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FOREWORD

The report is the Final Technical Report for Phase I of

Contract DAAGS3—76—C—0144. This report discusses the

theoretical investigation which provided the mathematical

basis for the development of a Stability Monitor/Controller.

Phase II of the contract is covered in a separate report

which documents the system fabricated and test results.

This study was conduc ted by the staff of the Fluid

Power Research Center . Oklahoma State University , direc ted

by Dr. E. C. Fitch , Jr., Mr. Robert L. Decker was Program

Manager and Mr. R. L. Brown Project Engineer .

Project Personnel contributing major efforts to the

project were:

C. A. Whitehead

B. Burns

B. Talbot

In addition , var ious members of the Fluid Power Research

staff contributed to this study .

The Contract Officers Technical Representative for this

contract was Ms. Claire Orth , U.S. Army Mobile Equipment

Research and Development Command, Fort Belvoir, Virginia.
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CHAPTER I

INTRODUCTION

Mobile equipment is inherently susceptible to the damage or

loss of control resulting from an unstable operating configu-

ration. This instability can be of the form of impaired vehicle

controllability or complete loss of control experienced by

the operator. In either case, this dangerous situation could

result in injury or death to the operator or bystanders . In

addition, accidents can result in financial losses caused by

damages to the vehicle and payload. Although these dangers

are present in all mobile equipment, material handling equip-

ment (MILE) poses an especially acute problem. Vehicles such as

lift trucks and mobile cranes often handle extremely heavy

loads. The ramifications of an accident with these loads can be

particularly disastrous.

The problem of vehicle stability has been studied for some

time. Studies during World War II and during the post war

years resulted in the establishment of design rules which were

intended to provide adequate stability. These “rules—of—thumb ”

typ ically were stated in terms of ratios of moment arms which

are related to the location of the vehicle counterbalancing

moment arms and load moment. Various studies were made which

tended to promote the concept. In recent years, lift truck

manu fac tu rers have developed ma thematical models to aid in

1
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insuring a vehicle design with adequate stability [1]. Extensive

effort has been expended in the development of models which

accurately predict vehicle trajectories when subjected to an

unstable configuration. Some of these studies have resulted in

models which are descr ibed by differential equations which have

no closed form solution. In addition , parameter uncertainties

result in potential difficulties in utilizing these models.

At the present time, the final determining factor in

stability design for lift trucks and similar vehicles is based

on the successful completion of a series of static slant table

tests which are intended to simulate various situations

encountered in the field. The American National Standard B56.l

[2] serves as the “test—b y—f ire” f o r  warehouse lift trucks and

similar vehicles. ANSI Standard B56.6 delineates the test for

rough terrain—type lift trucks [3]. All manufacturers test

their vehicles to these standards. A series of articles over

the past 20 years has attempted to justify the slant table

cr iterion.

Al though var ious design rules , models and test procedures

have been developed , the fact remains that material handling

vehicles are susceptible to instabilities and accidents do

occur. A recent study of serious personal—injury lift truck

accidents revealed that the second most common cause of these

2
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accidents was tipover or rollover of the truck S (This was second

to passerby struck by a moving truck.) The stuly also found that

over a third of these accidents involved operators with one year

of experience or less [4].

Based on the accident reports , the control of vehicle stabil-

ity is certainly needed. This control could be of the form of a

hardware cont roller or a monitor device allowing for operator—

augmented control. This study is concerned with developing the

necessary mathematical bas is and algorithmic processes for

implementing a stability monitor/controller . The ultimate goal

of this study is to investigate and demonstrate the feasibility

of a device which could be installed on vehicles in field environ-

ments. A mathematical model of the vehicle and load is developed

to first explain the basic phenomena encountered and, secondly ,  to

provide a mathematical basis for specifying the controller.

Pragmatic considerations dictate that the model should be of a

complexity which is read ily implemented by low—cost analog or dig-

ital equipment . The suitability of the model is explored by

laboratory tests on an actual vehicle (refer to Phase II report).

The evaluation of the monitor/controller is to be based on the

following criteria:

1. Speed of reaction to a dangerous condition .

2. Interference with normal vehicle operation .

3. Probability of malfunction and potential effects.

3 
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4. lnterchangeability on several different vehicles.

5. Ease of installation .

6. Simplicity and durability .

7. Size

8. Ease of field maintenance.

9. Cos

t . 4



CHAPTER II

DEFINING AND IDENTIFYING VEHICLE INSTABILITIES

This chapter defines vehicular instability. The modes and

causes of instability are discussed , and a mathematical model iS

developed to relate these .

When possible , the concepts developed in the following sec—

tic’ns will be considering MIlE in general. Because of the broad

scope of MHE, the application of the concepts will be limited to

conventional warehouse counterbalanced lift trucks (CBLT). This

does not preclude the use of these concepts on other MILE. The

appropriate differences in vehicle geometry and app lication must

be incorporated in the mathematical modeling.

THE CONCEPT OF INSTABILITY

The term “instability” is subject to a variety of inter-

pretations . The motivation of this study is to eliminate or lessen

the potential dangers associated with the operation of material

handling equipment . Vehicular instability will be defined as a

vehicle configuration and loading which will result in the loss of

operator control. The concept of relative stability is important

because it relates the relative danger to vehicle , operator , and

bystanders. The degree of impairment of the capability to control

the veh icit will be considered the relative stability of the vehi-

cle.

5
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Note that this defines instability . Only through appropriate

choice of system and “ou tpu t s ” can conventional systems theory

d e f i n i t i o n  of s t a b i l i t y  be equated to this  above d e f i n i t i o n .  This

was selected in order to facilitate the development of a stability

monitor. The needs of such a device dictate a departure from what

can be considered a more mathematically pleasing approach .

Conventional MIlE is designed for translation about a longi-

tudinal vehicle axis. Uncontrolled longitudinal rotation (pitch),

lateral rotation (roll) or spinning (yaw) of the vehicle are

dangerous conditions and are therefore considered unstable. Pitch

and roll are typical of instabilities encountered by counter-

balanced vehicles in stacking operations and loadrd transfer

operations while ‘l’aw is common in unloaded transfer operations . If

the vehicle is rigid , then pitch and roll will result in the

removal of one or more tires from their point of support while yaw

can occur with all four tires remaining in contact with the ground .

Instabilities can be separated into two classes — static and

dynamic. Static , in general , refers to systems which possess the

property in which the effect variable at any instant in time only

depends on the value of the cause variable at any instant in time

[5]. These have been called memoryless systems because there is

effectively no time lag in the system. Dynamic systems are systems

with memory : i.e., the time lags must be considered. Not only is

the effect variable dependent on the present value of the cause

6
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variable, but it is also dependent on the past values of the cause

variable. The vehicle is certainly a dynamical system. If thc

cause of an instability results in the system behaving as a static

system, then this will be considered a statically—caused

instability. This is characteristic of a CBLT which is slowly

lifting a load and becomes unstable; the time lags are of no

consequence. A dynamically caused instability is characterized

by suddenly stopping a load as it is being lowered —— note that the

system b Thaves as a dynamical system and memory is present.

QUANTIFYING INSTABILITY

At this point , consider the specific example of the counter-

balance lift truck (CBLT). The system consists of a vehicle and

load. Movable attachments to the vehicle will be considered part

of the load and only the fixed portion of the system will comprise

the vehicle . The vehicle is supported by four tires. The front

tires (steer wheels) are attached to the vehicle via an axle

assembly which is pivoted to allow rotation of the axle with

respect to the vehicle about a longitudinal axis (refer to Fig.

2—1). This articulating axle allows the four tires to be on a

non—planar surface.

It long itudinal instabflity of this vehicle is typified by

rI) tat ion  :ihout ~ tlier of two axes. These are :

7
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1. Axis connecting the point—of—support of the two front

tires .

2. The axis of rotation of the front tires (front axle).

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

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

E ER 
EAR)  
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- 
— 
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REAR A X L E PIVOTS

7ROLL AX IS 
I 

~~ 
‘
N...

.< ~~~~~~~~~ VEH ICLE.

Fig. 2—1. Basic Vehicle Conf igu ra t ion

Rotat ion about both of these axes is possible if the brakes are not

applied . For s tacking operat ions , the  f i r s t  is considered of

primary importance.  This axis w i l l  be def ined to be the p i tch

axis. Rotation about this axis will result in the removal of the

reactions at the rear tires .

Lateral instabilities of the vehicle are typified by rotation

about either of two axes designated left and right roil axes in

Fig. 2—1. This can he m ore clear l y iinderstoo~ bY observing t hat

the articulated rear axle allows for rotation of the vehicle with

respect to the rear axle. In this situation , the vehicle can be

considered to be supported at three points: the two front tires

and the pivot point on the axle. Rotation about either of these

8
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roll axes will  resul t  in the removal of react ions at the t i r e

opposite the axis of rotation (that is, the point of support not

connected by the axis of rotation). Rotation can occur about either

of these two axes until the vehicle encounters a stop on the axle.

If the vehicle then continues to rotate , this will occur about

an axis connecting the point of contact of the two tires on one

side of the vehicle.

At this point , several observations should be made regarding

the articulated axle. This results in a greatly diminished lateral

stability compared to a fixed axle design . The counterbalancing

moment of this vehicle is quite snall as a result of this. In

addition , the weight of the rear axle does not contribute to the

stability because the pivot point will not support a moment.

Finally , the vehicle may rotate about the roll axis, lifting the

opposite front tire off the ground; but ,when the stop on the axle

is encountered , rotation may cease. In this case, it would

require additional loading to continue rotation about the new ,

more stable axis. (Design techniques exist for enhancing the

lateral stability [6~1, hut these will not be considered.)

Spinning of the vehicle is defined as yaw . Although this

is an important aspect of the stability of the system , it is beyond

the scope of this study .

Several difficulties exist In characterizing the pitch and roll

axes. First , the point of contact of the tires is actually an area

9
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and the axis passes through this area , but the exact location is

d i f f i c u l t  to spec i fy.  Secondly,  the axes are dynamic.  The

actual position of these axes will change depending on load and

vehicle orientation. This results in the necessity of specifying

a nominal axis.

In order to quantify vehicle stability, consider a vehicle

as shown in Fig. 2—2. The coordinate system is as shown w i t h t h e

origin at the intersection of the p i tch  and l e f t  ro l l  axes.  This

system is in dynamic equilibrium;therefore , Eq. (2—1) and (2—2) are

valid.

~ F O~~R R~ ÷R 3~ R 4~ +

O
~~~ 

-~- ~ ~~ 
F~3~R 3 ~R4 ” R4

where:

R1, R2, R3, R4 
are reaction force vectors at the f~ ur ti r1 ”~.

is the load force vec tor .

F is the vehicle force vec tor .S i r
jx

= y are position vectors to the various forces .
Lz

Moment about the pi tch axis (which coincides w it h  the X axis)  is

found by performing a linear transformation on moments about the

origin as shown on the next page [7].

10
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Z ~~ p I4c k ~~~

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

where

~ Mpi4~~~ 2~ I~~~ (f tx F~ ~~~~~~~~~~~~~~~~~
~~~~

Note that:

- R 2 (O’

Then

~~~~~~~~~~ (~~
x
~~V +~~

L,( F ) 4  ~~ ~
.- •(P ~R3 -i- PR~.~& R 4.~)

pik. t-~ C 
~ 

R 3 ~~~~~ ) - 

~~p;tc*s (p~ 
.
~ ~~~~~~~

(2—3)
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The l e f t  side of Eq. (2—3)  is the moment about the p i tch  axes

which results from the reaction at the two rear tires . The right

side of this equation is the negative of moment about the pitch

axis caused by load and vehicle force. This reaction—action

re la t ionship  quan t i f i e s  the vehicle s t ab i l i t y .  For a s table

configuration , the reaction at the tires must result in a negative

moment . The magni tude  of th is  moment provides a measure of

relat ive st ab i l i ty .  As the moment approaches zero , the  veh ic le

stability approaches a threshold condition. Because of physical

considerations , these reactions cannot support a negative moment.

Simil a r ly ,  the moment about the pitch axis resulting from the

load and veh icle forc es 
~~~Pitch ~~~~~ 

x F
V 
+ 

~L 
x F

L
)] must be

positive for a stable condition and approaches a threshold condition

as this moment approaches zero.

In order to determine the stability about the roll axes ,

consider the system shown in Fig. 2—3. This system considers the

pivot to be a point of support for the vehicle and is equivalent

to the original system with the appropriate reaction force and

moment.

This system is in dynamic equilibrium. The moment about my

point 
~~~ 

is zero .

~~~p~~O= (~~-P,¼)~~F~-s~ ~~~~~~~~~~~~~~~~~~~
+ 

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

13
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where :

(P~ —P~~’s~~ —

is the moment caused by the vehicle without the axle assembly. In

addit ion

tF-O- RI~ R~
-
~R s~ FL+ 

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

The moments about the orig in are found as fol lows :

- 01 0
3

> M0 ~~ I ~ J = ft ~ EL i- F, ~ L ~~ 

~ ~
‘R~ ’ 

R ~
+

The moment about the l e f t  roll axis can be found by a l inear

combination of the moments about the origin as shown in Eq. (2—4),

where ALR is the direction cosine vector for the left roll axis

and is defined in Eq. (2—5).

E ML~ ~-L R (
~~Mor~j~t.~)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-s-

(2-4)

15
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(2—5)

~ MLg~~O~~~ 
(P~ ~~ P~ Fv~~2L~ 

(P
~L~ ~~~~~~~~~~

+ 2~~ ~~~~~~~ ~~ LR ( ~~~~~~

~~~~~LR M~5
Assume that the center of gravi ty  of the axle co inc ides  w i t h  the

pivot point.

~AXLE

Using vector identity and rearranging this equation , the following

is valid .

-( P R2)=- 
~~~~ 

(PLs FL-t~~~Fv)-t 
~~~~ LE (2 L~~~~~~~ 

PA~~LE~~

MRS

~~~(p~ ÷ (- & P~ )

5± ~~~~c~~~~~- 2L~ MR~

~~~~~~~~~ 
(PL~~~~~~PL ~

- 
~

(2— 6)

The left side of Eq. (2—6) is the moment about the left roll

axis caused by the right front tir e . The ri ght side of the

16



equation is the negative of the moment resulting from the load and

vehicle forces. For a stable configuration , the reaction at the

tire should r e s u l t  in a nega t ive  moment and the moment causLd b\

the load and vehic le  forces should be pos i t ive . U n l i k e  t h e

previous case , the react ion at the r ight  f ron t  t i r e  can support  a

positive moment about the left roll axis. This is considered a

h igh ly  undesi rable  s i tua t ion  and is the re fo re  cons idered  u n s t ab l e .

Relat ive s t a b i l i t y  is indicated by the magn i tude  of the  load and

vehicle moments. As these moments approach zer- . th~ stability

approaches a th reshold  s it u a t i o n .

The moment about the right roll axis can be found by first

determining the moments about a point on t h is axis 
~~~~ 

then

performing the appropr i a t e  transformat ion  u t i l i z i n g  the d i rec t ion

cosine for  the r igh t  roll  axis.

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
~~~~~~ FA~~L~~~~

(PR I  P~ y~ R~
-4-

~~~ 
R 1 FL -- Py ’~Fy =F 

~~~ R$-P,~ L~~ 1A~~L~

± M P
R~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~5~~~~~~~~~~~~~~~L~~~~)
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‘R
~~~~ ~~~~ R~~~ ~~~ ~~~ ~~~~~~ ~~~~~~~

— 

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

~ R . 3
-+ 1RR E

~ 
P~~~~~2~) ~~~~ LEI~~

2RR MRS
-

~~~ ~~(Pg~~PR.~D
r~~- r~~

By s u b s t i t u t i o n  and vec to r  i d e n t i t i e s :

1~~•(— 
~~ 

RI~~~~~RRI ~ ~Lx~ -~ ~~~~~~~~~~~~~
+ 

~~~~~RR M
5

(2—7)

As in the previous two cases , the left side of this equation is

the moment about the axis resulting from the reaction at the left

front tire. This moment is to be negative for a stable condition.

The right side is negative of the moment about the right roll

axis caused by the vehicle and load forces. The moment

x F
L 
+ x Fv 

— 

~R2 x (F
L 
+ Fv)) should be positive for a

stable configuration. The magnitude of this moment provides an

indication of relative stability. As the moment approaches

~‘e ro , the vehicle stability approaches a threshold condition .

Equations (2—3), (2—5), and (2—7) were derived to describe the

stability of the vehicle. Each equation serves as a measure of

relative stability about one of the axes of rotation . Therefore ,

18 



def ine the Vehicle Stability Vector (5) as in Eq. (2—8).

2 p 4 ~~h R3 + F~4~ R4 ’)
S=  SLR ~~~ LR - ( ~~~~~~

SRR
In addition ,

~~~~ ~~~~~~~~~~~~ 
(P~F+ ~ F )

S= S~ = 
~ LR ( F L~~~F~~ FV ’) 

—

(2—8B)

It is important to understand that the terms in the vector S are

the moments about the pitch , left roll , and right roll caused by

the reaction at the point of support of the vehicle which is

providing the stability to the vehicle. This vector has been

defined such that the sign of each term provided determines the

vehicle stability.

The basic concept in the design of a counterbalanced vehicle

is to provide sufficient moment resulting from vehicle forces to

counterbalance the load moment which tends to cause the vehicle to

become unstable. Define the Counterbalance Moment Vector (M) about

some point 
~A 

as follows :

M~ -~ ~~~~~~~~~(PV~-PA~~’Fv (2-9)

19
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Eq. (2—8) can then be expressed as shown in Eq. (2—10) .

--s~ XLR M
~~~~~~~~~~~~~~ 2L~~~~~~~~~

M
B

~~~~R~~~~~~
NAO~~~~ ~~RR ( ~~~~ FL4~~~~~~~~~M~

(2—10)

~~~~~
= 

~LR MO~~2l~~~MS

R MR R ~~~~~~~

Appendix A analyzes the significance of N
5 
on the above equation .

If it is found that this term adds little significance to the

determination of S, which is often the case , then this equation

can be ~- ritten as shown in Eq. (2—lI).

r~ ~~~~~~~~~ t\A 0
~~~~~~

~~RR M~~~ 
(2-Il)

A block diagram interpretation of Eq. (2—11) is shown in Fig.

2 — 4 . The load forces and load position are combined to create

a load moment (LII). The vehicle forces and position are combined

for thi stabilizing moment (Sf4). The sum of these two results
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in the Counterbalance Moment (N). This is used to determine the

veh icle stability (5).

LOAD Y0 ME’~~
(LM)

LOAD s. I LOAD j~— COIJNIER
FORCES 

SYSTEM BALANCE VEHICL E
LOAD 4 ____________ I MOMENT STABIL IJY
POSIII ON 

_____________ VEC T OR VECTOR

VEH ICLE  
VEHICLE  I

STABIL IZ ING MOMfl~T

( SM)

Fig. 2—4. Block Diagram Interpretation of the Vehicle Stability

Equation (2—il) will serve as a q u a n t i t at i v e  d e f i n i t i o n  of

vehicle stability. This definition is well suit:ed for the fol-

lowing reasons:

1. Provides a measure of stability which is compatible with

intuition .

2. This definition e~ ôlvcd from a mathematical analysis

of the system.

3. The D’Almenbert approach results in a complexity which

is well suited for imp lementation with low cost equ ipmen t .

4. This definition is well suited for integrating S into an

automatic control system .

It is important to remember that the motivation of deriving this

t h eo ry  is not to accurately specif y the trajectory of the vehicle

for various inputs but to provide a theoretical basis for the

21



for the development of a stability monitor/controller. Equipment

manufacturers have developed vehicle stability models for use in

design of ~fliE. The mathematical comp lexities which rest’lt would

not be suited for implementation as a real—time monitor/controll er.

This development provides the mathematical foundation for

development of a monitor/controller.

22
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CHAPTER 3

DETERMINATION OF VEHICULAR INSTABILITIES

A device to monitor/control the stability of a vehicle must

measure variables related to the vehicle’ s operation , operate on

this information , and output the appropriate warning/control.

It is necessary for the device to operate in a real—time environ-

ment. Although a wide variety of possibilities exist , the

parameters measured must provide a reliable indication of stability

and must be readily measured with suitable transducers . A suit-

able methodology must be developed to relate these measured

variables to vehicle stability. This chapter utilizes the theory

from the previous chapter to develop the stability monitor.

TYPES OF MONITORS

Several methods of determining the stability of the vehicle

are feasible. One viable approach is to measure various parameters

which will characterize the load and vehicle and calculate the

stability of the vehicle. Another approach is to measure the

vehicle stability directly. This is feasible since the quanti-

tative definition was established based on physical parameters of

the system. These two approaches will be defined to be the “cause

method ” and the  “ e f f e c t  method , ’ r e spec t ive ly .  These have been

named to r e f l e c t  tha t  the former  measures the causes of the ins ta—

b i l i ly ;  i.e., load force , position , etc. The latter measures the
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actual effect of the instability.

Consider utilizing the “cause method” for a monitor !

controller. A block diagram of such a monitor and the original

system is shown in Fig. 3—1. The load forces and position

are measured , and the load model is used to obtain an estimate of

the load moment (LM*). Similarly, an estimate of the Stabilizing

Moment (SM*) is obtained from measuring the vehicle forces and

position (orientation) and inputting this into the vehicle

model. Estimates of the Vehicle Counterbalance Moment (M*) and

Vehicle Stability Moment (S*) are then obtained . This information

is used for the stability evaluation. Note that this method

measures the parameters affecting stability, and the vehicle

stability is calculated . The accuracy of such an approach will be

dependen t on the ac cu ra cy and applicability of the various models.

The utilization of the “effect ” method is shown in Fig. 3—2.

The stability of the vehicle is measured directly, and appropr iate

actions are performed based on this measurement. The accuracy of

this approach is merely a function of the measurement accuracy . It

is not dependent on the accuracy or suitability of models as in the

previous approach. This method is certainly a more direc t

approach.

In order to determine an optimal approach , additional factors

must he considered. First , thu uncertainties of measuring required

paramerers must be considered. The cause approach requires the

24



measurement of the load forces and load position . It is extremely

difficult to devise a means of uniquely characterizing the load

posit ion (load center  of g r a v i t y )  on a r e a l — t i m e  basis fo r

generalized loads. A second consideration is the suitability of

the transducers to a field environment. It is not sufficient

that a parameter can be measured by means of conventional measure-

ment devices , it must be measurable in a field environment . Note

that the effect type system requires the measurement of S. Because

of the way this parameter was defined , it can be determined by

simply measuring the reactions in the four tires. This could be

easily accomplished in a lab by wheel scales but is of no use for

a monitor for mobile vehicle operation. Att empts to measure para-

meters such as axle deflections which would be directly related to

the parameter of interest fail to provide adequate information.

These two considerations complicate the development of a

stability monitor for NilE. The approach which is seemingly

superior because of simplicity and accuracy, the effect approach ,

fails to be suitable when the evaluation is augmented with the

considerations of measurements. In fact , it can be simply stated

that the problem is one of measurement . A theoretical framework

has been developed which is of manageable complexity , but the

parameters required by th is theory cannot be reliably measured.

Unfortunately, it is a problem associated with the physical system

under cons ideration and not the theory . If the proposition that

25
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the major obstacle which must be overcome is one of measurement ,

then an acceptable approach is to determine parameters which can

be reliably measured and then relate these to the parameters which

are required by the systems proposed in Fig. 3—i and 3—2. In

fact , it is reasonable to assume that an acceptable monitor may be

a hybrid system , a combination of the two systems .

- — ..~ ~~~~~ M~~’.’f ’.~ ~o~-
-- - ~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~ -

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

H)RCES S
I ~ I~~ICL )  POSITI O N ~~~~~~~

I S I  SRI  1 VI ~~ N’

- - - 1STAIS I I ~~’~ .~I’ \  nil

~~~~~ ~~~~ I__-

I ~~~~~ ‘~~I~ 
- - S I  A B I L I T S  ~~A RNING

I H—II

L h ~~~ I1~III
Fig .  3—1 “Ca u se ” Type M o n i t o r

Consider as a candidate the system shown in Fig. 3—3. This

system is similar to the cause sv~ tem with one difference. An

estimate of the  load m om e n t  (LM ~~) is derived from various

26
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parameters of the mast assembly . If this approach is successful

in obtaining the required information , an add ed benef it may be

derived —— the model for the mast may be much simpler and more

accurate than the model of the load required by the “cause” type.

In particular , the load dynamics may be reflected into mast

parameters such that a simple static model of the mast will be

sufficient.

LOAD 

~~~~~~~FDRCES L ) S Y S T E M  I 
—~~~ ~~~~~~ 

S T A ~~I [ I T S  MONITOA

POSITION ~~~~~~~~~~~~~~~~~~~~ 
. 5,

~:€~:: 
~~~~~~~~~~~~~~~~~~~i C )

Sfh

Fig. 3—2. “Effect” Typ e Mon itor

The monitor propsed in Fig. 3—3 will be feasible if a model

which relates the load moment to reaily measured mast parameters

can be derived. Parameters which can reliably be measured include

pressures , mast angle , and strains associated with large defro—

matfons. Parameters which are not readily measured are large dis—

27
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tances (such as fork height), strains in a member which exper ience

only small def ormation , and forces internal to load bearing members.

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

I MODEL

Fig. 3—3. H hrid Stability Monitor/Controller

MONITOR DEVELOPMENT

In order to investi gate th~’ feasibility of such a system ,

consider the typical mast configuration shown in Fig. 3—4. The

system is in dynamic equilibrium ; therefore , the following is

valid.
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Fig. 3—4 Mast Configuration
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~~~~~~
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P~~-~~ )~~1j~~~# 
~~~~~~~~~~~~~~~

(3—1)

In order to simplify this discussion , assume that the forces in the

*two tilt cylinders are equal . In addition , def ine two new forces

as shown in Eq. (3—2).

- 
_ _ _ _ _

2~1E:r~
(3—2)

T h e  forces and F
M2 can be expressed as shown in Eq. (3—3).

* The two hydraulic cylinders which comprise the tilt mechanism
typicall y are hydraulically connected in parallel. In a static
confi guration this assumption is correct. Pressure drops in the
connecting lines  can result in this assumption being invalid in
the dynamic case. This assumption does not reduce the generaliL~of this deviation and is used only for simp lification.
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Frs~ = Frs~~ L~~ .,
~~~~~~~~~~ ~~~~~~~~

(3—3)

These equations and the equality of the tilt cylinder forces is

used to obtain (3—4) from (3—1).

~ r—rz,~- rTI - rT~~

�~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

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

(3—4)

~ F 0 F~ ~~~~ ~

(3—5)
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Substitute (3— ) into (3—4).

x(-~ F-F - (~~~-~~~~ L~F~J

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

~~~~~~~~~~~~~
~~~ rY~~% rr 2.

D~~~~r~—

Then

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
(3—6)

Let

0

0

Then

r~~

( 3—7 )

E q u a t i o n  (3—7)  can be used to de te rmine  the  load . L l I C Ut

x if a l l  of the v a r i a bl e s  in t h i s  eq uat i on  are r e a d i ly

32



~~~~~~~~~~ -- ~~~~~~~~~~ - - . -- 

measured. The force in the tilt cylinder is easily determined by

measuring the pressure in the cylinder. Unless F
L 

and

(or P x t
~
F
M

) can be readily determ ined , this method offers no

improvement over the previously considered method. In further

investigation of these, consider the following.

The load force , FL
, must include the force resulting f rom

weight of the load (i.e., gravitational acceleration of the mass)

and external accelerations. Eq. (3—8) provides this basic

relationship.

FL ~-~~L 2~ L

where:

WL 
= we ight of load

M
L 

= mass of the load

g = gravitational acceleration

A L 
= d i rec t ion  cosine vector mapping Newtonian referenced

weight force into vehicle coordinates

— = load accelerations
a

1
Note that the direction cosine is required to map the weight force

into the vehicle coordinate system . This allows the vehicle to be

on non—horizontal surfaces. If the weight of the load is to be

measured via a vehicle mounted transducer , then the weight will

not be measured , but a component of the load force in a vehicle

referenced direction will bLI measured . Accelerations of the load ,
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whatever the source , can only be sustained for short periods of

time. Filtering this measurement , by whatever means available ,

wil l  remove the influences of the load accelerations. Therefore ,

consider only the component in u direction :

FL U 2 L~ 
m 

~~~ 
C4 ~. ~

where :

a is the component of the load acce l e r a t i on  in t h eLu

u direction.

A direction cosine relation weight force direction in a
Lu

Newtonian re fe rence  to the u d i rec t ion  (scalar)

(C
~~L~~~~ ILT~~R 0

(~~
.
~~~~FtL TC~~ 

=

(3—9)

Substituting this result into Eq. (3—8), the load forces  can be

characterized by measuring a component of the load force and

measuring the load acceleration. The force in the mast lift

cylinder is the component of the load force in the direction paral-

lel to the axis of this cylinder. Measuring the lift cylinder

pressure will provide the needed information .
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In orde r to determine x

FTX = 0 i.e., no side load on tilt cylinders

Z
D 

0 result of vehicle geometry

= 0 mast rotates about front axle

= X
T 

result of veh icle geome try

Then , in Eq. (3—6), let

(P~ - ~~ L~~~~~~~~~~~~~~~~~~~~~~r~~~FL

ThL~Fr~

10
(P~-~~~~~F~~ 0

o
(3—10)

Let

0

P L ~~~
X~ /~Frv~y

(3—11)

The left side of Eq. (3—10) is the moment caused by load about the

point 1/2 This point is on the axis of rotation of the mast
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P. 
. - - -  __________________________________________

(the front axle) midway between the two attachment points 
~Ml and

~M2~ 
This equation describes the tendency of the mast assembly to

rotate about the point 1/2 The term P~ x then describes

the tendency of the mast assembly to rotate about axes which pass

through 1/2 and are parallel to the I and Z coordinate axes.

x t
~
F
M 

can be determined by measuring the tendency of the mast

assembly to rotate about these two axes. This can be accomplished

by measuring the strain in the mast uprights which results from

the bending moment on these uprights.

Equation (3—7) can be used to obtain an estimate of the load

moment 124* using the above information . This can be incorporated

in the determination of M*, but it is also necessary to consider

the stabilizing moment. The vehicle force (F~1 ) is expanded into

the components in Eq. (3—12).

~~~~~~ ~~v ~ (3—12)

where :

vehicle weight

= direction cosine vector to resolve weight force

vector into vehicle referenc e components

M
v 

= veh icle mas s

a = vehicle accelerations
V
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Therefore , Eqs. (3—7), (3—8), (3—9), (3—11) and (3—12) can be used

to obtain M*.

M~ =~ ~
(
~~~~~~~~~~~~~~~~~~

+(
~~~

-
~~~~~

+ 

~ 
(~~ L2  ~ 

+ N~~ ~ 
- r~’ c p

(3—13)

where

L
~
3L -c A )~~,H., /2~. ~

The use of Eq. (3—12) will require the measurement of the following

var iables: veh icle or ien tation , vehicle accierations , tilt

cylinder force , (pressure) , load orientation (Xv), load acceler-

ations, mast bending moment , and lift cylinder force (pressure).

All of these parameters are readily measured using conventional

transducers. Several of the parameters are related . The load

orientation and vehicle orientation are certainly related , as are

the load and vehicle accelerations , which could reduce the number

of input variables . Restricting the application of this equation

may further reduce the number of measured variables . In addition ,

it is feasible to eliminate the acceleration measurements by

determining maximum expected accelerations and then perform a

“worst—case ” analysis to determine the loc i of operating conditions

resulting in a safe operation .
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CHAPTER 4

STABILITY CONTROL

This chapter proposes two possible stability controllers which

utilize the methodology developed in the previous chapter. A

version of one of these controllers is considered in detail. This

system was implemented in order to evaluate the feasibility of

the concept. The results of this are discussed. The restriction

of the concept is discussed .

PROPOSED CONTROLLERS

One possible stability controller is shown in Fig. 4—1. This

system is an operator—augmented system. An estimate of the

relative stability is calculated from measured parameters. This

information is communicated to the operator via an audible or visual

indication , for the operator to evaluate and alter his inputs to

the sys’em based on the relative stability . This type of control

is par ticu larly valuable to the inexperienced opera tor, who , as

previously mentioned , is involved in more than a third of the

accidents. This system takes advantage of the operator ’s ability

to evaluate the situation and act accordingly . This system is by

no means fool—proof. It is highly dependent on the operator ’s

prop er use of the information.

Another possible stability control system is shown in Fig.

4—2. This system is not as dependent on the operator ’s

39 
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CHAPTER 4

STABILITY CONTROL

This chapter proposes two possible stability controllers which

utilize the methodology developed in the previous chapter. A

version of one of these controllers is considered in detail. This

system was implemented in order to evaluate the feasibility of

the concept. The results of this are discussed. The restriction

of the concept is discussed .

PROPOSED CONTR OLLERS

One possible stability controller is shown in Fig. 4—1. This

system is an operator—augmented system. An estimate of the

relative stability is calculated from measured parameters . This

information is communicated to the operator via an audible or visual

indicat ion , for  the operator to evaluate and alter his inputs to

the system based on the relative s tab i l i ty .  This type of control

is par ticularly valuable to the inexper ienced opera tor , who , as

previously mentioned , is involved in more than a third of the

accidents. This system takes advantage of the operator ’s ability

to evaluate the situation and act accordingly. This system is by

no means fool—proof. It is highly dependent on the operator ’s

proper use of the information.

Another possible stability control system is shown in Fig.

4—2. This system is not as dependent on the operator ’s
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ab i l i t i e s .  This  sys tem d iminishes  the opera tor ’s capabil i t ies

based on the vehicle ’s relative stability. The operator would be

prevented from en te r ing  uns tab le  c o n f i g u r a t i o n s .  This could be

— - -

Fig. 4—1 . Operator—Augmented Stability Control System

r S . S  ‘

OPT IIO* A S

Fi g. 4—2. Stabili ty Control Via Diminished Operator Control

implemented by placing valves in the hydraulic circuit for the lift

cylinder and the tilt cylinder. As the vehicle approached an

unstable confi guration , t h e  power capabilities in these circuits

would be graduall y reduced and finally inhibited. The operator

40
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would be prevented from continuing to operate the vehicle in the

unstable condition. The operator would be allowed to operate the

vehicle to lessen the instability (for example , lower the mast

if appropriate).

Neither of these systems provides any corrective control . The

ramifications of the correcting actions are difficult to evaluate

for  all possible situations. The corrective control is deemed

undesirable.

IMPELEMENTATI ON OF A STABILITY CONTROLLER

Consider the implementation of the human—augmented controller

in order to explore the feasibility of the methodology developed .

For th is investigation , only operation on horizontal surfaces will

be considered . Vehicle and load accelerations will not be

considered . Therefore , this system will be considering only

statically caused instabilities. (Although dynamically caused

instabilities are not considered , their effec t could be incorpo-

rated into the system using the worst—case analysis discussed in

Chapter 3. This is beyond the scope of this study.)

Equation (3—13) was derived to provide an estimate of N and

is repeated in Eq. (4—1).

~~~~~~~~

~~~~~~~~~~~~~~~~
&)L~~~iL

t 
~~~L~~~ L

’
~ ~

‘(\ C~~~

(4—1)
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From the above restrictions ,

— -  - - 0
o 2 2 L =o — I

then,

~~~~
4o

~ 
P[ ( T 1~~~~~~~~L[~~~

— 

~~~~ p

0

r ( F ~~~A , P~~~/A~~~~~~~ C~~~~~~ . 9t

S i~~
.\ 9~~~

where

P
1 

= Pressure on rod side of tilt cylinder

= Pressure on head side of tilt cylinder

= Area of rod size

A
2 

= Area of head side

0
T 

= Tilt cylinder angle (referenced to horizontal)

The tilt cylinder angle can be found by determining a relationship

between it and the mast angle and then measuring the mast angle.

O = mast angle
m
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where

~LIFT = Lift cy linder pr essure

ALIFT 
= Effective lift cylinder area

It was initially assumed that the load included the mast assembly ,

but this fact has not been previously considered . The mast

assemb ly is typically comp rised of two sets of uprights —— one set

is eleva ted by the lift cylinder and the other is “stationary”

to serve as guides . The weight of the elevating uprights is

reflected in the lift cylinder pressure measurement . In order to

account for the weight of the stationary uprights (WMS), the weight

of the load will be altered as follows :

‘~~L PL I ç~~ A L1c4  / C 0~ 9~ ~

= tA) rv\ r~5 LA~
)fr5S

where

,,. ~~~~, ~ A ~ ~ ~ / C ~
For a typical vehicle

=

= 0

= 0

— X
T 

= 0
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It can be shown that

= 0

= 0

Then :

X~ C X FY\ )Q 0 ~~ 0
jV~ ::- 

~
‘
V x 0 + Y ,.~

- ’YT~~
Z~~~~ZT z~?J *JL

- 

4F~
— Y~ ~~~~~~~~~~~~~~~~~~~~~

0 0

j ~ j~~ 
\{~ ÷ ~~ ~

- W~~f Z~ -’1~ -.-

0 0
I Q X Q

~~~~~~~~~~~~~~ 4~~1#U~,r - 0

44

• — —- . 

— 
£ . fr= ’~~~~*~~~~= — ~~~~~~~~~~~~~ - .

hr.. - . , • .  ------_ _ •~~~~~~~~~~ A•--•-•~~~ —__ -



- -.

-~ c~ ~~~~~~~~~~~~ 0
Wv + 0 ~~~ X~~~~~

( W~~~~~~~~ 
LV~m)

o 0 0 
- •

0
- -X~ L~F~~

0

-Y~,uj ~ 
-
~~ F~

-(Z
~
-
~~T) F~-~

o 0

o 0
+~~~~~~~~~~~

(
~~+ ~~D AF~~o 0

This equation , in conjunction with equations previously

der ived , def ines calculations which must be performed us ing either

analog or digital techniques. The analog approach is a continuous

control system. The digital approach results in a sample data

control system. Each of these has advantages and disadvantages .
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Consider implementing the s t a b i l i t y  con t ro l le r  wi th  a micro-

computer—based hardware system. Fig. 4—3 shows the relationship of

the major components of the system. Pressures are measured via

conventional  pressure  t ransducers .  The mas t ang le is measured via

a pe n du lum—type  t ransducer .  The mast bending moment is measured

via a strain gauge bridge. An active gauge is mounted on each side

of the mast stationary upright orientated such that bending moment

from a side lead is measured . These gauges are connected in one

leg of the bridge . (This is commonly known as a cantilever

configuration). Temperature compensating gauges are connected

in the other leg.

- ANGL t R E S O t V t R

- 

- 

~~~~

Fig. 4—3. Controller Components

The microcomputer would measure the input variables and

perform calculations based on the previously derived equations . A

flow chart for this , along with the equations , is shown in Fig.
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4—4. The stability decision requires the microcomputer to compare

S
pitch~ 

SLR, and S~~ to predetermined limits. If any of these is

less than the  limi t , then the operator  is warned.

C STA ~~~~~~

H /
/ M E A S U R E  /

INPUT S
1

C A LO 8 1W ,

C ALC r~,
L 

FTY , Fi z

~~~~~~~~~~~~ LM

.ALC

~L R’ SR~~
J

[~~~CLEAR / / OUTPUT

/ WARNING / / WARNING

<
I -~~

Fig. 4—4. Flow chart for Monitor/Controller

An exp loratory system was designed and built using a four—bit

microcomputer. The sYstem was installed on a 5,000 pound warehouse
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forklift. Tests were performed on the system which simulated

typical stacking operations . The test results showed that device

could accurately detect potentially dangerous conditions. The

limits were set such that the warning sounded prior to encountering

the instability. As the vehicle approaches an unstable configur-

ation , the alarm sounds to warn the operator of potential danger.

It is not sufficient to simply warn when the vehicle is unstable.

During the testing , various parameters which were calculated

by the microcomputer were monitored . These included S i t h , 5LR ’

S~~ . Saveral of the tes ts  involved applying a load to the

vehicle using an unstable condition and allowing the system to

remain in an equilibrium condition. A value of zero should be

calculated for S . , S and S . Although it is not important
pitch LR RR

t h a t  these values a~e actually calculated to be zero , the repeat-

ability of measurements and relative difference between tests are

extremely important. The repeatability of readings was found to

be good. Comparisons between tests were found to be good in all

cases except one. When a dead load exceeding the capacity of the

vehicle was applied to just one fork and the vahicle attempted a

lift against this load until the vehicle became unstable,

* The values which represent various vehicle parameters affect
the actual calculated results. No attempt was made to es-
tablish th se paramete r s  o the r  t han  to obtain approximately
correct results.
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extreme bending of both mast and forks occurred . Although the

device determined the correct indication (relative stability

decreased and ~arning sounded), comparison of this test to others

revealed substantial differences in the value calculated for

S . This is certainly a direc t result of assumptions made in
pitch

modeling the mast assembly.

SYSTEM RESTRICTIONS

It is important to understand the limitations of the stability

monitor/controller. The exploratory system assumed a horizontal

operating plane and only statically caused instabilities . These

assumptions were made only to limit the scope of the exploratory

system and are not a general restriction on the system . Additional

measurements and analysis are required to add these capabilities.

The theory utilized pressure measurements to ascertain forces.

Difficulties are encountered when cylinders with mechanical stops

are used . When the cylinder is against its stop , the pressure

measurement results in inferring an erroneous force measurement .

The cylinders should have hydraul ic stop~ ,or the system should

incorporate the logic to take this into account .
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This study inves tigated methods of monitoring and/or control-

ling the stability of material handling equipment and demonstrated

the feasibility via an exploratory system . It was found that such

a device is feasible. Two methods have been proposed to control

the vehicle stability. Although external influences prevent the

system from being completely controllable , the use of either of

these two systems certainly could improve the safety of MHE.

The exploratory system was designed and built to demonstrate

the feasibility of the concept (see Phase II report). It is

realistic to optimize the system to satisfy the evaluation criteria

previously stated. Although the exploratory system is quite slow,

it  is well w i t h i n  the state—of—the art to des’ign a similar device

with an update rate of 0.1 seconds. This, combined with suf-

ficiently conservative stability decisions , could result in a device

which responds to dangerous situations with ample time for the

operator to correct the situation. Neither system interferes with

normal, safe operation of the vehicle.

The microcomputer—based system allows for a low—cost , small

system which could be installed on a variety of vehicles. Utiliza—

tion of a device known as a strain link [8] could result in a

system which is easily installed and maintained.
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Further investigation in the effect of dynamically caused instabi-

lities is recommended. Evaluation of the worst—case analysis pro-

posed should be performed. This should be tested both by computer

simulations and by lab testing. In addition , augmentation of the

stability decision based on parameters such as vehicle velocity

may be required for dynami~ally caused instabilities .

It is also recommended that a sensitivity analysis be per-

formed on all equations . The assumption of nominal vehicle para-

meters could result in potential inaccuracy . Changes in axes of

rotation for various loadings should be investigated .
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APPENDIX A

In order to determine R
5 

and H
5
, consider the free body

diagram in Fig. A—l. This sytem is in dynamic equilibrium . Then,

~~~~~~~~~~~~~~~~~~~ 5 -o

(A-i)

>J

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(A-2)

Equations (A—l) and (A—2) serve to define R
5 

and M~5. The

articulating axle results in ~~~~ equal to zero. Expanding (A—2),

~~~~~ ~~R3
ZR~~~~~44S

2? f~4

X~~- X ~ R-,~
~~~~~ 0 ~~R3~ 0

R~ ~~~~~~~~~~~~~~~~
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Fig. A—I. Axle Configuration
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R~ ~~~~~~~~~~~~~ ) R 3~ - (z~ -z ~~ R~
0 - 0

(X~~-X~~)~~ (x~\4 -X~ )R ~~

(? - R3 Z
~~~

’)( R~~±R~~)
0

(
~~~~~ X R ( ~~~~~~ R4\ l~

Therefore , M RS is only a function of the y components of R
3 

and

R
4. These components only exist during braking. MRSX is a func-

tion of the total braking force while M is a function of the
R5 Z

braking imbalance.

In evaluating the significance of M~~ in the equa tion for  5,

it should be remembered that MR5 is combined with a direction

cosine vector whose dominant component is the y component .
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