figarc

6.5.4. These characteristics are representative of a Globe Industries type BL

dc motor or equivalent.

i

Steering control could be either by an open or closed loop system. The open

loop system is simpler in terms of circuitry, but steering control is more

precise for the closed loop method. The choice of system might depend on

human factors considerations or the requirement for remote operation of the

vehicle.

An example of an open loop steering system is shown Jn Figure 6.5.5. Two

permanent magnet motors are used to provide ._imple reversivg and dynamic

braking operation. A turn is made by moving the steering control handle in the

direction of the desired turn. A clock-_ise tilt closes switch S 1 and relay K 1

becomes energized. Current flows thru speed control rheostat R 1 into the motor

armature and the motors turn t( produce a clockwise turn. When the desired

turning angle is achieved the steering control lever is returned to its neutral

position and the steering mechanism remains torned in the desired angle. The

tilt angle of the control lever determines the turning rate by adjusting the speed

rheostats.

Synchronization of the two motors is maintained by a flexible shaft which mech-

anically couples the motor shafts (thru reouction gears} to each other. Mechanical

coupling also provides for sharing the steering load betv.'een the two motors.

The steering mechanism can be either directly coupled to motor shafts or thru

clutches. Use of clutches, such as magnetic particle clutches, wouid.reduce the

;notorStart2ng currents considerably by delaying app!icafion of the load until i:he

motors are up to speed.

Figure 6.5.6 shows the circuit for a closed loop system employing series field

motors and magnetic particle clutches for coupling the motors to the steering

mechanism. In this system movement of the steering mechani._m follows the
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This emergency input is a rack and pinion driven by a rachet handle.

A detailed analysis was made of the steering mechanism from the points-of-view of

loads, velocities and speed - torque requirements. The major results are

summarized in the paragraphs fol!owing.

It was determined that the ball screw must be capable of handling a maximum

static load of 1700 Ibf and operational ].oads up to 2Z00 Ibf. For the method of

loading employed, the ball screw which meets the sizing requirements is type

0375-1875. The minimum required nut length is determined by the static load

per turn of balls and the lead of tread. In this case the static limit per ball turn

for the screw is 7Z0 Ibf. Assuming the ball nut has five complete turns, the

maximum static capacity of the ball nut would be 3600 Ibf which provides a

safety factor of Z. _-. For an operating load of Z_-00 lbf the expected life of the

screv¢ is 60,000 cycles. The minimum length of the hall nut to carry the oper-

ational and static loads is i. 5 inches. It should also. be noted that the screw

speed fails well within the maximum safe speed.

i

The selection of the spiroid gear for this application was based upon its red_ction

ratio and capability to meet the torque requirements. The spiroid selected has

the following characteristics:

o Reduction ratio 38:1

o Center distance 0.5 inches

o Pinion O.D. 0. 456 inches

o FuLl depth 0. 075 inches

o Nominal torque I00 Ib-in.

o HP out at 1750 rpm 0.038 HP

o HP in at 1750 rpm 0. 067 HP

Based on spiroid gear tablesj the above power characteristics provide a factor

of safety of 1.4 for the maximum outptlt torque condition, and g. 4 at the znaxirnun',

input speed Condition. The efficiency of this gear pass is estimated at 5B%.
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movement of the steering control lever. The steering control lever is

directly coupled to the command pots R l and RZ while the steering mechanisms

are coupled to the follow,up pots R_ and R 4. Two Wheatstone bridges are formed

by pots R 1 and R 2 and by pots R 3 arid R 4. Movement of the steering control

causes an unbalance in the bridge. The unbalance is detected by polar relays

K and K which energize the magnetic particle clutches to cause the steering
1 Z

mechanism to move in the direction which will electrically balance the bridge.

Syncbronization is maintained by coupling the command pots together. An

optional flexible shaft provides for sharing the load.

A current relay in the motor armature circui prevents application Of the load

until the motors are up to speed and also disengages the motor if an overload

develops. Limit switches are piaced in the clutch circuits. The dual control

circuitry permits independent operation of either the aft or forward steering

mechanism.
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6. 6 CHASSIS FRAME ASSEMBLY

"%. 6. 1 Introduction

The conceptual design of the LSSM chassis-frame assembly was guided by the

following general considerations:

o Structural simplicity consistent with the semi-flexible frame

concept.

o Provide an integrated mobility subsystem to minimize interface

problems with other vehicle systems.

o Provide maximum flexibility for adaptation to other vehicle

systen_3 such as crew station, scientific equipment, etc.

While space frames and other chassis types were studied conceptually, the above

considerations led to a chassis-frame concept based on fiat box structures.

6. 6. Z Requirements

The generai requirements established for the chassis-frame assen,bly are

summarized as follo_vs:

1) A flat top surface shall be maintained.

Z) Load p_tthS for the stowage and deployment modes shall be inte-

grated into the structure.

3) Superficial or secondary structure shall be used to provide

additional payload platform area or mounting points for equip-

ment.

4) Extension of the aft unit and flexible frame shall require minimum

effort on the part of the astronaut.

5) The chassis shall provide a basis for a complete integrated

mobility system.

6) High reliability, low weight and simplicity shall be primary

design objectives.

N.
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6. 6. 3 Descr_.ption

The LSSM chassis-frame assembly consists of the following major components

(see Figure 6. 6. 1):

o Forward unit frame assembly

o Aft unit frame assembly

o Flexible frame assembly

Chassis-Frame: Both the forward and aft chassis-frame units are load carrying

box structures on which appropriate fittings are located for the suspension, flexi-

ble frame assembly, crew station, thermal compartment and stowage attachments.

Two main structural members near the center of both boxes provide the main

load path. These two members also provide the track support for retracting

the flexible frame for stowage on the LEM/Shelter. For all practical purposes,

the stowage loads determined the size and weight of the chassis members. Attached

to this prime chassis structure will be secondary structure configured as required

to support the scientific payload.

The two units are fabricated from extruded angles and tees, skin covered into

a box beam configuration, The material of the box beam consists of 7075-T6

aluminum alloy sheet and extrusions. The forward unit, 113 cm (44. 5 in) wide,

Z18 cm {a6 in) long and 10. Z cm (4 in) deep, has continuous longitudinal cap

members and vertical webs. Lateral members are spaced at approximately 14

inch intervals. The uppe_" and lower skins are . 127 cm (. 050 in) thick and all

vertical webs are . 102 cm {.040 in). The aft unit, 113 cm (44,5 in) wide,

50. 8 cm (Z0 in} long and 10. gcm {4 in} deep, has continuous lateral and longi-

tudinal cap members. The upper and low skins are 0. 127 cm {. 050 in) thick,

as are the internal vertical webs. The external vertical webs are 0. 102 cm

(. 040 in) thick.

In the stowed position the forward and aft units are attached together at the

longitudinal vertical webs by fittings which carry the bending moments due
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to Load Condition 6, as defined in Boeing letter 2-4466-00-115, "LSSM Tie-

Down Requirements", dated 23 December 1965. This condition imposes an accel-

2
eration vector in the Y-Z plane of+ Z58 ft/sec and a rotation acceleration about

Z
any axis in the Y-Z plane of+ 14 rad/sec . If these attached fittings were only

used at the internal longitudinal cap members, they would increase in size appre-

ciably, therefore, a weight saving is realized by providing fittings at four

locations.

Flexible Frarne Assembly.: The flexible frame installation consists of the flexi-

ble frame, pitch limiter, and the retraction mechanisms.

The spring members o[ the flexible frame are eight 6AL4VZCo Titanium tubes,

0. 625 inch O. D. with a 0. 40 inch wall. The tti0es are welded to sheet metal

box structure cross members at either end. The flexible frame provides for

relative displacement between forward and aft units of + 30 degrees in roll and

+ !5 degrees in pitch (lirn_.ted by a pitch limiter).

The pitch limiter is a telescoping cylinder with + 12_ 7 cm (+ 5 in) of travel.
m

It incorporates springs to cushion the travel against the stop._ and is expected

t_ provide a certain degree of damping through use of a high viscosity silicone

grease (NASA Technical Brief #65-10144).

il
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For stowage on the LEM/Shelter, the overall length of the LSSMis reduced

by sliding the flexible fralne into the forx;,ard unit structure. For deployment

on the lunar surface, the flexible frame is moved aft and secured in place.

The flexible frame rides on rollers in a track fitted to the two main chassis

members of the forward unit. Upon release of the fastening devices tlaat lock

the forward and aft units together for stowage, vehicle power can be used to

separate the two units. As the frame travels aft, pins in the ends of cross

DZ-8301Z-I
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member_ of the flexible frame engage a ramp into a blind slot to stop frame

travel. These pins in the frame are then trapped in the slot by applying a force

on the enlarged head of the locking pin (this may be done by the astronaut's

foot). This force shears a low strength retraining washer. The end of the pin

that locks the elastic frame in place is tapered to wedge the frame into its seat.

Estimated Mass: The estimated mass breakdown for the complete chassis-frame

assembly is given in Figure 6. 6. Z.

Kg Lbm

Forward Unit 39. 3 86. 5

Aft U:_it g8.2 62. 1

Pitch Limiter 1.7 3.9

Flexible Frame 2.9 6. 5

Total 72. 1 159. 0

Figure 6. 6.2 Chassis-Frame Breakdown
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6.7 ELECTRIC DRIVE SYSTEM

6.7. 1 Introduction

This section describes the preliminary design of an electric drive system for

LSSM propul:_ion. Based on information gathered and results of the MOLA.B

study, laboratory tests, and design analyses, an electric drive system has been

defined that will perform the LSSM propulsion functions, qhe basic system is one

that can benefit from advances in materials and circuit technology and can be scaled

up or down for various size lunar vehicles.

Figure 6.7. 1 depicts the major elements of the LSSM electric drive systerr_. The

blocks indicated by dotted lines are not considered part of the electric drive system

for purposes of this study. Power handling elements are the distribution cables and

circuit breakers, the power conditioner semiconductor switches, and the drive

motors. The information handling elements are the motor speed sensors, signal

cables and power conditioner control circuits.

Squirre!-cage induction motors are used to supply propulsion power to the wheels.

Torque and speed are varied by controlling motor frequency, slip and current by

means of transistor current control inverters.

6.7.2 System Rec)uirements

The following define the requirements for the LSSM drive system:

o Capable of day or night operation in the lunar environment.

o High system reliability {including voltage contro.llers, inverters, brakes,

cables, circuit breakers, and motors)

o Maximum locomotion efficiency. In terms of wheel control this means that:

1. Each wheel should be individually powered.

2. For constant input voltage the torque of each drive motor

should increase as wheel speed decreases.

3. TP.e speed of an individual wheel should remain close to the

average speed of the other wheels when contact with the ground

is lost.
D2-83012
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4. Torques at the outside wheels should equal the torques at the

in'Jide wheels when the vehicle i_J turning.

5. Average torque of the wheels on each side of the vehicle should

not be significantly reduced because of differences in wheel

speeds due to terrain slope variations, unequalwheeldiameters,

or unequal wheel loadings.

o Capable of reversing,

o Failure of a single major component or system should not abort the mission.

o Maintenance capability preferred.

o Ability to electrically and mechanically isolate any drive motor and to skid

steer the vehicle for emerg, e_cy modes of operation.

o Gear shifting not desirable.

o Dynamic braking not necessary.

o Peak electric drive efficiency of 70% or greater (excluding gear box).

o Maximum steady state power den:and I kw or lower.

In addition, it is preferred that the drive motors be cooled by direct radiation to

space rather than by circulating fluids. Temperature control for the logic circuit.'_

and power switche_ should be accolr_plished by transferring heat froz_ the semi-

conductors to phase-change m_terials or circulating fluids.

Required motor tor_.uc as a function of shaft speed is plotted in Figure 6.7.2. Motor

output power versus shaft speed is shown in Figure 6.7.3. A piot of wheel velocitY/

correction factors versus outside Ackerrnann steering angle for the LSSM is shown _

Figure 6.7.4. Wheel differential speed iruformation is required so t_hat the proper

voltages can be supplied to the inside - and outside - _heel motors to _naintain equal

wheel torques when the vehicle is turning.

A 56 VDC battery system will provide energy for the electric drive syste,m.

6.7;3 Drive Svztem Contigur_tlor_a Co_'.sidcred

Preliminary conceptual c,'esigzm cf car_didate electric drive systen-.s were prepared

in sufficient detail to cn-_Ll_ estimates to be r_a,le of weight, _i:_e, efficiency,

D2--830IZ- 1 e
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performance characteristics, development time, and r_liability.

Three types of electric drive designs -- d-c series motor, induction motor, and

synchronous motor -- were evaluated and compared. This analysis resulted in

the selection of the induction motor system as most suitable for LSSM application.

In addition, trade-off analyses were rnade to permit optimizing the selected drive

system. A preliminary design of the selected LSSM electric drive system was

then performed and functional specifications prepared.

During the course of the study a thermal analysi o was made for several motor con-

figurations. The conclusions reached were that the motor for the selected drive system

would no_ require major technological advances. Motor temperatures will be low

enough to permit the use of state-of-the-art magnetic materials, conductors, in-

sultion systems, bearings, and motor design practice. If it is desired to have the

motor operate unsealed in the vacuum environment for long periods of time, a

pro;:ram ;vil! be required for the developn_nt of !ew frictien lubric .nt_ that -rill
-13

insure long bearing life at pressures of 10 znm Hg.

Conclusions of the reliability study were that a-c electric drive systems can be

developed that have greater reliabilities thand-c drive systems. In ad-c system,

failure is most likely to occur in the commutator, v;ith a resultant loss of wheel

traction. In an a-c system, failure is most likely to occur in the static inverter.

Since inverters can be maintained or made redundant, reliability can be increased

to a value not achievable by in-wheel commutators.

r=

F

,:

t,

!

A block diagram of an induction motor drive system is shown in Figure 6.7.5. The

power train components are the d-e porter source, the inverter-modulator, and the

three-phase induction motor. The sensing and control components are the motor

shaft digital tachometers, the frequency control circuits, and the current control

circuits.
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By substituting a three-phase synchronous motor for the induction motor and

operating at zero slip, one could achieve an adequate drive system that ,nay offer

somewhat different functional capabilities than the irduction m-tot system. As

an example, dynamic braking can be achieved with les-, complexity with a synchro-

nous motor than with an induction motor.

Inverter-driven synchronous motor systems wer-e eliminated from final cons,:deration

in this study primarily b_cause of inst,ffficient design infox m;_tion that wo'ald permit a

meaningful comparison with induction motor designs.

Preliminary examination indicated that a double air gap synchrono,ls _lotor would

be heavier and less efficient than a squirrel-cage induction motor for the LSSM

application. A synchronous motor drive system requi_'es six inverter-modulator

controllers (one pe_ ° wheel). For an induction motor drive system two controi

schemes can be considered: either a two - or a six-inverter system.

I, t

Figure 6.7.6 illustrates a LSSM e!ec_rie drive configuration in which two inverters

are used, each energizing three induction motors on one side of the vehicle. There

are basically two separate drive _ystems operating from a common power source.

The left and right power trains are each controlled by the driver commar_d signals.

When the vehicle is turning, torque of the outside wheels ca_ be made equal to the

torque of the inside wheels by increasing the voltage of the outside motors relative

to the inside motor voltages. Skid steering as an emergency mode of steering can be

accomplished by reversing the motors on one side of the vehicle.

In the two-inverter drive system the average wheel s_eed on each side can be used to

determine the ir,_verter frequency. With this system large differences in wheel

speed can cause one of the motors to "pull out" and thereby reduce the total output

torque of the drive systern. The curves shown in F_.gure 6.7.7 indicate maximum

wheel speed differences allowed as a function of vehicle speed for two values of

induction motor slip frequency. For example, at 2 mph the curves ghow that the

wheel speed difference number can be 0.2-?-5 at a motor electrical _olip of 10 cps.
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As long as the wheel speed differenc2 number is less than 0.22_, the vehicle will

be able to develop maximum tractive effort. If this value is exceeded, the available

tractive effort will be reduced to some extent.

The wheel speed difference number is defined as:

W D = fastest wheel speed - slowest wheel speed

average wheel speed

It appears that two inverter drive systems can be designed in which vehicle mobility

is not significantly compromised. In a six inverter drive system, wheel speed

differences are less restricted and vehicle mobility may be somewhat greater

under some conditions, but actual tests of the two systems on a common vehicle

would be required before the superiority of one system over the other could be

established quantitatively. A schematic drawing of a six-inverter drive system is

shown in Figure 6.7.8.

The two-inverter system is preferred for LSSM for the following reasons:

(1) Less complexity

(2) Lighter weight

However, system reliability and mobility requirements might dictate the use of a

six-inverter system. This system appears to offer:

(1} Somewhat high_r mobility capabilities.

(2) Higher reliability. (In the two-inverter system, if a

redundant inverter is not provided, system reliability is

less than that of a six-inverter system. }

6.7.4 LSSM Drive Motor Discussion

Every dynamo-electric machine has two electric circuits linked with a magretic

circuit. The function of one of the electric circuits is to serve as a source of

magnetomotive force whereby magnetic flux is produced in the ma_lxetic circuit.
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The function of the other circuit is to serve as a seat of energy exchange between

mechanical and electrical energy. A synchronous motor has a direct current in

the field winding and altern._ting current in the armature winding. An induction

motor has alternating current in both windings.

Output power of an induction motor depends Upon the volume of iron and copper in

the motor. The volume can be expressed as DZL where D ib the outside diameter

of the stator laminations and L is the length of the lamination stack. For a given

voltage, frequency, and slip, the torque thata motor can produce is approximately

equal to a constant times DZL.

The required efficiency and cooling method, in addition to _he required "_orque, v, ill

directly affect the weigkt of the motor. For traction applications, the torque re-

quirement is generally defined by a torque versus speed curve and a problem arises

in matching the inherent torque-speed characteristics of the motor to the requirements.

The torque capabilities of an induction motor under three conditions are of interest:

starting torque, maximum torque, and running torque.

The starting torque of an induction motor can be expressed as follows:
. 2

Tstar t = 2 2

'_ Z + xz ZZ

where E 2

r z

rotor induced voltage at standstill (volts)

= rotor winding resistance (oLms)

x 2 = rotor -.,-inding reactance at standstill (ohms)

f = stator frequency

k = constant

Examination of this expression reveals how starting torque varies as a function of

frequency. Assume that the stator current is held constant as frequency f is varied.
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When f = 0, no secondary voltage is induced and torque is zero. As frequency is

increased, E increases and torque increases until a peak is reached. After peaking,
2

torque varies approximately inversely with frequency until rotor reactance becomes

significant. Curves of starting torque v6. frequency are shown in Figure 6.7.9 (a)

for various values of stator current.

The maximum torque of an induction motor T
max

2

r kE ]
=[ 2 .f2

For a

constant applied motor voltage, the maximum torque varies approximately inversely

with the square of the frequency. Variations in r 2, the rotor resictance, do not

change the value of the maximum torque, but do affect the slip frequen cy at which

it occurs. This fact _s important when one inverter is used to energize more than

one motor :m the LSSM system. Maximum torque is independent of rotor resistance

and slip. Figure 6.7.9 (b) shows curves of maximum torque vs. motor speed.

Curve 1 results when E 2 is held constant at a high value; a motor capable of producing

these high torques would he oversized but still just capable of producing the required

torq)le at maximum speed. Curve Z is obta.;ned by increasing E?. as speed is increased;

a lighter weight motor could be designed to do this job and still exceed the vehicle

requirement.o ir;dicated by Curve 3.

Ni_(ure 6.7.9 (c) shows motor torque versus slip for constant input voltage and

frequency. The curve shows clearly that the amount of running torque is dependent

upon the slip s. Slip s is defined as _f The term._f is called the slip frequency

and is equal to the difference between if, the stator frequency, and f the rotor
r'

rotational frequency. Frequency of the current flowing through the rotor bars of the

sq_;.trel cage motor ia Af. Wh¢_n slip i.q very small

!kE2][2 9

f r 2 ]
and torque varies directly with slip and inversely aa secondary resistance.
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Substituting s = A f

f
changes the expression for running torque to

T _

2
k" E, _ f

Z

f2 r2

IfAf and E 2 are constant, the running torque varies inversely with the square of

the frequency. However, the following expression fox" running torque ._'n terrns

of rotor current can be derived.

T

2

k 12O

Af

H I 2 and h f are kept constant then the ruxming torque is constant _nd independent

of frequency or shaft speed as shown in Figure 6.7.9 (d). Changing the rotor slip

frequency not only varies the rotor torque but also varies the heat dissipated in the

conductors of the rotor.

The copper power loss of the rotor

IzZ rz = PZ_ s-----]l, s

where P2 is the mechanical power output of the motor shaft. For small values of

slip the heat generated by the rotor bars is approxim ately proporational to the slip

frequency.

Heat generated in the rotor of lunar vehicle traction motors must be carefully con-

sidered because the primary mode of heat transfer will be by conduction through the

shaft and bearings into the housing. The magnitude of the heat generated in an LSSM

drive motor as a function of speed is shown in Figure 6.7. !0.
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Calculations were made for maximum vehicle loading and for two values of slip

frequency: 5 and 10 cps. For 5 cps slip, maximum steady state 12 2r 2 losses

are about 13 watts at a speed of 650 rpm. At the same speed the losses at 10 cps

slip frequency would reach about 33 watts.

6.7.5 Preliminary Motor Design

The experience gained with MOLAB and MTA facilitated the preliminary design of

the LSSM drive motors. The design was subject to the folio,ring ground rules:

o The torque-speed requirements of the motor are as shown in Figure 6. 7. 2.

For a maximum motor speed of 12,000 rpm, a gear reduction of about 130:1

is required. A gear reduction efficiency of 75% is assumed. The maximum

continuous duty torque is 0.69 ft. lb. at 650 motor rpm, and the maximum

intermittent duty torque is 1. Z2 ft. lb. at 260 rpm.

O The vehicle is powered by six variable-speed squirrel-cage induction-type

motors with controlled slip frequency. TiLe volume of each motor must be

contained within a dzameter of 5 inches and a length of 4 inches. The motors

are passively cooled. The motor case design temperature shall not exceed

440°K.

o The voltage source is 56 vdc.

The basic dimensions of the LSSM motor were determined from the DZL of the motor

used for the GM DRL lVITA. For a given flux and ampere loading, which are determined

by the magnetic saturation and cooling capability of the machine, the value D2L

essentially defines the torque rating of the motor at a given applied frequency. Figure

6. 7. I1 lists the pertinent scal_.ng informa, )n.
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Figure 6. 7. 11 - Motor Scaling Factor DZL for LSSM, MTA

Maximum Continuous Duty Torque

(ft. lb. )

MTA Z. 00

LSSM 0.69

DZL

@ cps

20.0

25.0

(in3)

18.4

5.2

To determine the sensitivity of motor efficiency and performance on weigh£ and

size, three basic designs were considered with DZL values of 5.76, 5. I0 and

4. Z0, respectively. The designs were designated A, B and C and dimensions and

weights determined

Motor De signatio n A=. B_. C

Stator OD (exclusive cf housing) (inches) 4. I0 3.70 3.30

Stack Length (inches) 1.0 1.15 l. 15

Weight (active material only) (Ibs.) 4.0 3.70 2.95

Performance calculations were programmed on a digital computer, taking into

account all first order effects such as stray losses, magnetizing iron losses,

magnetic s_turation, etc. Results of the computer analysis indicate the performance

of the motors at any required operating point.

Motor performance for various torque-speed points over the entire speed :range are

shown in Figures 6.7.12 to 6.7.14. Figures 6.7.12 and 6.7.13 show the required

input voltages and currents of the three motor designs as a function of motor speed.

The calculations were made for maximum vehicle loading. Motor design As the

largest, requires the h':ghest line current and lowest line to neutral voltage because

it offers the lowest impedance to the power source. If a higher motor voltage and

lower current is desirable higher motor impedance can be obtained by increasing

the stator turns.
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-_ However, motor design A is 20% higher in efficiency than design C at low speeds as

shown by the curves of efficiency vs. speed in Figure 6.7.14a. These curves will

help establish the motor weight, fuel consumption, and system weight relationships

for planned vehicle missions.

In the LSSMappiication, programming the slip frequenay is required to permit

operation of the induction motors at optimum efficiency at various vehicle speeds.

Figure 6.7.14b shows the desired slip frequencies for designs A, B and C as a

function of motor speed.

At maximum torque the motors draw the highest currents. However, since torque
Z

is equal to a constant times I Z , for a given torque motor current can be varied by

Er--

changing the slip frequency. Figure 6.7.15 indicates the sensitivity of motor line

current to changes in slip frequency for the three motor designs with a load torque

of l. Z2 ft-lb. Motor design A produces this torque at a minimum current of 11.4

amps rms and a slip frequency of 4.7 cps. It is impo_:tant to ,ninimize the motor iine

current for this operating condition to minimize the required rating of the modulator-

inverter power transistors.
w

For the peak torque condition, Figure 6.7.16 indicates how motor efficiency varies

as a function of slip frequency.

F_gure 6. 7. 17indicates efficiency and power losses for the three motor designs for

various load conditions. The maximum losses were used to determine the required

cooling radiator weight as shown in F_gure 6.7.18. Motor design A requires the

lightest radiator to maintain the case at a maximum temperature of 440°K. (The

following assumptions were made in determining the radiator weight: lunar surface

temperature 406°K; radiator emissivity 0.7; absorptivity 0.3; view factor to the

moon O. 5. )
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On the basis of efficiency and radiator size motor design A was selected for the

LSSM traction application. Total motor weight including radiator will be approxi-

mately 3.6 kg (8 lb. ). Maximum motor efficiency will be about 73%. Figure 6.7.19

shows approximate dimensions of the motor.

6.7.6 Power Cor_litioning Circuit

The power switch portim, of the LSSM electric drive system consists of a relatively

simple three..phase transistor inverter that also functions as the current controller

for the motors. Figure 6. 730 shows a schematic diagram of the im,erter-modulator,

a motor load, and blocks indicating the logic and drivir.g circuits. In the LSSM

drive it is preferred that three motors on one side be energized by one inverter-

modulator. The present status of the _olid state control art indicates that this

scheme is less complex and lighter in weight than using individual inverters for

each motor. However, new control concepts and cha.nges in methods of fabricating

transistor power switches could result in a preference for a six inverter drive system.

All transi-_tors in the inverter-modulator function as progra.mmed switches to convert

the d-c battery power to three-phase a-c power. Conduction times of the transistors

are determined by the output of the ring counter circuit. Current control is accom-

plished by pulsing the cor_tucting transistor Q'a or O' b or O'c through the appropriate

AND circuit. The diodes connected across the power trmasistors serve to maintain

rrotor current flow due to energy stores in the inductances of the motors bevx, een

transistor cor_i_:ction pul_c_.

Mentor torque is controlled by turning a potentiometer that controls the pulse width of

a simr)le pulse modulator circuit. Motion of the vehicle is reversed simply by inter-

ci_anging two of the three output leads to the inverter.

Thr. p6wer ::,a-itch transie, t.ars must be capable of supporting the highest possible system

va!ta_,c .xr'.d of evvitching the highest #equated motor currents. High derating factor¢

will in_uz'e kA,.;h reliability. For example: The propulsion power aource voltage will

be 56 vdc; the trarmistoz_s migh_ be rated at 2:00 volta across the collector and emitter

r,r higher. TF._ ,h_f_hes_ expected p_k cu.--rent, m_y b¢ 24 amperes; the transistors

mxgh_ be r_t_,,'l at 7G arnpcre_ or higher. D_-83012-!
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_-_Figure 6.7.Z1 illustrates the input and output current waveforms of the power con-

ditioner circuits. The d-c input current Idc consists of a series of pulses, the

magnetude of which is a function of motor speed and the width of which depends

upon the required motor torque. The a-c output current Il is a stepped waveform

with saw tooth tops and bottoms. Frequency of the output current is determined b y

the motor speed and magnitude ,-'sdetermined by the required motor torque.

If an average reading ammeter were inserted in the d-c current line of Figure

6.7.ZI _ it would read the average battery current drawn by the electric drive.

Figure 6.7.22 illustrates the average battery current drawn per LSSIvi drive motor

as a function of motor speed for maximum vehicle loading. An a-c ammeter inserted

in one of the motor lines would read rms line current. A plot of line current vs

motor speed for maximum vehicle loading is shown in Figure 6.7.13.

In addition to derating, operating the transistors and diodes of the power conditioning

circuits at low junet;.on temperatures wi!l also enhance the drive system reliability.

Heat generated in the transistors and shunting diodes is primarily due to conduction

losses. A plot of inverter-modulator losses per motor is shown in Figure 6.7. P3,

Maximum non-intermittent power losses in the inverter are about 12. watts per motor

or 36 watts for three motors; this condition occurs when a fully loaded LSSM is

climbing a 35 °. slope. Temperature rise of the semiconductor junctions will be

maximum for this condition - which will occur during less than one percent of the

mission life of the vehicle.

I

Heat from the power semiconductors _ill be conducted to a phase-change material

heat exchanger that may utilize Technical Eicosan or polyethylene glycol. Power

dissipation of each transistor for the above conditions will be about 5 watts. If the

junction to case thermal resistance is l°K/watt the junction temperature will be

about 5°K above the temperature of the phase-change material. A possible packagil_g

arrangement for the inverter-modulator is shown it, FiRure 6.7.2.4,

6.7. fl System Power C.onsu_'mp_t_ion and Eificiencv

L_SM electric drive power consumpt+.on per motor as a function of motor speed is

shown in Figure 6.7. Z5, Since the vehicle has six motorized wheels, total power

DZ-83012.-1
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consumption will be six times that shown on the curve. Maximum steady state

power of about 900 watts will be required at speeds of 650 rpm and 12,000 rpm

for maximum vehicle loading.

The efficiency of the LSSM electric drive _ystem as a function of motor speed

is shown in Figure 6.7.26. Conditions for which the efficiency was calculated

are a 56 volt dc power source and maximum vehicle loading.

Total inverter and motor losses were included in the calculations. The drop

in efficiency at the high speeds is due primarily to bearing friction losses.

Measurements of the efficiency of the MTA drive system closely approximate

the calculated efficiency of the LSSM electric drive.

6.7.9 Reliability Discussion

Analysis of the failure modes of an electric drive wheel operating on the lunar

surface indicates that a wheel assembly utilizing an a-c motor will be more

reliable than one using a d-c motor. The commutator of a d-c motor requires

a gaseoas environment at a pressure greater than 5 mm Hg, must be operated

at temperatures below 470°K, limits the maximum speed of the armature to

several thousand rpm below induction motor speeds and generates heat due to

mechanical friction and electrical resistance. Scant information is available on

commutator reliability when operated at relatively high temperatures in sealed

enclosures. Because of the large effort going into making semiconductor switches

reliable de-ices, much more data and experience that enables one to pre-

dict the probable reliability of a well designed inverter system.

Failure rate studies of electric machines conducted in the past indicate that for

all possible uses, operating conditions, and abuses, the failure rate of d-c machines

is two to three times the failure rate of a-c machines. If attempts are made to

design equivalent weight d-c or a-c machines, there appears to be an inbzrent '_

failure rate penalty associated w_th d-c machines. _ehab_hty studies have i_
• t_
_ndicated that an a-c drive system can be designed with a reliability equal to or !:_

higher than that of a d--_ =ysten,. Of major importance {s the fact that the a-c i i/;

motor power wheel-,ill haves much greater reliabilit.3, than the d-c motor powered !!!_I

o - 3Ol .-1
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wheel. The reasons are as follows:

(l) Heat dissipation caused by commutation is eliminated from

the wheel.

(Z) The rotor of the a-c machine can be a nearly solid structure

compared to a wire wound d-c rotor.

(3) Wheel assembly weight is less because of the higher a-c motor

speeds and removal of commutator and brushes.

(4} The a-c motor can continue to operate even though the motor

enclogure is broken and the gaseous environment is lose. Heat

transfer analysis shows an a-c drive motor mounted in the LSSM

w' eel will operate even in the vacuum environment. Life of the

drive mec hanisrn will be limited by the bearing and gear lubr. _-

cants. But since dry lubricant3 can be used, 100 to 200 hours

operation may be obtainable after the bearing seal is broken.

(5} A d-c drive motor system will require a one-or two-step gear

shift if the efficiency of an a-c drive system is to be approached.

This gear shift would be located in the wheel and would reduce

drive rnechanism reliability.

Therefore, the actual reliability of the wheel assembly of the a-c system is

significantly superior to that of the d-c system. A failure in the d-c drive

system is most likely to occur in the commutator-brush assembly, a place

where maintenance is difficult to perform and where redundancy cannot easily be

provided. A failure in the a-c drive system iv most likely to occur in the inverter.

The inverter can be located where maintenance tasks can be performed. Re-

dundant inverters can also be used.

Highest transistor current stress occurs at wheel speeds of from Z to 5 rprn when

the vehicle is obstacle climbing or climbing 35 ° slopes. High_.st junction temper-

atures occur at nearly the same speeds. An analysis of the LSSM probable mission

indicates that peak currents are required less than l percen +. of the time. t.'or

about 45 percent of the mission time current demand per motor will range from

"-- 2 to 4 amperes. No current is required for almost 24 percent of the time due to

DZ-8301Z - 1
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vehicle movement from higher to ]ower elevations.

"5.7.10 LSSM Electric Drive System Summary

Electric drive system performance characteristics, power losses and major

component weights have been discussed. In addition, methods of drive motor

control have been presented. Motor and power switch specifications were given.

In brief: The electric drive system will produce a peak torque of 1.22 ft-lb

(1.65 N-m) at a wheel speed of 2 rpm, a maximum continuous duty torque of

0.69 ft-lb (0.93 N-m) at 5 rpm, and 0.06 ft-lb. (0.08N-m} at the maximum wheel

speed of 92 rpm. This latter speed represents a vehicle velocity of approximatel_"

16 km/hr (10 mph).

Maximum steady-state input power will be approximately 900 watts at a wheel

speed of 5 pm and at a vehicle speed of 16 km/hr for maximum vehicle loading.

Maximum drive efficiency will be about 75% at I0 kin/hr. Each drive motor will

weigh about 3.6 kg (8 lb) including the heat radiator. Total weight of the power

conditioning equipment and electronic control circuitry will be approximately

14 kg (30.8 Ib) exclusing the phase-change heat exchanger,circuit breakers and

connecting cables.
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7. 0 LSSM MOBILITY SYSTEM SPECIFICATIONS

.-- 7. I SCOPE

These specifications provide the functional and performance requirements

for the baseline LSSM mobility system. The mobility system encompasses

the following subsystems:

Wheel Assembly

Wheel Drive Mechanism

Suspension System

Steering System

Chassis - Frame Assembly

Electric Drive System

DZ -8 30 12.-1
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7. Z APPLICABLE DOCUMENTS

O • "ALSS Payload Design Criteria; Structural Design Criteria", •Prepared

by Hayes International Corporation for R-P & VE-AL, NASA MSFC,

Under Contract NAS 8-5307, June 29, 1964.

"MOLAB Structural Design Criteria", Boeing Document DZ-82068,

Prepared Under Contract NAS 8-11411, August 1964.

o GM DRL Drawing Nos. PD-00810, PD-00813, PD-00816, PD-008Z0,

PD-00821, PD-00822, PD--008Z3.

o Engineering Lunar Surface Model (ELMS), KS C TR-83-D

!

%..

:2



7, 3 REQUIREMENTS

7. 3. 1 Overall Mobility System

The purpose of the mobility system is to function as a mobile platform,

day or night, capable of negotiating the soils, slopes and obstacles of the

lunar surface, while providing maximum probability of crew safety and

mission success. It shall have the capahi/ity of accommodating an astro-

naut-driver and approximately 700 Ibn_ of scientific equipment, as well

as the necessary power, thermal, navigation and communications systems.

It shall be capable of negotiating the surface profiles specified in EI.MS

at a minimum average speed of 5 km/hr, and maintain speeds of at least

16 km/hr over level hard ground and 5 km/hr over level soft ground with

soil characteristics k(_ = 0. 5 and n = 0. 5. The minimum mission range

will he ZOO km over a 14 (earth) day period.

7. 3. Z Wheel Assemb!y

The wheel assembly shall consist of the following major components:

o wheel disc o stiff inner frame

o rim o tread

o woven wire outer frame

The design of the wheel shall conform to the configuration of GM DRL

drawing PD-008?.I, and the functional capabilities and limitations as

specified herein.

Emphasis shall be placed on re'iabLtity, minimum weight, performance,

and compatibility with the lunar environment. Six wheel assemblies shall

be used to support the LSSM vehicle and to transmit drivLng torque _o the

lunar surface. The wheel di3c, which shall be attached to the drive

mechanism wheel hub, shall be a spun conical frustrum. The rim shall

DZ_83012-I
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be flanged to provide stiffness and shall be rigidly attached to the wheel

disc. The spring wire outer frame shall consist of 540 interwoven wires

in a 0. 375 mesh. Suitable materials shall be u_.ilized for the right-hand

"--- and left-hand wires to reduce the possibility of vacuum cold-welding at

the points of intersection. The ends of the spring wire outer frame loops

shall be rigidly attached to the rim. The stiff inner frame shall be rigidly

attached to the rim and shall consist of 36 loops interconnected by hat

section circumferential rings.

The tread shall cover the normal running surface of the wheel, and shall

consist of a specially woven wire braid, or separate metal lugs.

The wheel sub-assembly shall be capable of reacting the following dynamic

forces :

o limit radial wheel load 5204 N (1170 lbf)

o limit lateral wheel load 578 N (1301bf)

The wheel sub-assembly shall be capable of reacting or transmitting

165 N-m (120 ft-lb) of torque. The wheel shall be capable of a maximum

speed of 9Z rpm. The wheel shall be capable of completing 100, 000

revolutions without significant deterioration of performance. The wheel

disc shall provide for attachment of the wheel assembly to the wheel drive

mechanism wheel hub. The rim shall provide for attachment of the stiff

inner frame and flexible wire outer frame. The spring wire outer frame

shall be the primary load supporting structure of the wheel assembly.

It shall deflect 4. 30 cm (1.70 in} at the nominal wheel load of 2-89 N (65 lbf).

That is, the outer frame shall have a spring rate of 66 N/cm (38 lbf/in).

The stiff inner frame shall prevent excessive deflection of the spring wire

outer frame and shall absorb maximum dynamic loads. It shall have a

spring rate of 3t:Z0 N/cm (20'14 lbf/in).

The tread shall protect the wheel covering from abrasion and provide a

gripping tread for traction. DZ-8301Pol
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7.3.3 Wheel Drive Mechanism

The wheel drive mechanisn_ (WDM) shall consist of the following major elements:

o wheel hub o

o harmonic drive o

o spur gear reduction o

o electric drive motor o

brake system

wheel drive housing

wheel drive disconnect

radiator

The design of the WDM shall conform to the configuration of GM DRL drawing

PD-00813, and to the functional capabilities and limitations set forth herein.

Emphasis shall be on reliability, performance, minimum weight and compatabiiity

with the lunar environment.

(A

_._

The WDM shall drive the wheel assembly of the LSSM vehicle. The wheel hub

which supports the wheel shall be the driven member of the mechanical drive.

The WDM shall be supported by the steering pivots of the Ackermann steering

actuators at the forward and aft axle wheels; and by the suspension system at

the center axle wheels.

!

The WDM ahall be capable of operating in either direction or braking the vehicle

when the drive is not energized. All electrical and high-speed mechanical com-

ponents shall be enclosed in a hermetically sealed chamber. A manually oper-

ated wheel drive disconnect shah be incorporated to declutch each wheel from

the WDM for emergency operation. Each WDM shall have a passive radiator

located outboard of the wheel for cooling, and at a minimumj the four wheels

of the forward unit shall be capable of being braked by manual _neans for pur-

poses of parking. Instrumentation shall include a temperaPare transducer,

pressure switch and odometer.

The WDM shall provide, at a minimum, the output torque-speed characteristics

shown in Figure 7.3. I. These are summarized as follows: 6 Ib-ft. at 92 rpm,

68 Ib-ft. at 5 rpm {maximum continuous duty), and 120 Ib-ft. at 2 rpm {intermittent)

DZ-83012-1
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A size Z5 harmonic drive unit shall provide a gear reduction of 88: I for the output

of the WDM. This unit, coupled with the WDM housing, shall provide the hermetic

sealing capability. The wave generator of the harmonic drive shall be coupled

directly to the electric drive motor. The flexspline is a thin-walled member in

contact with the wave generator. The elliptically _haped wave generator deflects

the flexspline in two diametrically opposed areas_ and causes the external teeth

of the flexspline to eng,,ge with the internal teeth of the harmonic drive circular

spline. The output of the harmonic drive is the circular spline which shall have

gear teeth also on its outer circumference. The outer teeth of the circular

spline shall engage three small pinion gears which in turn shall drive a ring gear

attached to the wheel drive. This final reduction due to the use of intermediate

pinion gears shall be equal to 1.5: 1.

t' r

: ii

_ .

i f.i

Disconnecting of the WDM from the wheel for emergency operation shall be

accomplished manually by a single release device that will disengage the ring

gear from the wheel hub.

A conventional duo-servo two-shoe brake assembly shall be utilized for the

service brake. Actuation shall ,_e by a piZot shoe assembly which is controlled

by a small short stroke solenoid. Minimum braking torque shall be such that

with the electric drive motor de-energized, there shall be no rotation of the

wheel dr-lye mechanism when subjected to an external torque of 120 ib-ft.

(165 N-m). The service brake shall be capable of dissipating a peak power

load of approximately 560 watts, and an average continuous load of 40 watts.

For purposes of parking, the brakes shall be actuated by means of a cam device

in parallel with the solenoid armature, controlled by means of a manual push-

pull cable.

The wheel hub shall be supported by two main bearings mounted cn a circular

housing attached to the suspension system. The wheel shall be attached to one

end of ':he wheel hub. The wheel drive mechan._srn housing, in conjunction with

the harmonic drive flexspline, shall provide a hermetically sea].ed chamber for

the mechanism.

i



and instrumentation shall be located with the flexspline - housing envelope. The

hermetically sealed chamber shall be charged with a suitable gas at a nominal

pressure of four psia such that the high speed mechanical and electrical com-

ponents are protected from the low pressure lunar environrrlent.

A temperature-compensated pressure switch shall be located within the hermeti-

cally sealed mechanism. It shall actuate whenever the initial pressure (corrected

for temperature) has changed by Z5 percent, plus or minus three percentt over a

nominal temperature range of min'_s Z50 degrees to 500 degrees F. Two temper-

ature transducers shall be provided to monitor motor winding and motor bearing

temperatures. The transducers shall be capable of a range of temperature

measurement fl #m -Z50 to 500 degrees F with a maximum accuracy of plus or

minus three percent. Odometer requirements shall be as required by the N_vi-

gation System. (See Section 7.3.7 of this report. )

The wheel drive mechanism shallbe capable of operation regardless of its

orientation. It shall be capable of completing a minimum of 100,000 revolutioi_

of nominal operation without difficultyt malfunction, or repair. The wheel

drive mechanism shall be designed and constructed su,.h that, when supplied

with vcltage and power, the mechanism will meet the performance requirements

specified herein.

The electromagnetic service brake shall operate from a source voltage of 28

volts dc and shall have a ,naxirnum power drain of 30 watts. The pressure

monitoring switch shall operate on an applied voltage of approximately ?-8 volts

dc and 0.2 amperes.

Require:-nents for the electric motor are given under sectign 7.3.7 of this

s pec ific ation.

D2-83012-I
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7.1.4 Sul_,n_io.S,:'_tem

The n,tnpennt,,n sy'_'.,,rn allc:mbLv nhell con.,i_t of the following major corn-

O

O

(}

o

O

The d.-_ign _f tb*. q_[_,_n#L_,n ,_,4¢,nbly rob,ill c_ niorm to the configuration

o[ GM DR/, dr.tw_nll I'D-(_O_Z. and the functional capabili:ie_ and limitations

,_ e_l_cLfted h_'r,-tn, H/npha_!l* _l_aii be placed on reliab;-Iity, minimum

_.'e_ght, p_,rforrn_nce, ,_nd comp,_t_bLligy ,._.ith the lunar envir._nrnent. Six

auepen_l_,n .tt_t.n_blt¢.,_ n}._|l he uJed to eu_0}_rt the L.SSM _tructure, ib-

_orb flynatr, ic |,2._d, r_,._u|ll,_)i_ irom opt-ration on the lunar surface, and

prt_v_cIc- .-.t;{,,;!;!,- _:_,'tr;g ahd ,t_mpin_. at;t_._n for _'ic!_ comfort and crew

Th._ lo_,_r t_,_;apentL*,n arm tth,_l! he a "ubui,_r _etd_d s'_rucLu_e, attached

an=_'t.aM-¢ ,_h_li h,_,,.'* _ zptt_,x_[ rat,- of 2(_ N/cm (15 ib. ff,'ln) and & d.trn;An g t-ate of /j
• -t

";0 .7.; _.,'r'/c,'n (%-:."ib ._*r _t:,). D/-83G*:,.-] i



7,3. 5 Steering System

The steering system for LSSM shall consist of two essentially identical

steering actuators to restdt in Ackermann-type steering of the front wheels

of the forward unit and the aft unit wheels. The two actuators shall be

connected by means of a flexible shaft to aid in wheel angle synchronization

in turns.

Each actuator shall consist of the following major components:

o Electric Motor o Cross Li,xk

o Gear Box o End Housing

o Mechani, m Housing

The design of the steering actuator shall conform to the configuration of

GM DRL drawing PD-00816, and the functional capabilities and limitations

specified herein. Emphasis shall be placed on reliability, performance,

minimum weight and compatibility with the lunar environment.

Tv,,o actuator assembIies shall be used to position the wheels; one for the

front wheels cf the forward unit, the other for the aft unit wheels. Each

actuator shall be attached to the chassis-frame structure and the steering

links connected to the wheel drive mechanism. Each steering actuator

shall be capable of positioning the wheels up to 25 degrees from the normal

wheel centerltne. It shall be capable of maintaining any given position

against external nomin,__l lo_.ds. Switches shrll be provided to prevent

exceeding the maximum steering angle by cutting power to the steering

motor.

AH functioning electrical and high speed mechanical components shall be

enclosed in a hermetically sealed housing. The pressure in the hot, sing

sh.,ll be monitored b_, a simple temperature compensated pressure switch.

f
D2-83012-1
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A temperature transducer shall be provided to monitor motor temperature.

An emergency release for the mechanism shall be provided. Ingress and

egress of electrical wiring at the mechanism shall be accomplished using

a hermetically sealed connector.

The steering actuator shall have the following minimum torque-.speed

characteristics: 260 ft-lb (352 N-m) at a steering speed of 0.1 rpm

(0.6 degrees/see); Z0 ft-lb (27 N-m) at 1.0 rpm (6.0 degrees/see}; and

12- ft-lb (16 N-m)at 2.5 rpm (15.0 degrees/sec). In addition, the actuator

must be capable of developing a resisting torque of 407 ft-lb (55_ N-m)

to withstand longitudinal load inputs through a wheel centerline.

Each actuator shall have an overall speed reduction of approximately

1250:1 and be capable of developing a thrust of 1675 lbi (7450 N}, a rate

of travel of 1.08 in/see (2. 7 cm/sec), and a total stroke of Z.Z inches

(5.6 cm).

A drive assembly, consisting of motor, spiroid gear set and balk nut and

screw, shall provide the torque-speed requirements described above.

The drive motor-gear reducer combination _ha11 drive the spiroid gear

set which in turn shall drive the ball nut and screw. The screw is part

of the cross-link assembly that positions the wheels.

The actuator shall be driven by adc permanent magnet motor, operating

from a 28 volt dc power source. The motor sl_. tl be reversible and

capable of withstanding intermittent stall loads for 30 seconds. The motor

shall have a rated power output of approximately 30 watts with the torque/

and power/speed characteristics shown in Figure 7.3.7.. Efficiency of the

motor shall be at least 60% at rated nominal conditions.

The spirotd gear set shall provide a speed reduction of 38:1, It shall have

DE-8301Z-1
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nominal ratings of 100 in. lb of torque,

and 0. 038 HP output at 1750 rpm.

0. 067 HP input at 1750 rpm,

The ball nut and screw shall provide a speed reduction of 33:1. It shall

he capable of withstanding operational loads up to 2200 lbf.

An emergency shall be provided on the end housing so that the wheels

may be steered by means of a manual input. Tbis emergency input

shall be by means a rack and pinion on the forward unit actuator driven

by a ratchet handle.

Steering controz shall be by means of a driver operated sidearm control.

The control system can be either an open or closed-loop system.

The entire mechanism shall be hermetically sealed and charged with a

suitable gas at a nominal pressure of 4.0 psia such that all high speed

mechanical and electrical components of the mechanism are protected

from the low pressure lunar environment.

A temperature compensated pressure switch shall be located within the

hermetically sealed chamber. It shall actuate whenever the initial pressure

(corrected for temperature) has changed by 25 percent, plus or minus 3

percent, over a nominal temperature range of minus 250 degrees to 500

degrees F. This switch shall operate from a Z8 volt dc power source.

Limit switches shall limit maximum steezing position of the mechanisms

in either direction. These switches shall operate on an applied voltage

of 28 volt dc and have a rating of 0. 5 amperes,

Temperature transducers shall be provided to monitor steering motor

winding temperature. Range of temperature measurement from -250 to

500 degrees F with a maximum accuracy of plus or minus three percent

shall be provided,

D2-83012°1
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Steering actuators shall be capable of completing a n-,linimum of 5, 000

cycles of nominal operation without difficulty, malfunction, or repair.

The steering actuators shall be capable of operation regardless of its

orientation. The mass of a single actuator mechanism shall not exceed

17 Ibm (k kg).

7. 3.6 Chassis -Frame Assembly

I

J

The chassis-frame subsystem shall consist of the following major assemblies:

o Forward unit frame assembly

o Aft unit frame assembly

o Flexible frame assembly

The design of the chassis-frame subsystem shaU conform to the configuration

of GM DRL drawing PD-0C820 and the functional capabilities and limitations

specified herein. Emphasis shall be on reliability, minimum weight,

performance and compatibility with the lunar environment.

The chassis-frame assembly shall provide the basic support structure

for the entire LSSM vehicle. It shall provide attachment points for the

suspension system and steering mechanisms, and provide means for
t

accommodating crew system and scientific equipment, as well as the

po',ver, navigation, communications and thermal subsystems.

The chassis-frame structure shall be capable of withstanding repeated

flexures and shock loadsp and shall permit a minimum of 90 degrees

for the angels of approach and departure of the assembled vehicle.

The chassis-frame subsystem sha11_ provide for the retraction and extension

of the flexible frame permitting in-flight stowage aboard and deployment

onto the lunar surface from the LEM/Shelter.

The design of the chassis-fra.me subsystem ch_ll permit the following

relative displacements between the forward and the aft units"



O

O

plus or minus 15 degrees (from reference axis) in pitch

plus or minus 30 degrees (from reference axis) in roll

The forward unit assembly shall consist of an aluminum box structure

with an integral rail structure for flexible frame retraction. The chassis

rails shall be capable of withstanding the reactions of the following dynamic

loads as well as those specified in DZ-8Z068:

O

o

O

Limit vertical wheel load

Limit lateral wheel load

Limit longitudinal wheel load

5, 200 N (1, 170 lbf)

578 N ( 130 lbf)

10, 200 N (2= 300 lbf}

Four pairs of mounting brackets for the four forward unit suspension

assemblies shall be provided. There shall be guide tracks for operation

of the retractable fle_=ible frame. Provisions shall be made to accommo-

date the flexible frame locking mechanism and for attachment of the steering

actuator for the forward wheels.

The aft unit frame structure shall provide attachment points for the rear

wheel suspension assemblies and steering actuator, and prov,_d_ support

for a thermal compartment containing power system and navigation,

communications and drive electronics. The aft unit shall be able to with-

stand the loads specified above.

The flexible frame assembly shall control the relative attitudes of the aft

and forward units in pitch and roll. The assembly shall consist of the

flexible frame, pitch limiter, and pitch limiter bracket, and shall provide

an "elastic coupling" of the forward and aft units. During the stowage

mode, the flexi01e frame shall have the capability of being retracted

along the guides of the forward unit rails. At deployment the flexible frame
I

shall have the capability of being extended to its operating position. Two

locking naechanisms (one for each rail) shad be provided to secure the

flexible lrame in the locked or extended position.

D2-8301Z-1
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The flexible frame shall limit freedom of roll between the two units to

plus or minus 30 degrees and shall be capable of reacting the loads

specified above.

The pitch limiter shall restrict the pitch freedom of the aft unit to plus

or minus 15 degrees. A means shall be incorporated into the limiter so

that it can be stowed between the forward and aft units. A mechanism

shall be provided at the forward unit to lock the pitch lirniter into operating

position when the vehicle is deployed. The pitch limiter shall incorporate

snubber springs to react impact loads. The pitch limiter bracket shall

provide for the securing of the aft end of the pitch limiter. It shall serve

as a spacer and fixity for the aft end of the flexible frame.

i

7. 3.7 Electric Drive System

The electric drive system shall consist of the following major elements:

o Motors

o Power Swit ching

o Controls

The electric drive system shall perform the followin£ functions:

o Convert electric energy produced by the battery system into

mechanical energy to drive the LSSM wheels.

o Control vehicle speed in response to commands from the

manned control loops.

o Supply wheel velo=ity information .-or the navigation systetn.

The design of the electric drive system (EDS) shall conform to the functional

capabilities and limitations as specified herein. Emphasis shall be placed

on reliability, minimum weight, efficiency, controllability, performance

and compatib_ity with the lunar environment. The EDS shall be capable

of propelling the vehicle in either direction at the command of the driver.

Cooling of the power switching and ccrntrol elements shall be accomplished

by a p}mse change materi_l heat exchanser system.
D2-83012-,1
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Thc EDS motor shall be an ac squirrel cage induction motor. It shall be

bolted to a flange on the wheel drive mechanism and drive an 88:1 step-

down harmonic drive. Heat transfer shall be accomplished by radiation

attached to the case. The motor case and radiator are parts of the wheel

drive mechanism.

The motor shall be energized by cables running from the wheel mechanism

to the aft unit thermal compartment in which the power switching and control

elements are mounted. The power switching circuits shall be controlled

by control elements which receive signals from the digital tachometers

mounted on the motor shafts, and from the astronaut's side-arm controller.

The EDS motor shall be capable of producing an intermittant torque of

1.7 N-meters (1.2 ft-lb) at 0 to Z60 rpm and a maximum steady-state

torque of 0. 84 N'meters (0o 7 ft-lb) at 650 rpm. Maximum steady-state

power output shall be 95 watts at 12.. 000 rpm. Maximum motor weight

including radiator will be 3.6 kg. Maximum overall motor dimensions shall

bc So 0 inches O. D and 40 inches length:

The power switch subsystem shall produce a stepped, alterr_ting, three-

phase voltage varying from 0 to a maximum voltage of 56 volts peak. It

shall be capable of delivering a maximum current of Z5 amperes peak.

The power switching equipment is controlled by the control system which

will receive signals from digital tachometers mounted on the motor

shafts and from the drive console unit. The controls shall be mounted

in the aft unit thermal compartment. The control elements sh_ll receive

motor speed signals and drive and steering commands, and control the

voltages and frequencies applied to the drive motors. They shall control

the speed of the vehicle in forward or reverse, and shall enable the vehicle

to skid steer in an emergency mode of oper_tio_.

To interface with the navigation system, each wheel transducer shall pro-

duce a pulse train output specified _s follows :
D2-83012,,I
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le

2.

3.

4.

5.

6.

Pulse arnplitude - Any amplitude between 6 and Z8 volts.

Pulse width - Between the limits of 1 and 10 ,milliseconds.

Pulse rate - IZ8 pulses per meter or greater.

Pulse spacing accuracy - + 3%.

Rise and fal! time - 0. 1% (or l_se) of pulse width.

Load impedanc_ - 50, 000 ohm or greater.

The pulse rate specified shall be the minimum acceptable. The rate

may be increased to a higher value as long as it is a binary multiple of

distance (in meters). A +6 volt dz signal is required for the navigation

system interface when the vehicle _s going in reverse, This signal will

instruct the dist_nce computer to subtract whe,:l t:ansducer output pulses.

The steering and drive cor.,mand _ignals shall be of the analog type Varying

from 0 to 5 volts tic. Input impedance of the control subsystem shall be

1,000 ohms or higher.

Powez s-wxLcnln o s,,a_ be designed to operate from a battery voltage of

56 volts dc with voltage excursions from 5Z £o 71 volts de. The controls

shall be designed to operate from a battery voltage of 28 volts dc +I volt.

iI

61

Maximum weight of the electric drive system ,,hall be 30 kg (86 ibm).

including inverters, motors, cables and circuit breakers. Average

efficiency of the driv,_ _ system ahalt be greater tha_ 50 percent.

D2-83012-1
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8.0 FAILURE MODE AND RELL_BILITY ANALYSES

8. 1 FAILURE MODE AND EFFECT 2_ALYSIS

8.I. I Introduction

A failure mode and effect analysis was conducted for the LSSM mobility system

consistent with the guidelines of Boeing Company memo Z-50ZZ-66, "LSSM

Reliability Prediction and Failure Mode Analysis", dated Z0 December 1965.

Such an analysis is useful for makim.g system level reliability predictions for

the LSSM.

Each major component of the mobility system was reviewed for s_.gnificant

failure modes w:.'_ichwould adverse1_y effect the intended function of the com-

ponent. Significant failure modes were listed with possible causes. Effects

of each failure on the component and on the mobility system were also deter-

mined. The seriousness of each failure was considered and indicated by a

"criticality number". Possible actions to relieve the adverse effects of each

failure were listed.

8.1. Z Conclusions

_i!,:_

A review of the results, using a conservative approach, suggests the more

serious failure modes to be associated with:

(I) loss or excessive dislocation of more than one wheel.

(2) parting of the fo_.vard chassis ¢.r iqex'.ble frame.

(3) total failure of the drive electronics system.

Each of these failure areas involves almost certain abandonment of the vehicle,

with loss of iife if failure occurs outside the walk-back radius in the traverse.

8. I. 3 Discussion

The results of t/_e failure mode and effect analysis are given in the 9-page

attachment at the end of this section. Most of the features listed are not

I
i

l
i

critical due to the many redundant design features DZ,.8301Z-1 _,:

Page 8-1 _i I_



of the six-wheel configuration. Several of those failures listed as serious would

involve a significant time factor before vehicle abandonment would be necessary.

This time could be used to minimize the distance to the shelter.

Comments pertinent to the contents of the attachment are as follows:

Component Identification - This column lists each of the major mobility system

components.

Function - The function of each component is considered to aid in determining

all significant failure modes.

Modes of Failure and Causes - Modes of failure arelisted consistent with com-

ponent functions. Potential causes were determined from review of the com-

ponent drawings.

Effects on Component and Subsystem - Listed are the effect of each fa£1ure

mode on the performance requirement of the component and on the subsystem

performance.

Criticality, Number - The number refers to the expected seriousness of the

failure under consideration as follows:

(I) High probability of causing loss of life.

(2) High probability of causing disableznent of LSS_A/[, but no immediate

loss of life.

(3) Seriously degrades the usefulness of LSSM, but does not cause

abandonment,

(4) Less serious than (3) but would cause the LSSM to be kept within

astronaut's walk back capability.

(5) Least serious and might not _ause restrainment of traverse.

Alternates - Alternate modes of operation and other corrective actions that

might be used to get the LSSM back to the LEM/Shelter should the failure

OCCUr.

DZ-83012-I
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8. Z RELIABILITY ANALYSIS
i, , --

8.7_. I Introduction
. i m|

The reliability analysis results presented herein are based on the "Alphonsus

Single LSSM Mission" as defined in "Preliminary Design Study of a Lunar

Local Scientific Survey Module (LSSM)", First Interim Report. September, 1965.

Boeing Document D2-3607Z-4. This mission consists of twelve manned sortie._

with travel times ranging from 0.4 hourG to 4.0 hours, followed b 7 a remote

traverse of 50 hours travel time. Total travel time for the twelve sorties is

approximately 38 hours,

i

Assuming the usual rigorous development program the numerical results of his

study represent an estimate of the achievable level of mobility system reliability

for the twelve surties. The remote portion of the mission is not considered.

The reliability values contained in this report are based on related MOLAB data

and currently available failure rate data. The analysis assumes that the design

is adequate to perform as intended in the environment to be encountered. Further,

it is assumed that wear and fatigue, are not significant f_ctors ior the relatively

short operating times described above, except as adversely ir_uenced by ¢r_li*.y

defects.

8. Z. Z Cor_clusions
• i

With respect to the "Alphonsus Single LSSM Mi_s;_n", it wu estlrnated that the

reliability of the mobility system wr_Id be C. 99:_18 for the 12 sorties. This value

represents the probability of the mo_iity sys_m Dot causL_g mission _bor¢ during

the 33-hour total operating tir_e. This _e may be conservative since _ome

failures may be rel_air_blejdepe_ing on the nearness o_ th_ wehicle to the shelter

when the failure occurs if prcvision_ tor repair are iBcIuded.

Fi&ure 8. Z. 1 shows the L_M baseline co_ept. Figure 8. Z. Z present'_ a block

diagram of the mobility system with _ pro_bil_ty of 0uccess _raba_s for each

sub0ystem. The values apply to the IZ manned sorties.
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The reliability e_timates determined for the mobility system emphasize the

value o| redundancy in design. The wheel drive mechanisms, the most complex

of the subsyatemt$, were determined to have a negligible probability of failure

as a 3ubsystem. This i._ due to the ability of the subsystem t¢ :ontinue adequate

functioning with, ¢on_erva'.ively, o|_ly four drive mechanisms driving.

8.Z. 3 DiscL_ssion

The follow_ng discu_si_r, presents a statement of the problem, a definition of the

mi,Jsi_Jn, the approach used, and comments relative to determining the reliab_iity

,,_ the moh|llty sy_tc_'_ compor, ent_.

a. Definition :Jr Problem

In order to gain insight into what attainable probability of mission success

might be expected of a L.SSM vehicle, the Boeing Company has undertaken

to estimate the achievable level of reliability of the LSSM system, assuming

a nnL'mally rigorous dovelopment program. In order to determine, the

ova, r-all mission reliability, a similar estimate was required for the

mo!>ility" _y_tem, the results of which are presented herein.

h. t*aucl_ne L{am_lnn Deftnition

The mission operating profile chosen for this estimate is shown in

Figure 8. Z.3. The remote portion of the mission is not considered m this

reliabillty e$ttmate. The mission involved in this estimate can be simplified

'.n on_ upvrating perlo¢| of 38 hours.

c. _pproach to E_t_m_,tln;., ItelJabtlitT. -

Use of i,'a|lure Rat_ Data - A review of all known sources of mechanical

failure rate data result_,d i_ tl_e selection of the goll_._ng data sources for

the sub)set e$timatzon:

o Compe.r_m of Failure Rate Data for Pol_,ri_ Missile Hardware,

L,_._C:-_f_'_ZS00 t Novemb.-.r 1063.

_ i_.l_ab_lit'¢ Stres¢ and Fa_l_re Rate Data fez" Electrical Equipment,

_dlL-HDP.I':-/|7, 8 Augt_._t 1962.
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Although it is not an objective of this memorandum to explain the detailed

procedures of a reliabiiity estimation effort, some comments relative to

the failure rate data aeem _appropriate.

Failure rate data must be construed to be data accumulated for "random"

failures which were not time dependent, Time independence implies a

constant probability of instantaneous failure. Only with the condition of

time independence can the available failure data be used in a legical and

correct manner. When using such data, the following ass-mptions are

made: (1) the design is adequate to perform as intended in the environ-

ment to be encountered, and (Z) wear and fatigue are not reflected by the

failure rates except as the result of quality d _fects.

Failures which are used in compiling failure rate tables would be expected

to be caused by one or more of the following: (1) quality defects, (2)

abnormal environmental spikes, (3) undetected design deficiencies, and (4)

wear and fatigue. A descending order of frequency of encounter would be

expected. Wear and fatigue-induced failures would be expected to be in-

frequent since much of the basic data are from areas of use where pre-

ventative maintenance by replaceme_Lt of parts is common. The significance

of the error caused by the inclusion of wear/fatigue xailures in the basic

data should be materially reduced by the "perfect design" assumption applied

to the components under consideration.

.Factors to Modify Basic Failure Rates - Several factors were used to modify

the basic failure rate data to bring them in line with the conditicn_ of use on

LSSM. These factors, as appearing in Attachment 8, Z. 1 are explained ae

follows:

t - mission time.

Mission rime is usually considered to be 38 hours as previously discussed.

Rather than using a full 38-hour mission time for intermittent-operating

components, estimated cumulative operating times are used. Periods of
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non-operation are logically considered to be characterized by zero

failure rates for short periods.

K - factor to account for effects of environment.

Basic failure rates are considered to be directly applicable toparts de-

signed and produced under reasonably close controls and subjected to

normal operating stresses with reasonable safety factors and at ambient

conditions of 70°F and one atmosphere. With resl_ect to LSSM, normal

operating stresses would be considered to be induced via a traverse over

a moderately smooth undulating surface at a velocity of 5 km per hour.

Possible significant deviations from this would be reflected in the K factor.

Estimated effects of temperature and vacuum conditions are also reflected

in this adjustment factor.

It should be noted here that the LSSM hardware will undoubtedly receive

more extensive reliability andquality control, test, _md checkout efforts

than received by the parts represented in the basic failure-rate data. It

might be concluded that the basic failure rates could, therefore, logically

be reduced to reflect an expected lower rate. However, due to critical

weight considerations, the LSSM safety factors are expected to be smaller

than those related to the basic dat_. This and the fact that the LSSh4 will

be operating in a more severe environment are believed to rezs0nably

balance the situation.

E - Probability of failure of component to cause

failure of "IZ-sortie" mission.

Since a component failure may not always result in failure of the mission,

this factor is necessary to reflect in the -ystem reliability figure only

those failures which effect system reliability. As an example, failure of

a damper might result in subsequent mission failure only five per cent of

the time. Therefore, system reliability may be penalized for only five

percent of the probability of failure of the damper.

d. Comments on Subsystem Failure Estimates

The following discussion briefly explains the assumptions used in the esti-

mation of reliability of each subsystem and comments on some of the details.
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Chassis - Frame - The assumption is made here that a separation of the

chassis structure or failure of a suspension arm mounting bracket would

have a high probability of causing the detachment o_ a suspension and

wheel assembly shortly thereafter. Loss of one such assembly would be

expected to terminate the traverse, causing mission failure. The pitch

limiter is considered to be a non-critical component with a failure re-

sulting ira loss of pitch restraint of the trailer. This loss could conceivably

result in over-stress of other components.

Suspension - Failure of a structural member of a suspension unit is

assumed to have a significant probabilit3_ of causing catastrophic dislocation

of a wheel and drive assembly. Four attachment points offer some redundancy.

A torsion bar failure might be prevented from causing excessive displac_ ment

of the wheel by the damper stop; however, the structural member would be

subjected to increased dynami: loads without the "cushion" of the energy-

absorbing torsion bar.

Drive Mechanism - Because of the redundancy associated with six-wheel

drives, the wheel-drive subsystem can sustain, without rniasion failure:

the following: (1) one wheel drive seizure, or (Z) _%vo wheel drive:_ failing

to drive. The redundancy of thie subsystem complicates the procedure; the

details of the work are appended as Attachment 8. Z. Z. The (E) factor, youth

respect to this subsystem only, takes on a slightly different meaning. It is

used as the probability of the failure of the component to cause the indicated

mode of failure. Comments worfl, mentioning here with respect to re-

liability estimation of this mechanism are:

(a) Failure rates for the flexspline, circular spline, and wheel

bearings were doubled, when considering seizure, to account for possible

adverse effects of low pressure operation.

(b) It was assumed that gear teeth failures would be equally divided

between gear seizure and all interfering teeth stripping from the gears.

(e) •Failure of the drive disconnect would take the form of seizure of

the mechanism prior to or during attempted actuation.

(d) High speed bearings would probably fail by seizure.
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The redundancy of the wheel drive subsystem is a major factor in the

overall system reliability. The reliability of a single drive mechanism

was estimated as 0.99898. This value is not significantly better than any

of the other subsystem reliabiHties. With the six-wheel redundancy the

wheel drive subsystem exhibits a negligible unreliability.

• 4

Wheels - The assumption here is that mission failure would occur with

the failure of one wheel. A wheel failure would be considered as an event

more critical than a wheel seizure with essentially total collapse of the

wheel structure. A wheel failure could be visualized as resulting in the

dragging of the drive mechanism on the lunar surface.

The built-in redundancies of the wheel design make a mathematical model

of the wheel reliability highly complex. Therefore, rough approximations

were used in arrivi .g at a reliability figure.

Comments appropriate here are:

(a) Failure of the tread and mesh covering, although resulting in a

reducticn in traction, is considered to have no adverse effect on mission

SUCCESS.

(b) Although there are many parts in the spring wire outer frame to

fail, the probabJ.!ity of enough adjacent wires failing to produce a signifi-

cant area of failure is very remote.

(c) The _tiff inner frame has a low operation time, _special]y at

slow speed. Total failure of the outer frame would be backed up by this

morSe rigid inner frame. However, if the wheel were to operate on this

inner frame, the probability of failure of *.he inner frame, rim, rind wheel

disc would be significantly increased.

(d) The rim and wheel disc are considered to be the only critical

parts of the wheel since failure of either would probably cause a wheel loss.

Steering - With respect to steering reliability St is assumed that the mission

would be aborted with failure of either steering actuator assembly. Actualty,

the mission could proceed with certain components inoperative. If one
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steering motor fails to operatep the second motor can be used to power

both steering units via the interconnecting shaft. In addition, the front

unit includes an emergency manual steering mode. A third steering mode

is skid steering.

Failure modes considered include loss of steering torque and loss of wheel

restrainment. It was assumed that the steering motors would be operating

about one-third of the vehicle operating time. Bellows failure, excluding

the two redundant bellows, could result in failure due to cold welding of

bearing surfaces. Bellows fatiguing would be retarded by the vacuum

environment.

Referring to Figure 8.2.2. the steering subsystem reliability of 0.99827

wou_d be increased to O. 99999 if one steering unit failure could be tolerated

without causing mission failure. Mobility system reliability would be in-

creased from 0.99218 to 0. 99390.

Because cf the back-up modes of operation, in actual operation on the

lunar surface the vehicle would have a high probability of completing a

sortie even after sustaining a steering failure. System effectiveness could

be enhanced by providing for repair of failures at the lunar base.

Drive Po:_er Distribution - A two controller-inverter power distribution
,m.

and control configuration was assumed for this subsystem. One controller-

inverter feeds the starboard wheels and the other, the port wheels. The

control of r.U six wheels with one controller-inverter has not been considered

as a backup _,ode of operation in this evaluation. However, this is possible

with incorporation of a simple switching system.

If a spare controller-inverter were included in this subsystem, the subsystem

reliability of 0. 99704 would be increased to 0. 99999 and the system reli-

ability of 0.99218 would increase to 0. 99512.
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Attachment 8, Z. 1

LSSM FAILURE RATE EST!_AT_.: 12- SORTIE MISSION {Part I)

I --- |

SU BSY ST EM / C OMPONENT

CHASSIS- FRAME

Forward Unit

Chassis Assembly
Structure

Mounting Brackets (8)

Flexible Frame Assembly

Pitch Limiter

Aft Unit

Frame

Mounting Brackets

SUSPENSION

Forward & Aft Unit

Damper

Upper Arln_

Wheel Drive Brackets

Lower Arms

Torsion Bar

ao nts (6)

I

Failures/
106 hrs.

3
8

15

I0

3

4

10

2

3

2

5

6

38

38

38

38

38

38

38
38

38

58
38
38

K

1.0

1.0

1.0

1.0

1.0

1.0

2.0

1.0

1.0

1.0

1.0

1.0

E
i H

.8

.3

.8

0. I

.8

.3
_OTAL

0.05

.3

.5

.3

0. I

.3

TOTAL

6) urdt,

Failures/lO _

91

91

456

38

91

45
m

81Z

38

Z3

57

23

"9

68

ZZ8

1368



LSSM FAILURE T-_ATE ESTIMATES: IZ- SORTIE MISSION(Part 2)

SU BSY ST EM / COMPONENT

DRIVE MECHANISM

Disconnect

Pins

Pin Spring s

Re strz_ning Ring

Electric AC Motor

Bearings

Gear Train (4 gears)

Harmonic Drive

War- Generator Bearingl

F1exsplir, e/Circular

Spline

Brak (f 8
Actuator

Spring
Wheel Bearings (2)

|

Failure s /
10 6 hrs.

w

Failure .'_
i

1.0

0.5
1,0

Failure h

z@
4000 rpm

8

1

6

F_LIu re M

I

2

IZ

t hrs. K

lode: Diaconne
i i

1 2

1 !

38 2

lode: C(_nnecte

38 2

38 2

38 I

38 2

_de: Un¢:onnect

I

li
38

38

E

:t Failo
i

1 Comp,

1

.8

,d Cow

1

.5

.5

I II

Failures/10 (

to Oper to

Z

.5

76

78

)nents S_eze
i

• 152

304

38

365

,onenl:s

1

38

456

495
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LSSM FAILURE RATE ESTIMATES: 12-SOKTIE MISSION (P,_rt 3)

BSY STEM/COMPONENT

Electric AC Motor

Stator Windings

Gear Train (4 gears)

Harmonic Drive

Flexspline Structure

Flexspline/Circular

Spline"

Structure

Housings

Drive Disconnect

Pins

Failures/
10 6 hrs.

Failure M

l@.
165o C

8

t hrs.

ode: ,C

K E

_mpon_

3

6

2

38 Z

38 1

38 .5

38 1

38 1

38 1

i

ats Fai

.5

I

.2

I

Failure s/lO (

to Drive

76

152

57

46

76

114

521
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LSSM FAILURE RATE ESTHV_TF_,S: IZ-SORTIE MISSION (Part 4)

I !

SU BSY ST EM / C OMPONENT

WHEELS

Wheel Structure
Tread

Mesh Cover

Spring Wire Outer
Frame

Stiff Inner Frame

Rim

Whe_l Disc

Fasteners

STEERING

Motor

Bearing & Bearing
Sur£ace s (9}

Gear Train (4}

Ball Screw _ Nut

Steering Link (Z)

Bellows (2)

Hag.-- Re straimnen_ s

DRIVE POWER DISTRIBUTIC

Controller-inve rte r s

T ,,-

Failure s /

106 hrs, t hrs.

I0

8

_x360x. O05

15
3

3

1

18

9

8

4

Z

6

3

* From

38

38

38

1.0
38

38

38

10

10

38

38

38

38

38

38

Refere_

K

.8

.8

.5

°5

.5

.5

.5

1,3

1

1

1

1

.8

1

ce (e)

E

0.0

0.0

0.2

0.8

1.0

1.0

0.3

rOTAL

:6) unit,

.5

1

.5

°.5

.9

.05

_OTAL

,Z)ur_ts

I

_ailures/106

0

0

34

6

57

57

6

160

960

Z34

45
3O4

76

38

164

6

867

1734

Z964
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A 4.4- _ _._ _ ,_

ESTIMATE OF LSSM WHEEL DRIVE MECHANISM RELIABILITY

;uccess Definition: Mission may continue with one wheel drive seizure or two

-__. ,heel drive failures to drive. (This redundancy allowance is less conservative

ban that reflected in reference (d); results using other criteria are included in

his enclosure).

Rsubsystem = Pr

+P
r

(exactly one wheel seizure will occur)

(no more than two failures-to-drive occur).

let: P = P (seizure)
s r

PF z Pr (failure to drive)

PC = pr (good)

R 4 ( 6 5 Z 6 i 6-i 5 5 Z p4- i) P + _ P = 6P +6PFPG + 15PF Gs P6 l=o I PF G sPG

) (seizure):
r

!
Unconnected Drive / Connected

Wheel-(_---- Components __ Disconnect _Components
(u) (d) (c)

P = P (connected components seize and dJ.scor,nect cannot be operated
s r

,r unconnected components seize or both connected and unconnected components

_eize).

P
S

P
s

= P (c seizes) x P (d cannot be operated) x P
r r r

+ P (u seizes)+ (o).
r

= (.000859) (.000080) (.999505) + (.000495)

(u does not seize)

P _ .000495
s

(Note: Values obtained from enclosure (4), pgs. 2 & 3,

developed using ref (d)).
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Subsystem R:

s

PF =

PG =

R

s

+

K -
$

•000495

•000521

•998984

6 (.000495) (.998984) 5 + (.998984) 6 + 6 (.000521) (.998984) 5

15 (.0005_I) Z (.098984) 4

.999988

For other "success" criteria:

Failure ._llowanc e

w/o Mission Failure

None -- All

Wheeis operate:

One Wheel

5eize_:

Drive

Reliability

.995919

•99687-I

Mobility System

Reliability

•986155

• 989087

Gne wheet fails

to D rive:

Two v-,heels fail

to Drxve :

• 99702')

•997033

•989241

.989245
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9.0 CONCLUSIONS

This report has discussed the process leading to the selectien of a 6 x 6 semi-

flexible frame vehicle as the preferred LSSM baselhne concept. Analytical,

scale-model and computer techniques for evaluating the mobi_lity performance

of vehicles in general, and the baseline LSSM in particular, were described.

A preliminary design was performed, in sufficient detail to demonstrate

feasibility and to develop a substantial degree of confidence in the ability

to implement the design- the LSSM mobility system consisting of the following

subsystems: •

o Flexible wire frame wheels

o Individual wheel drive mechanisms with AC induction motors

and harmonic drive reduction

o Identical parallel arm suspensions with torsion bar spring element

and linear hydraulic damper

o Identical DC motor drive Ackerma_m-type cross-link actuators

for front and rear sets of wheels

o Chassis-Frame consisting of forward and unit box structures,

flexible tubular rods connecting the two units, and a telescoping

pitch limiter.

o Electric drive inverter-modular control system

Some of the major conclusions reached during the course of this study were:

o Based on considerations of mobility and reliability to increase

the probability of mission success and crew safety, the preferred

concept for the baseline LSSM is a 6 x 6 articulated frame vehicle.

o The use of six individually powered wheels and two-a.xle steering

provides important redundancies in case of mechanism failure.
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