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(ABSTRACT)

Modifications were made to the control model for torque generation in the Air
Force Articulated Total Body (ATB) simulation computer program. Limb motion
stability was-improved by introducing integral control in the existing feedback control
equation. Motion studies were performed using a.Meriin robot model to determine
control equation gains for single and multi-joint rotations up to 180 d,egreeé. }The
robotic motion was made to resemble coordinated angular motion profiles that had
previoUst been determined for similar human arm motion.. The control equation
gains for the six joints examined were added to the input déscription as a tabular set
of data, which the program could access depending on the joint target angles
prescribed by the user. Simultaneous multi-joint rotations were also studied using
the same controlling values as were used for single joint rotations. These numbers
produced eiccurate results for all joint rotations, as long as either the shoulder or
elbow joints were held at their initial angular positions. The errors produced when
the target angles for both the shdulder and elbow were non-zero were less than two

degrees of arc.
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Introduction and Historical Background

The Articulated Total Body (ATB) model is a computer simulation program used
to analyze human body responses in dynamic environments. It was originally -
developed by Calspan Corporation (1) ‘in the 1970’s for the National' Highway Traffie
Safety Administration (NHTSA) to simulate three dimensional pﬁysiologic dynamics
in automobile crashes. That initial program, called CVS for Crash Vehicle Simulator,
was modified in 1975 to include aerodynamic force application and a harness belt
capability (2), thus creeting the first version of the ATB. | In 1980, further
improvements were made in the area of restraining system modelling, along with the
addition of elements from the then three dimensional CVS program to form ATB-II (3).
With the incorporation of effects from windblast, ATB-lII was. generated in 1983 (4).
The latest version, ATB-IV, was documented in 1988 (5) and included ma’ny changes

over previous models. Some of these include:

1. A new wind force option allowihg segment contact ellipsoids to block wind;
2. Corrections to prevent angular drift in joints;

3. Improvements allowing the prescription of multi-axis angular displacements; and
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4. A hyperellipsoid option for modelling surfaces in simulations such as corners and

edges.

Modifications to the ATB.program which have not yet been documented include such
diverse situations as active (i.e. due to muscle contraction) torque generation at the .
joints, human interactions with water, and the modelling and control of robot{c
motion.

Aerospace operations including satellite retrieval, hazardous waste disposal, and
the movements of heavy objects provide opportunities for the use of remotely
controlled robots. Information on what forces and motions the equipment will be
subjected to should logically precéde any equipment development. With these
objectives in mind, the ATB can provide kinematic and dynamic data by simulati‘ng
the desired robotic system and environment. It could also provide useful inform}ation
V_in simulating the interaction between a human subject wearing an exoskeletal device,
and a remotely controlled slave robot.

Along the same line of reasoning, active torque generation at the j'oints of
ejection or crash models could provide a more accurate picture of dynamic human
response to high-speed ejections. The mannikin and dummy computer models
currently being used can only respond passively to changes in their environment,
while humans respond both passively and actively to the same sifuations.' This
represents>a signifiganf limitation of the current ATB model, and is the problem "
addressed in this thesis. An initial step in the direction of including active physiolqgic
responses to dynamic environments is to include in the ATB the generation and

accurate control of joint torques in a robotic arm system. This could then be

expanded to include all of the joints in a given system, and ultimately modified to
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simulaté the forces and torques generated by in yivo muscle contraction in the
human body.

It is the intent of this thesis to improve upon the current ability of the ATB model
to generate precise angular motions in a robotic simulation. In particular, the work
described herein has contributed sighificantly to removing steady state errors in ther
predicted angular displacement, and thus improving the stability of the ATB
simulations. Moreover, the detailed analysis undertaken below of the variation in the -
propor'tion‘al, integral, and derivative (PID) »cont‘roll variables will allow future input
data files to be modified so that in simulating a given motion, the user need only

specify the desired relative angular displacements of the joints in the system.
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Operation Background of the ATB ,-

A. Kinetic Analysis

In its current form, the ATB model is based on the rigid body dynamics of
coupled systems with Lagrange type constraint equations. This allows a given
system to be described as a set of rigid elements, coupled by joints at which torques
are applied as functions of joint orientations and rates of change of orientations (6).
The program assumes the presence of only one joint between any 2 segments of the
model. The input data file used for the robotic simulations provides all information
concerning moments of inertia, segment mass and geometry, material properties and
orientations of all segments in the system, and the characteristics of each joint and
actuator. All of the segmental equations of motion are computed using the centers

of gravity of the segments in the inertial reference frame.
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‘B. Kinematic Analysis

As a basis for performing calculations in the ATB program, matrix and vector
mathematics are used relative to right handed orthonormal reference systems (6).
In this regard, a 3x3 directional cosine matrix, D , is used to define the orientation of
each of the N segments in the model. As the pfogram proceeds, the directional
cosine matrices are updated by the use of quaternions, g,which are defined (1,7,8,9)

as consisting of both a vector part m and a scalar part s and are written as:
g=(s+m). [1]

Then rotation of vector n an angular amount 8 about the axis ¢ to vector n’ can be

expressed by:

n'=qngq [2]
where
g= cos—0—+ ( sin-g—)?; and [3]
2 2
DO DY B |
q'=cos3 (S|n2)t. [4]

For a null rotation, the scalar parts of g and g’ would be equal to one while the vector
terms would be equal to zero. In the ATB program, these quaternions are used to
update the cosine matrices relating the changes in segment orientations.

For input and output purposes, the terms yaw, pitch and roll were chosén over

spin, nutation and precession for signifying the directions of the cosine matrices. The
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three terms signify yaw about the z-axis, pitch about the y-axis, and roll about the

x-axis (s‘ee Figure 1).

C. Integration

The integrator being used by the program to integrate the equations of motion is
called the Vector Exponential Integrator, and is based»on a fourth order Runge-Kutta
technique with an exponential term for each variable. The integration of a first order

differéntial equation proceeds as follows (1):
x=fxt) - _ [5]

For which a solution of the following form can be written:

t )
X(H) = x(0) + j o™ [ f(x(1), 7) — a(x(z) — x(0))] dr [6]
0

where « is a coefficient to be determined. Assuming an approximation for x as:
RO = fx(D), ) = ax(t) + ag + ayt + a,t® ' [71

where «a, a, a, and a, are parameters to be determined. The equation for x(f) can then

be solved to yield:
x(®) = x(0) + (ax(0) + a) teg(t) + & ex(t) + @t ey(1) [e]

Operation Background of the ATB 6



where

P Claleek) t >0
eo(f) oD - asat —
g &= 1 C o
eyt) = @ —5 asat -
(265" = 1) 1
ey(t) = @ -3 as at —0

These exponential terms are responsible for the integrator’s name.

The four pérameters a, ag a, and a, determine the behavior of the integrator.
They are always chosen so that the equation fits the computed derivatives at the
beginning of each integration interval. For a successfully integrated time interval 7,

the value of (t + ) is substituted for t into equation [7], rewritten as follows:
X(t) = a(x(t) = X(0)) + X(0) + ayt + ayt’ [9]
which yields:

X(t+1) = a(x(t+ 1) — x(1)) + (a, + 2a,7)¢

+ ayt? + a(x(z) — x(0)) + x(0) + ayt + a,7°. (101

The functions are then redefined to preserve the form of the above equation, i.e.:
a, =ay + 2a,1, a,=a,,
x(0) = x(1), x(&) = x(t+ 7).

- These terms are then used to estimate the value of x(t) at the first half step of the next

interval, i.e., when t=% (See reference 1 for more complete details).
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D. Segment and Joint Properties

fhe equations of motion used to describe the model are tﬁose for a set of gonnected
rigid bodies. The joints between the segments define the “connectivity” of the rﬁode!
through a joint vector JI\7T(/’).'ln the case of a null joint, i.e. JI\7T([)=0, the limb.
segments articulating at that joint are considered to be disjointed segme{nts. In this
case, two segments are consideredkto be positioned as if they were connected, but
no force exists to hold_thém in that position dur'ing tﬁe simulation. The solution of the
system also depends on various constraint equations which aré affected by joint type.
Some of the po:ssible‘constraints that the ATB model can accommodate include linear
position (insep}arab!e or “fused” joints), angular positiovn‘ (1-2~or-3-axi$ type}of joint),
zero distance (common points shared by more than one éegment), fixed distance and
rolliﬁg/sliding motion. |
'The six joints ofrthe robotic model are not exactly equivalént to the joints found
in the human body. The names of the six joints (waist, shoulder, efbow, forearm,
wrist énd palm) are more closely related to the positions of these joints in thevhuman
body than their corresponding function in the human body. The wa}ist joint can create
a rotation (yaw) around the z-axis of the upper torso relative to the lower forso as
seen in Figure 1. The shouldef joint allows flexion and extension ‘(pitch about the
y-axis) of the robotic arm. The elbow joinf -éomes closést to representing its
-namesake in human anatomy, and provides flexion and extension of fhe lower arm
relative to the upper ar’m.b The forearm joint in the robotic model allows supination
and pronation (roll aboﬁt the x-axis)‘of the hand. In the human system, this r\ofafionall
effect is produced ‘by the rotation of the radius about the ulna in the lower érm. In

. both cases the result is the same, this being the turning'pf the palm of the hand
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anteriorly. The wrist joint in the model provides flexion and extension of the wrist,
similar to one of the fﬁnctions of the same joint in the human body. The palm joint
allows abduction and adduction of the hand, which is anatomically another function
of the human wrist.

Each body segment is approximated in the model by either an ellipsoid or a
hyperellipsoid. This defines the segment shape for purposes of external force
application and contact surface definition. Data that the prog‘ram requires in order to
describe each segment include inertial and material properties, environmental
conditions, and various joint parameters. Segment resiliency during contact is
described through the use of force deflection constitutive characteristics, which
provide for energy losses, permanent offset, and impulsive forces which are

experienced during the simulation.

E. Descriptive Elements

The simulation of material properties is accomplished by the use of tension
elementsr(passive longitudinal muscle), flexible elements (neck, torso, trunk), and
actuator elements (contractile muscle). It can be seen that the objective of these
elements is to deliver a gross description of body motion, and therefore they have
little physiological discretion;

| The tension elements are designed to behave statically in a manner similar to
linear springs, without the corresponding stiffness, when subjected to a compression
force. The ATB model represents the tension elements as a discrete system of N

particles connected by N-1 springs. The tension element is subject to constraints
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which insure that all particles lie on a straight line, and that the strains and relative
motions within the element are uniquely determined by the positions and motions of
the two end elements (1). The equations of motion for these elements are dependent
on the positions, velocities, and accelerations of these same two end-points.

The flexible elements are composed of a chain of N joined rigid elements. Each
joint has three degrees of freedom with three corrvesponding stiffness constants. In
addition, each of the N-2 interior segments of the flexible element is constrained so
that its orientation is uniquely determined by the orientations of the end (or outer)
segments.  These constraints have been introduced to approximate the effects of
body muscles which are connected, so that rather than acting> on individual joints,
they determine the overall flexural characteristics of the represented body member
(1.

In order to determine angular motion, the actuator elements subroutine requires
inputs of position, velocity, and acceleration at the end points of the involved
segments. Unlike the tension elements, which offer passive resistance, the actuators
can produce an active force across a joint. Similar to human muscle, one of the
ségments attached to the joint is considered to be stationary (the origin) while the
other segment (the insertion) is being moved through some angle 8. The torque
generated at this junction is determined and controlled by a feedback control
iequation that can be defined by the program user. It is this -equation that is

addressed in the work which follows.
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F. Program Operation

The total ATB program consists of over 130 subprograms totalling over 16,000
lines of Fortran source code. The flow of operation of the ATB program is shown in
Figures 2-8. Each of the figures breaks the total program down into working units that
perform the following functions:

The MAIN program (Figure 2) controls such activities as program initialization
and execution, the use of required input and start-ub routines, the restart procedure,
optional output and post-processing operat.ions. Using a given input file, the MAIN

file reads the following:

1. Units of distance, force and time
2. The components of the gravity vector
- 3. Control parameters for the integration routine DINT

4. Various parameters affecting the output of data.

The flow pattern shown in Figure 3 controls various inputs and initializations

required for subsequent calculations. Some of the subprograms involved are:

BINPUT .processes the physical characteristiés of the body segments and joints;
SINPUT reads and prints data involving constraints and body segment options;
VINPUT processes the prescribed motion of specified segments; and

INITAL  performs the input and computation of the body segments initial

positioning.

Operation Background of the ATB ‘ 11



Other subroutines, most notably OUTPUT and POSTPR also process input data when
they are initially called (1).

Subroutine DINT (Figure 4) is the fourth order Runge-Kutta integrator of tﬁe
program, and advances va variable amount, dt, for each successful step. Subroutine
OUTPUT is called at the end of each successful step, and reproduces the current time
point in the tabular time histories.

 The flowsheet shown in Figure 5 prepares the program between integrations for
the next time step.

The DAUX flowsheet (Figure 8) involves control of the computational part of the
program, primarily in the evaluation of the derivatives for use in subroutine DINT.

Some of the major subpfograms include:

SETUP1 . computes the parameters required for determining the forces and tqrques
| acting on the body segments and joints;
SETUP2 sets up the equations for constraint forces specified by the program input;
VEHPOS computes linear and angular accelerations for those segments having a
prescribed motion; and
FLXSEG sets up the equations to control the flexible elements specified by the input

file.

Auxiliary DAUX programs reduce the matrix of equations rebresenting_thé system.
This sét is then solved by the subroutine FSMSOL (1).

The CONTCT flow-pattern (Figure 7) corﬁputes the sum of the forces and torques
acting on body segments as a result of contact with objects or .internal generation.

The main segment contact subroutines are:

PLELP computes the effects of plane-ellipsoid contacts;
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SEGSEG computes the effects of ellipsoid-ellipsoid contacts; and
SPDAMP computes the spring and viscous forces of spring dampers between

specified points on selected segments.

Force producing subroutines, such as those used in the actuator elements, are the
most recent introductions into the ATB program. As seen in Figure 7, they primarily

involve the following subprograms:

CONTCT controls the calling of subroutines required to compute those external and
internal forces and torques acting on the body segments; |

APPLY applies driving joint torques to the adjacent segments;

JNTFNC calculates the applied driving joint.function torque; and

USER user supplied subroutine that calculates actuator torques. This is the

subroutine addressed in this thesis.

The new subroutines that create the hyperellipsoids for modelling body
segments (Figure 8) are included in version ATB-IV. Some of the subprograms

involved are:

HYVAL computes the point on a hyperellipsoid that lies on a particular line

HYBOX computes the intersection of a plane with the edges of a rectangular box

HYLIM  calculates the boundaries of the figure formed by the intersection of a
hyperellipsoid and a plane; and

HYREA computes the approximate area and centroid for the figure formed‘by the

intersection of a hyperellipsoid and a plane.
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It should be noted that many subprograms quite frequently go unused in any
given simulation. For ébnstance, those subroutines involving seat belt harnesses, air
bags and wind generation would most likely not be used in a robotic arm simulation.
On the other hand, if a situation developed in which it became necessary to use these

subroutines, the uniformity throughout the ATB’s programming would allow it.

G. Program Output

The ATB program provides for a wide variety of outputs with respect to motion,
force generation, and damage due to interaction with the environment. Time
h‘istories for the entire simulation can be put together and projectéd’ as
three-dimensional images, or in the form of tabular data. Every model segment and
joint can be monitored for values of displacement, velocity and acceleration as well
as applied and developed torques and forces at the joints. Furfhermore,
force-deflection characteristics between two or more segments can be analyzed to
determine whether or not any damage has occurred during the simulation run.

Damage can result from both subject-subject and subject-environment collisions.

Operation Background of the ATB 14



Problem Statement

A. Robot Description

The basis for-the current ATB model is an American Cimflex MR6500 Merlin

Robot with six articulations including the waist, shoulder, elbow, forearm, wrist and

palm as described previously in section D, and shown in Figure 1. This figure also

shows the orientation of the Inertial Cartesian coordinate system with respect to the

model. As noted earlier, each of the joints involved has one axis about which it can

rotate, these being:

Waist yaW about the z-axis
Shoulder pitch about the y-axis
Elbow pitch about the y-axis
Forearm roll about the x-axis
Wrist roll about the x-axis

Palm pitch about the y-axis

Problem Statement
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In addition, each simulation is started in the same position for'the sake of continuity,
although different initial configurations could be used. The picture shown in Figure .
1 is for illustrative purposes only. The actual ségments would be simulated in the
ATB program by elliptical elements. This particular model was.chosen primarily
because one was available, and the necessary physical data could easily be

obtained.

B. System Control

The control of an'gular displacement created by the driving joint torque is
contained in subroutine USER (see Figures 7, 9 and 10), which. can be modified to
represent any controlling equation the operator desires. In previous simulations, the

torque controlling equation was originally written as:.

N

T = 1,(6 ~ 6) ~ (6) | D
where
T is the torque applied by the actuator, which may, in vivo, be due to
the contraction of the musculature spanning any given joint;
0, represents the desired or target angle measured relative to the
initial joint position and is some function of time, f,(f);
0 is the current joint angle measured relative to the initial joint
position; |
6 is the joint angular velocity; and
is the ihput function withi = 1,2, 3, ...
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" In the case to be considered here,

f,(t) = constant, i.e. 8, = constant [12]
f,(6 — 05) = K4(6 — 65) - [13]
f(0) = K,0 [14]

The coefficients K, and K, are transfer funétions that scale the corresponding
proportional and derivative cohtrol variables. The type of control shown in equation
[11], is typically referred to as PD control. |

Rotating the robot segments from an initial state of rest is considered by the ATB
program to be a set-point change in the desired configuration. In the absence of a
reset or integral term in the controlling equation, the system experiences some
steady-state error in the desired angular displacement. This thesis addresses the
addition of integral control to the existing control equation [11], which modifies it to

create a more appropriate équation for the torque feedback:

. t N ‘
T = 16~ 09~ 16) ~ (| © 60100 [15]
0

All terms are the same for those appearing in equation [11], plus;

t t :
aiw—ww=&iw—wm | [16]

Where K, is another transfer function that scales the integral term.
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Each of the terms signifies a different type of correction to. the angular
displacement profile in transitioning from one modél configuration to another. The
block diagram of a system thét uses a controlling equation similar to equation [15] is
shown in Figure 11. The influences of different types of éontrol on a set-point

disturbance are illustrated in Figures 12-14,

C. Active Motion Simulations

The control of joint actuators is further complicated when arm configurations
undergo changes relative to certain joints QUring multiple segment motions. The
most predominant effects involve coordinating the activity between the shoulder and
elbow joints duri'ng complex maneuvers that involve simultaneous movements of the
upper and lower arms. This makes sense when one considers that the moments of
inertia being controlled by the actuators at the proximal joints are much larger than
those of the more distal joints. Moreover, it was also observed in earlier ATB
simulations (6) that the wrist joint experienced some unstable os-cillation"s during
multi-joint motions. This could result from the inability of the ATB model to
compensate for acceleration produced at this joint by rotations bf fhe ’shoulder and
elbow. Thus, it was further suggested that the additional control term shown in
equation [15] might help tb alleviate these errors, and so this thesis addresses the
effects of such integral control on coordinated body movements.

In order to use the ATB program to model robotic movement, K values ‘had to be
determined by trial and error to simulate the desired joint displacement profile. This

profile is a description of how the joint angle changes with respect to time during a
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simulation. Therefore, a study of the functional variations of the K parameters, over
the entire range of ségment motion was undertaken. The values of K,, K, and K,
were varied until they produced a similar angular motion profile, which represents a-
good approximation of coordinated angular displacement patterns measured for a
human arm (10, 11, 12, 13). The inability to’create simulations of human motion
without some experimental basis is one of the drawbacks of the ATB program. To
‘overcome this problem, experimental motion data wés used as an example of the
how the robotic system should move. The conditions imposed are similar to those

discussed by Schneck (14) in relation to human motion analysis, i.e.:

1. Less than 0.5 percent angular overshoof;

2. An ultimate angular displacement (i.e. steady-state) error of less than 0.03
degrees of arc; and

3.. Arise or build-up time to the target angle somewhere in the range of 0.25 to 0.45

seconds.

If useful relationships were found, both the input data file, and subroutine USER
were to be modified to incorporate the K value data and thus simplify the use of the
ATB program. That is, if successful, all that an operator would have to do to simulate
joint motion under the previously mentioned conditions, would be to specify the
desired targefangles for each joint in the simulation. This is the basis for the work

that follows.
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Solution Methods

A. Control Equation Changes

The modifications to the torque controlling equétion [11] of the‘ATB prograrh »
were initially completed on the Perkin-Elmer computer system at the H.G.. Armstrong
Medical Research Lab at Wright-Patterson AFB. The controlling equation was altered
from equation [11] to equa{ion [15] by the addition of the following steps in subroutine

USER:

1. Calculation of the differential time step dt, vié subroubtin'e DINT in Figure 2,’for the
proposed infegrétion step;

2. Calculation of the product of thevchange in angular error and the differential time
step, i.e. »(B,a,g,,t = 0 rren)db;

3. - Addition of this differential product to the sum of all the products that have
occufred to this point in the simulation. This creavtes.a sum-that, for small time

steps, approximates the integral term in equation [15];
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4. Multiplication of this sum and a coefficient K, (see Section Bv below); and
5. Use of the resulting value from step 4 in the torque controlling equation [15] if the
integration of the equations of motion for the system are successful for that time
interval. Otherwise, begin at step 1 again with the values fdr the summation
-produced at the last successful integration step, and proceed using the new

differential time step provided by subroutine DINT. -

The changes described above can be seen in Figures 9 and 10, with Figure 9 being
the version of subroutine USER with only PD control, and Figure 10 being the updated
version with PID control. |

Verification of the integral term properly operating in the controlling equation [15]
was limited to the observation and analysis of resulting simulation data. If the added
term worked correctly, steady-state errors would be significahtly decreased in single
joint rotations, along with the introduction of oscillations about the desifed target

angle.

B Determination of the Controlling Equation K’s

Ki, K, and K, were initially determined for single joint rotaﬁons of the six joints
in the model as functions of the relative angular displacement between the initial and
desired final joint angles. In order to get an initial approximation for the behavior of
these terms, the Newton-Euler and Statics equations describing a two link
manipulator were examined (15). Any relevan’t insights thus derived could then be

applied to the somewhat more com.plicated six link manipulator being used in the
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actual ATB simulation. Proceeding in @ manner similar to Brady (15), for the system

in Figure 15, the equations describing the dynamics relative to joints 1 and 2 of the

system are: -
11151 + I12é2 = ‘;_ m2/1/2 sin 92(91 + é2)2 - (—1é- m1 + m2)/1g2 cos 01 [17]
+ I70,1 - I7112 - [1f2’3y Ccos 01 + /1f2,3X Sin 01
where
L. =1 1 2, 1
11 = L+ (5 my+ m)li + > mylyl; cos 0,
I -1
12 = ? m2/1/2 CcoSs 02
| m1/12 m1R12
T 12 4
and
I3104 + 100, = — ) Mylyg, €0S(04 + 0,5) + nq g — Ny [18]
— Iofy 3, €08(04 + 05) + Iofp 5 SiN(04 + 6,)
where

1

121 = 12+ 4

m2/§ + % myl4l, cos 6,

I22 = 12 + ':1" m2/22

2 2
L = Myly  MyR,
2 12 ’ 4
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The terms used in these equations are defined as; -
I, 1, _are the rotary inertias through the link 1 and 2 centers of mass
Moy s My ~ are the total torques (active + pasSivé) needed at joints 1 and 2 to

produce a given motion

[AA the lengths of segments 1 and 2 as shown in Figure 15
m,m, the masses of segments 1 and 2 as shown in Figure 15
0,,6, | are the joint angles as described by Figure 15

foay» haw@nd n,,  are unknown disturbance forces and torqueé -Fapplied at the end of
segment 2; |
R/, R, | | are the distances from fhe base of the x-y axis in Figuré» 15 to the
center of mass of segments 1 and 2 respectively; and -
oA | ié the component of the gravity vector in the vertical ( —y) direction.
Using the previously described PID controlling equation [15], a steady state
analysis can be performed to determine some of the conditions for stability. Taking
equation [1Sj for T, it can be substituted into equations [17] and [18] for ‘tvhe Ng 1 , N,
andvnm terms.’ These equations can then be solved to get relationships betWeen the
controller gains and the terms in the equations of motion. Using a steady state
analysié of‘thesel equations ( va ‘steady state for the system. occuring When all time
derivatives in eduations [15], [17] and [18] apprpach zero, the disturbances are

_constant, and the control system is stable) the following observations can be made;

1. All three coefficients (K;, K, and K;) will be some functions of cos 6, and sin 6,
(where 8, is defined in the ATB as the amount of anglé between the initial and
desired final joint angles) or system parameters including the orientation, -

geometry, and segment masses;
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2. The coefficients will be directly proportional to the mass and length of the

segmeknts being moved;

3. Gravity correction'(i.e. integral) terms, will be important for actuators supporting

heavier segments in the gravitational field;

4. The gain terms for properly controlling the motion of the most distal of two joints
should be directly related to both its own rotation angle, and that of the joint
proximal to it. In other words, instead of a dependance on 6, as shown in Figure

15, it will exhibit a dependance on (6, + 6,); and

5. The torque controlling equations for any joint will be/affected by the torques and
- forces applied at the other joints of the model, i.e., the solutions to equations [17]
and [18] obtained at joint i will be coupled to simultaneous solutions of these

same sets of equations applied to all other joints j(j=1—5) in the ATB model.

These points were also noted by Brady (15), who went on to state that a stability
analysis on this system shows that in general, positive values for K, and K, and either
‘positive or negative values for K, as described in equation [15] should result in stable
model motion. Work by Golla, Garg and Hughes (16) produced similar positive values
for the controlling coeffic’ients. Hollerbach (17), and Smith and Corripio (18) come to
the conclusion that for the same system showh in Figure 15, there are trajectories for
which all three coefficients in the torque controlling equation would play significant
roles. |

All of the above information was used to determine the control equation gains
and their variations with respect to changes in the joint target angle. The shoulder

\

and elbow joints were examined first because of the relatively large moments of
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‘inertia associated with the limbs that articulate there, and because of 'th'ellarge
resulting steady state displacements. Subsequent simulations involved determining
controller gains for the robotic join‘ts referred to as the waist, foreérm, wrist and palm.
Iﬁ aVII cases, angular rotations from initiél positions covered é range of rotation from
-180 to 180 degrees with fespect to initial joihf angles. Co‘ntact between.segmenté
was nbt taken into consideration in determining the extérnal forces on the robotic
model.

The simulation of multi-joint motion would initially be attempted using the same
controller gains that were found to work for single joint rotations. From equations
[17] and‘[18] this can be seen not to be exact, because 6f changes in the end effector

‘forces and torques (f,5, , f5,@and n,,) introduced by the multi-level coupling discussed
earlier. If the magnitudes of these coupling terms are small for-a certain joint, this
could be‘a good approximation. Such was the case initially assumed for 'the four
robotic joints (waist, forearm,_wrist and palm) that had not previously developed any
significant displacement errors. Subsequent simiulations included onie of the two

~remaining joints, the shoulder and the elbow. Finavlly, simulations were attembted

ihvolving all six joints rotating simultaneously to different relative target angles.

C. Program and Input Deck Modifications

After developing functional relationships for the controller gains in the torque
controlling equation [15], modifications to the USER subroutine (Figures 9 and 10) and

the ATB program input deck were made. Because of the program quality that allows

input functions to only be described by simple polynomials, the new coefficient data
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was incorporated as a tabulated set of values. This set of “look-up” tables define the
relationships between 6, and the PID coefficients for each of the six joints in the
model (see Figure 16 for examples). Similar schemes for dynamics tabulation have
been used in the past by Raibert (19) and Albus (20) to decreaée the number of
computations required by the computer system. Verification of correct program
operation could be accomplished by comparing results of tabular and non-tabular

simulations using similar joint target angle and controller gain conditions.
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Results and Discussion

A. Control Equation Changes

Before the present work was accomplished, simulations of shoulder and elbow
rotations had experienced the most significant displacement errors at steady state.
As s_hown in Table 1, after modifying the controller equation as described above,
these joints could be controlled with very small amounts of angular error for single
joint rotations. The numbers in Table 1 represent the changes in rotational accuracy
before and after the addition of integral control. Values for the desired and actual
resultjng joint angles are shown for these two joints because of the Iérge effect the
integral term had on these values. All angles are rounded to the nearest tenth of a
degree, and the values obtained using integral control had a steady state oscillation
of plus or minus 0.02 degrees. The summation of the differential changes in angular
'error as an approximation for the integral term wdrked correctly. If it had not been

properly programmed, i.e. the summation was computed for both successful and
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" unsuccessful time steps, the integral term would have becohe excessively large in
a short amount of time.

The characteristic oscillations associated with the addition of an integral term
into the controlling equation appeared as expected, but were limited to a tolerable
ranQe of plus or minus 0.02 degrees about the target angle. This is the drawback to
control solutions using integral control, i.e., by removing most of the stéady state
: rdisplacement that proportional and derivative terms cannot account for, an instability
in the system is created. If this instability, as in this case, is within a small enough

region about the target angle, then the equation with the integral term can be used.

B. Determination of the Controlling Equation K's

Values of the control equation coefficients were determined using the desired
angular motion profile as described on page 19 of this thesis, and the stability
analysis performed on the two link system equations of motion [17] and [18]. The
resulting values for the controller gains K, , K, and K, for the six joints in the model
are shown in Tables 2-7. These tables show the variation of the K’s with respect to
the user prescribed target angles for each of the joints. The simulations were
performed with rotations of the joint in question while holding the other five joints in
the model at their initial angles. Examples of the three gains are plotted in Figures
17-19 as functiohs of 8, for single joint rotations. These figures show more clearly the
periodic relationship of the gains with respect to thé joint target angles. With respect

to this data, the following observations were made;
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1. - Nearly all of the K values are either periodic (implying a cosine or sine
relationship ), or éonstanf (implying negligible effect of the periodic functions )
with varying 6,. This was predicted by the analysis of the Newtonian equations
of motion [17] and [18]. The only exception is K, (proportional control ) for the
shoulder joint which exhibits an inverse relationship with varying 6,. The cauée
of this difference is most likely due to the amount of weight this joint must
manipulate within the gravity field, compared to the other joints in the model. If
the total mass of the arm is set equal to some normalized value M, then the

amount of mass being moved by each of the joints in the arm are as follows;

¢ shoulder 1.00M
* elbow 0.45M
¢ forearm 0.04M
. wrist 0.03M
® palm 0.02M

The waist joint was not included because of its rotation perpendicular to the

gravity field.

2. Magnitudes of the K values varied in proportion to the mass and lengths of the
segments being moved by the joint. Once again, this was predicted by the

analysis of the Newtonian equations of motion.

- 3. Stable K values were found to occur with the predicted signs, i.e. K, and K, were

positive while K; was both positive and negative.

4. K, the integral control term, plays a major role in those joints that must support

large relative masses against the pull of gravity, these joints being the shoulder

Results and Discussion : » 29



and elbow. On the other hand, integral control appeared to be negligible at the
other four joints due to the small moments of inertia of the segments involved,

or the negligible effects of gravity, or both.

5. Assuming that a-motoneurons in the human body act in a PID fashion ‘when
controlling human muscle contractions, then the tabrulatedyalues of the controller

~ gains represent a first approximation of human -mvyoelectric syntax. These valuee
are rele\rant only in a gross anatomical sense, due to the complexity of the
hurnan musculature about any given joint. They do however give an idea of the
variation in signal values and magnitudes necessary at different joints to produce

~similar angular motion. -

Exerrrples of the resulting controlled angular disolacement profiles, can be seen
in Figures 20-22 for typicar joint rotations. Referring to the desired angular morion
- profile described on page 19 of this fext, these figures can be seen to have all of the
characteristics originaHy specified. Alli of these simulations are for sing'le.joivnt
motions, with all other joints held at initial angles.

- For multi-joint rotatione, the same controllingbcoefficients (éee Tables 2-7) were
used as in single joint rotations. From Figures 25-25, it can be seen that the initial
tests of four and five moving joints were almost as well coordinated as the single joint
rotations hed beerl; ,. The one notable exoeption was for the wrist pitch, which
experienced significant initial oscillations that eventually died out with no
di.splacement error. This was most likely caused by the inability of fhe program to
compensate for the acceleration at 'rhe end of the robot arm when the more exially

located joints are simultaneously rotated.
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In attempting to simulate coordinated rotation of all six joints simultaneously,
end-éffector forceé and applied torques at the segment ehds, a_S shown invequatiolns
[17] and [18], yielded noticeable errors in the desired angular displacement for the
shoulder and elbow jointé. The controller gaihs for the elbow joint did not remain the
same as for single joint rotations. Instead, they wére equal to the gains for a target
angle determined by thé sum of the shoulder 'and elbow rotation angles. This
rbesponse was predicted by the previous analysis of equation [18]. .OVéréll, the
inaccuraciesv encountered in‘th_‘e shqulder and elbow joints for simultaneous rotations:

were approximately one percent of the relative angular displacement.

C. Program and Input Deck Modification

‘Using the controlling equation coefficients derived for single joint rotations, the
input deck was modified to include the 'newly’acquvired data. This created a need to
‘modify the way in which subroutine USER obtained data from the input data file. The
comparison of tabulated simulations and single \)a’lue simulations resulted in the
same output values for rotational angles included in the data set. K values for angles
| not included in the data set, were interpolated from gains that were in thé table.

From the‘standpoint of a program user, the addition of the look-up tabular gain
descriptions provides an inérease in the .flexibil‘ity of the ATB program. Prior to the
modifiéations, the user had to define the three control equation gains for eéch joint‘
in the model, and use a trial and error method of tuning these parameters to produce
the desired responkse. For even a simple six jointed robotic model such as this one,

that comes to 18 controller parameters that must be determined just for one set of
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joint rotations. With the tabulation developed here, the user now needs only to
specify the desired target angles for the joints in the simulation in order to generate

fairly accurate angular rotations along the guidelines proposed in part C of the

Problem Statement.
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Summary and Conclusions

A. ATB Program Changes

The présent study involved the additioﬁ of integral control to the joint torque
controlling equations used in the ATB model. This modification eliminated most
cases of steady state displacements (offset errors) in the robotic motion simulations
considered. The primary joints that this modification affected were the shoulder and
elbow, due to the large inertial masses being manipulated by these joints in the
gravity field. Steady state oséillations of the joint about the desir_ed targ.et angle were
introduced into the solution by the integral term as predicted, but were found to be
in an acceptably small (less than 0.02 degrees) range.

After completing an analysis of the controller gains with respect to a range of
desired angular joint displacements, further modifications were made to the
computer program to incorporate this new data. This consisted‘of expressing the
gains for each joint in a tabular form that the computer program could access during

a simulation. This worked as predicted, and improved the ease with which a well
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controlled coordinated robotic simulation could be produced by any user of the

system.

B. Control Equation Gains

Valués were determined for the K parameters found in equation [15] as functions |
of the joint rotational angles during single joint motions. These relationships were
found to be either periodic or constant values with resbed to a variation in 8, the
desired angular joint rotation. The one exception to this was the proportional control
gain for the shoulder joint, which displayed a relationship proportionai to the inverse
of 8, The K‘ terms also varied in accordance with a Newtonian analysis of a siniilar .
linkage system. The analysis of the equations of motion revealed information
‘concerning magnitudes, functional properties and relative effects 6f the control
equation gains, and made the prediction of those gains»much easier. The results as
seen in Tables'2-7 and Figures 20-25 show that the controlling equation can be made
to produée well behaved angular motion profiles for up to five of the six joints in the
model. Kinematic and dynamic data for these cases should prove useful in robotic
motion modelling and analysis. The exception to this is found in éimulations
containing simultaneous rotation of the shoulder and elbow joints, which creates
‘displacement errors that the current set of equations cannot correct. Possible ways
of correcting this problem include solving the equations of motiqn exactly, including
~ end-effector forces for each time step in the simulation, although this would
significantly increase the number of calculations performed by the program. Another

possibility is the use of successive approximation, in which an initial estimate for the

Summary and Conclusions 34



control e'quationv gains is modified and updated during the simulation. This is a form

of adaptive control, and is an area in which research should be focused in the future.

C. Direction of Future Studies

The wéy’ in which the present system controls the simulated robotic arm is
sufficient for all cases éxcluding the one in which both the shoulder and elbdw are
simultaneoUsly moved. Even then, the error is still only about one percent‘ of the
desired angular displacement, which mighf not be unacceptable in the case that the
user is considering. Following the previously mentioned addition of adaptivé‘control,
the next logical step is the validation of simulation results with the actual motion
studies of a similar robot. If the results of.thve simulation are indeed valid, then the
éxpénsion of the model to include other joints and segrﬁrénts of the body (legs, neck,
etc.) could be used to expand the model. This would in turn lead to the incorporation
of active tqrque geherationy»in _cfash and ejection dummy models. Simulations could
then bé run in which active humén motion is attempted in a dynamic environment.
This onId create a much more realistic examb|e of the actual dynamics in these
situations. |

If the adaptive control schemes prove to be successful, then some type of signal
analysis | cduld be performed on the contrbl!er géins in an attempt to better
understand the way in which the human central nervous system controls active
motion. This would be a step toWards underétanding myoelectric syntax, or the way

in which the CNS speaks to the muscles to generate forces at joints.
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One ofher possibility for future improverﬁents in the ATB model is the
incorporation of the concept of least energy with respect to human motion discussed
by Schneck (14), and Nubar and Contini {21). This could remove the need to fit the
ATB motion data to any experimentél description of human motion, Aand instead allow

the model to decide what motion would most likely occur in any given situation.
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Table 1. Differences between desired and actual angular rotations for two joints,v before and after
the addition of integral control

Elbow before Elbow after
target actual target actual
30° 28.9° 30° 30.0°
60° 59.2° 60° 60.0°
90° 91.7° 90° . 90.0°
120° 123.1° 120° 120.0°
15Q° 164.2° 15Q° 150.0°
Shoulder before Shoulder after
target actual target actual
30° 28.1° 30° 30.0°
60° 59.3° 60° 60.0°
90° 9200 90 90.0°
120° ' 123.8° ‘ 120° 120.0°
150° 155.5° 15Q° 150.0°

TABLES



Table 2. Variations in the torque controlling equation gains for angular rotations of the Wa_ist joint

0, K, K, K
-180 5500 600 negligible
-160 4000 450 negligible
-140 3500 380 negligible
-120 3006 330 negligible
-100 2500 320 negligible‘
-90 2450 305 _’negngible
-80 2500 320 negligible
-60 3000 330 negligible
-40 3500 380 negligible
-20 - 4000 450 negligible

0 5500 600 negligible
- 20 4000 450 negligible

40 3500 380 negligible

60 3000 330 negligible

80 2500 320 negligible

%0 2450 305 negligible
100 2500 320 negligible
120 3000 330 negligible
140 3500 380 negligible
160 4000 450 n‘egligible
180 5500 600 negligible

TABLES
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Table 3. Variations in the torque controlling equation gains for angular rotations of the Shoulder

joint

K, K, K,

180 365 330 -120
-160 580 326 -106
-140 880 309 -85
120 1200 280 -55
-100 1650 225 22
90 1800 150 0
-80 2500 225 -22
60 3700 280 -55
-40 6100 309 -85
-20 11200 326 -106
0 400000 330 +/-120
20 11200 326 106
40 6100 309 85
60 3700 280 55
80 2500 225 22
90 1800 150 0
100 1650 225 22
120 1200 280 55
140 880 309 85
160 580 326 106
180 330 120

TABLES
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Table 4. Variations in the torque controlling equation gains for angular rotations of the Eibow joint

0, K, K, K,
-180 20000 260 -10.0
-160 5200 220 -9.5
-140 2700 150 7.3
-120 1600 110 -4.8
-100 1150 85 -1.6
-90 1000 70 0.0
-80 1150 85 1.6
-60 1600 110 48
-40 2700 150 7.3
-20 5200 220 9.5

0 20000 260 10.0
20 5200 220 9.5
40 2700 150 7.3
60 1600 110 48
80 1150 85 16
90 1000 70 0.0
100 1150 85 -1.6
120 1600 110 -4.8
140 2700 150 7.3
160 5200 220 -9.5
180 20000 260 -10.0
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Table 5. Variations in the torque controlling equation gains for angular rotations of the Forearm
- joint . '

0, K, K, K,
-180 22 25 negligible
-160 21 2.3 negligible
-140 21 22 negligible
120 21 21 negligible
-100 21 2.0 negligible
-90 20 2.0 negligible
-80 21 2.0 negligible
-60 21 2.1 negligible
-40 21 2.2 negligible
-20 21 2.3 ‘negligible
0 22 2.5 negligible

20 21 23 negligible

40 ' 21 2.2 neg!igibvle

60 21 2.1 negligible
- 80 21 2.0 negligible

90 20 2.0 negligible
100 21 2.0 negligible
120 21 2.1 negligible
140 21 22 negligible
160 21 2.3 negligible
180 22 2.5  negligible
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Table 6. Variations in the torque controlling equation gains for angular rotations of the Wrist joint

0, K, K, K,
-180 20 2.0 negligible
-160 14 1.1 negligible
-140 13 1.0 negligible
-120 12 6.9 negligible
-100 10 0.8 negligible
-90 9 0.8 negligible
-80 10 0.8 negligible
-60 12 0.9 negligible
-40 13' 1.0 -negligible
-20 14 1.1 negligible

0 20 2.0 negligible

20 14 1.1 _negligible

40 13 1.0 negligible

60 12 0.9 negligible

80 10 0.8 negligible

90 9 0.8 negligible

| 100 10 0.8 negligible

120 12 0.9 negligible
140 13 1.0 negligible
160 14 1.1 negligible
180 20 2.0 negligible

TABLES

46



Table 7. Variations in the torque controlling equation gains for angular rotations of the Palm joint

0, K, K, K,
-180 3 0.75 negligible
-135 3 0.75 negligible
-90 3 0.75 negligible
-45 3 0.75 negligible
0 3 0.75 negligible
45 3 0.75 negligible
90 3 0.75 negligible
135 3 0.75 negligible
180 3 0.75 negligible

TABLES
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Legend for Figures 2-8

e ADJUST
e AIRBAG
e AIRBGG
e AIRBG1
e AIRBG3
e APPLY
e BELTG
e BELTRT
e BGG
e BINPUT
e BLKDTA
e CHAIN
e CINPUT
e CMPUTE
¢ CONTCT
e DAUX

e DAUX11
e DAUX12

Legend for Figures 2-8

Adjusts the current time step within subroutine DINT
Computes interactions in the system involving airbags

Computes the volumes of intersection between airbags and
panels and segments

Reads the physical properties of the airbag restraints and
performs some initialization for the airbag routine

Determines if the airbag has been fully inflated
Applies driving joint torques to the adjacent segments
Computes information involving belt restraint systems
F’erférms additional harness belt calculations
Performs additional airbag calculations

Reads the input cards containing the physical dimensions and
characteristics of the simulated body segments and joints

Initializes common/cncnts statements for the program

Computes the linear position and velocity of the body segments
in the inertial reference frame

Input cards for the force deflection characteristics of the model
Contols the calculation of certain terms used in the integrator

Controls the calling of subroutines required to compute those
external forces and torques acting on body segments and
joints

Computes derivatives used in the integrator subroutine DINT
Called by DAUX to comput a matrix multiplication
Called by DAUX to comput a matrix multiplication .
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e  DAUX22
e DAUX31

e DAUX32
e DAUX33
e DAUX44
* DAUX55
e DHHPIN
e DINT
¢ DRCIK
¢ DRIFT
e DSETD
e DSETQ
e DZzP
* EDEPTH |
e EFUNCT
® EJOINT
e ELONG
e EQUILB
e EULRAD
e EVALFD
e FDINIT
* FINPUT
* FLXSEG

Legend for Figures 2-8

Called by DAUX to comput a matrix multiplication
Called by DAUX to comput a matrix multiplication |
Called by DAUX to comput a matrix multiplication
Called by DAUX to comput a matrix multiplication
Called by DAUX to comput a matrix multiplication
Called by DAUX to comput a matrix multiplicatioh
Determines certain variables if a joint is or is not pinned

Integrates a function supplied by the program and determines
the time step length

Calls other subroutines to calculate a cosine matrix in terms of
i,j and k coordinates

Corrects for drift in constrained joints
Updates a direction cosine matrix

Computes new direction matrix given the old matrix and the
incremental motion expressed in quaternion form

' Computes the state variables from the parametric form

assumed in DINT, along with the calculation of the
exponen'ua! weights :

Determmes the points of maximum penetratlon for two
intersecting ellipsoids

Computes the nonlinear spring torque for euler joints
Computes the torques acting on an euler joint
Computes the arc length of an ellipse

Adjusts initial position parameters so that normal contact forces
equal the supplied values or constraint forces

Conputes the euler angles in radians and places them into an
array for a given direction cosine matrix

Evaluates some function that is defined at a certain pomt in the

input deck, either function, derivative or integral values
Sets up certaivn arrays and counters for the program

Reads data concerning allowable contact between body
segments and the surrounding system

Sets up the equations to control the flexible elements as
specified by the input file
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e FNTERP . Computes the restoring torque of a joint as a function of the
flexure and azimuth angles

. FRCD'FL , Evaluates the force deflection fun'ctionvat é point D

] FSMSdL Solves a set of simultaneous equations

* GLOBAL Computes the effect of joint stoppage

* HBELT - Calculates functions involving the harness belt systém

e HBPLAY Performs calculations and updates functions involving the
harness belt system

® HEDING ~Creates the headings for time history files »

- & HERRON Computes the angle of joint stoppage, and éngular velocity

¢ HiICCSI Computes segment damage parameters for a simulation

e HINPUT Reads the data concermng the setup and control of the harness
belt system

e HPTURB Records harness belt output values for each time step

e HYABF Computes the hyperellipsoid function and its derivatives

¢ HYBND ' Computes a poi>nt on a polygon, determined from the

‘ intersection of a plane and a box

*  HYBOX Computes the intersection of a plane with the edges of a
rectangular box

o HYEST Makes a preliminary approxmatlon of the intersection of two

, hyperellipsoids

e HYLIM Calculates the boundaries of the figure formed by the
intersection of a hyperellipsoid and a plane

¢ HYNTR - Determines the points on mtersectmg hyperellipsoids that are
used to determine peretration of these figures

* HYVAL ‘ Computes the point on a hyperellipsoid that lies on a

¢ HYREA Computes the approximate area and centroid for the figure

formed by the intersection of a hyperellipsoid and a plane
particular line

e HYVBX - Determines the intersection of a vector and a box

¢ [MPLS2 Applies an impulse when joint J locks up
e |IMPULS Creates an impulse by Contacting segments, or plane
. INITAL Performs input and computations for initial positioning of the

body segments in the simulation

Legend for Figures 2-8 . : 59



e INTERS
e JNTFNC
o  KINPUT
e LINAXS
e LOGAXS
¢ MAIN
¢ ORTHO
e OUTPUT
e PANEL
e PDAUX
¢ PLEDG
e PLELP
e PLREA
e PLSEGF
e PLTXYZ
e POSTPR
¢ PRINT
® PRIPLT
¢ QSET
¢ RCRT
e ROTATE
¢ RSTART

Legend for Figures 2-8

Determines the intersection of ellipsoids
Calculates the applied driving joint function torque

Processes the input for wind force and joint restoring force
functions

Prepares a linear axis on a plot
Prepares a logarithmic axis on a plot
Executable subroutine of the program

Generates a right handed set of orthonormal vectors given one
of the vectors

- Controls tabulated output of selected optional segment

accelerations, velocities and displacements, joint parameters
and force data concerning segment contact

Computes airbag parameters during- inflation of the bag

Acts as an interface between subroutines DINT and DAUX to
accomodate all of the variables being integrated

Calculates functions when an ellipsoid and plane intersect

Computes the point of maximum penetration of an ellipsoid
associated with a certain segment intersecting a certain plane

Computes the common area of an intersecting ellipsoid and
plane, and its centroid

Calculates functions and interactions of environment and the
model segments ‘

Stores plotting data in arrays for point P given in the inertial -
reference frame

Controls the generation of printed tabular time histories

Prints segment linear and angular positions, velocities and
accelerations for a given time

Produces printer plot of y-z and x-z plane views of body
segment, and other selected points of vehicle components

Performs internal calculations within DINT

Computes the radius of curvature at point Z of ellipsoid A in a
certain plane

Transforms variables supplied in local geometric coordinates to
principal axis coordinates :

Read input and initialization data from old restart tape, and write
the new input and initialization dtat onto the new restart tape
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o SEARCH
e SEGSEG
e SETUP1
e SETUP2
* SINPUT
e SLPLOT
¢ SPDAMP
e SPLINE
e TRIGFS
o UNITT
* UPDATE
e UPDFDC
e USER
* VEHPOS
* VINPUT
e VISCOS
e VISPR

e  WINDY

Computes certain values for use in RSTART

Computes the segment segment mteractlons durmg the
simulation

Prepares certain arrays to be used for joint functions at the
current time point

Sets up certain arrays for use in the DAUX subroutine

Reads input data concerning vehicle geometry and restraint
belts along with some body symmetry optlons and spring
damper functions

Plotting subroutine

Computes the spring and viscous force of a spring damper”
between specified points of selected segments

Routine to fit a set of polynamlals of degree L to a set of given
data pomts

Calculates terms used in arrays for subroutine DINT ‘
Modifies data for use in certain AAMRL plotting programs

Updates variables at the end of each successful integrafion step
and sets up any new conditions at the beginning of a new step

Update the force deflection cureve definition assuming a
successful integration step has ju,st been completed

User defined subroutine contammg the active Jomt torque
controlling equation

Computes components of vehicle acceleration only as a
function of time using data from subroutine VINPUT

Reads input data concerning crash vehicle motion
Computes the sum of viscous and coulomb torques at the joints
Computes viscous and spring torques at the joints

Computes forces and torques involved in wundbalst effects on
the model body

All definitions in this legend where obtained from reference 5, volumes 1 and 3.

Legend for Figures 2-8
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SUBROUTINE USER(J,THETA,THETAD,TORQ,NF)

USER

REV IVR 10/21/37USER

USER SUPPLIED SUBROUTINE THAT CALCULATES ACTUATOR TORQUES

INPUT PARAMETERS:

J ACTUATOR NUMBER

THETA JOINT ANGLE

THETAD JOINT ANGULAR VELDCITY

NF(I) ARRAY 0OF ACTUATOR FUNCTION NUMBERS

OUTPUT PARAMETER:

TORQ(1)  ACTUATCR TORQUE

TORQ(2-5) USER DEFINED PARAM&TER° FOR OQUTPUT IN ACTUATOR

TIME HISTORY

IMPLICIT REAL*3 (A-H,3-2) .
COMMUN/CUNTRL/ TIME,NSEG,NJNT,NPL,NBELT,NBAG,NVEH,NGRND,

NS, NG, NSD, NFLX , NHRNSS , NWINDF ,NJNTF ,NFRT (34) ,NPG

USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER

COMMON/ TAELES/MXNT I, MXNTE ,MXTEL MXTB;,NTI(EO) NTAB(thO) TAB(4500)USER

DIMENSION NF (%), THRH(r)
THIS SUBROUTINE CALCULATES THE ACTUATOR TORQUE AS FOLLOWS
TORDY = FZ(THETA-THETAQ) - F3(THETAD) .
WHERE THETAO = FL1(TIME)
CALCULATE JOINT TARGET ANGLE FROM FIRST #UNCTION
KFT=NTI(NF(1))

THETAO=EVALFD{TIME,KFT,1)
DTHETA=THETA-THETAQ

CALCULATE FIRST TERM OF TORQUE FUNCTION FROM SECUND FUNCTION

KFT=NTI(NF(Z))

TORQ(1)=EVALFD(DTHETA,KFT,1)

CALCULATE SECOND TERM CF TORQUE FUNCTION FROM THIRD FUNCTION

KFT=NTI(NF(Z))
DTORQ=EVALFD(THETAD ,KFT,1)
TORQ(1)=TORQ(1)-DTORQ

QUTFUT PARAMETERS ARE:
THETAO, THETA,DTHETA, THETAD, DTORQ

"TORQ(Z)=THETAQ

TORQ(3)=THETA
TORQ(4)=DTHETA
TORJ(S)=THETAD
TORQ(&)=DTORQ

RETURN

END
FIGURE 9. OLD VERSION OF SUBROUTINE USER

USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER

USER

USER
USER
USER

‘USER

USER
USER
USER
USER
USER
USER
USER
USER
USER

SER
USER
USER
USER
USER
USER

SER
USER
USER
USER
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SUBROUTINE USER(J,THETA,THETAD,TORQ,NF)
USER SUPPLIED SUEBROUTINE THAT CALCULATES ACTUATOR TORQUES

INPUT PARAMETERS:

J ACTUATOR NUMBER

THETA JOINT ANGLE

THETAD JOINT ANGULAR VELDCITY

NF(I) ARRAY 0OF ACTUATOR FUNCTION NUMBERS

DUTFUT FARAMETER:

TORQ(1) ACTUATOR TOROUE
TORQ(Z-5) USER DEFINED PARAMETERS FOR QUTPUT IN ACTUATOR
TIME HISTORY

IMPLICIT REAL*2 (A-H,0-I)
COMMON/CONTRL/ TIME,NSEG,NJNT,NFL ,NELT ,NEAG,NVEH,NGRND,

* . NS, Nij, NSD , NFLX ,NHRNSS , NWINDF ,NJNTF ,NPRT (3&) ,NFG

USER

REV IVR  07/25/SSUSER

USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER

COMMION/ TAELES/MANT I {MANTE ,MXTB1 ,MXTBZ ,NTI (50) ,NTAB(1250Q) , TAB(4500)USER

COMMOM/WINDFR/ WTIME(Z0),2FU(3,5),0FV(3,5) ,WF(3,30),QRU(3,30),

* TORGUE (4,30) , IMIND(30) ,MNSEG(7,30) ,NFVSEG(&) ,
* NFVNT (5) , MOWSEG (20, 20) ,NRTORQ,NRIJNT (:30) ,NR3(30) ,

* NRF (5,30) , TIMEI, THETAI (2)
DIMENSION NF(5),TORG(E) ‘

THIS SUBROUTINE CALCULATES THE ACTUATOR TORQUE AS FOLLOWS
TORQ = FZ(THETA-THETAO) - FZ(THETAD) - F4(THETAI)
WHERE THETAO = F1(TIME)
CALCULATE JOINT TARGET ANGLE FROM FIRST FUNCTION
KFT=NTI(NF(1))
THETAO=EVALFD(TIME,KFT,1)
DTHETA=THETA-THETAQ
CALCULLATE FIRST TERM OF TORQUE FUNCTION FROM SECOND FUNCTION
KFT=NTI(NF(Z))
FCONT = EVALFD(THETAOQ,KFT,1)
TORQ(1) = FCONT*(DTHETA)
CALCULATE ZECOND TERM 0OF TORQUE FUNCTION FROM THIRD FUNCTION
KFT=NTI(NF(3))

DCONT = EVALFD{(THETAQ,KFT,1)
DTORQ = DCONT*THETAD

FIGURE 10. NEW VERSION OF SUBROUTINE USER

USER
USER
USER
USER
USER
USER

"USER

USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER
USER

SER
USER
USER
USER
USER
USER
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CALCULATE THIRD TERM OF TORQUE FUNCTION FROM THE FOURTH FUNCTION

DTIME = TIME - TIMEI

* THETAIN = DTIME*DTHETA

KFT = NTI(NF(4))

THETAI(Z) = THETAI(1) + THETAIN
SCONT = EVALFD(THETAOQ,KFT,1)
TORQL = THETAI(Z)*SCONT

iwon

CALCULATE THE ACTUATOR TOCRQUE
TORQ(1) = TORG(1) - DTORG - TORQI

OUTFUT FARAMETERS ARE:
THETAO, THETA,DTHETA, THETAD ,DTORQ, THETAI , TORGI

TORQ(Z)=THETAO
TORQ(3)=THETA
TORI(4)=DTHETA
TORQ(5)=THETAD
TORQ (&) =DTORQ
TORQ(T)=THETAI(Z)
TORQ(8)=TORQI
RETURN

END

FIGURE 10. (CONTINUED)

USER
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USER
USER
USER
USER
USER
USER
USER
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USER
USER
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