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THEORETICAL LINEAR APPROACH TO THE COMBINED
MAN-MANIPULATOR SYSTEM IN MANUAL CONTROL OF
AN AIRCRAFT

By Klaus Brauser
Messerschmitt-Boelkow-Blohm GmbH, Miinchen, FRG.

SUMMARY

A new approach to the calculation of the dynamic characac-
teristics of the combined man-manijulator-system in manual air-
craft control has been derived from a model of the neuromus-
cular system similar to that described by McRuer and Magdaleno.
{Ref. 1) This model combines the neuromuscular properties of
man with the physical properties of the manipulator system
which is introduced as pilot-manipulator model into the manual
aircraft control. The assumption of man as a quasilinear and
time-invariant control operator adapted to operating states
- depending on the flight phases - of the contrcl system gives
rise to interesting solutions of the frequency domain trans-
fer functions of both the man-manipulator system and the
closed loop pilot-aircraft control system. It can be shown
that it is necessary to introduce the complete precision pilot-
manipulator model into the closed loop pilot-aircraft trans-
fer function in order to understand the well known handling
quality criteria of MIL-F-8785B/C, and to derive these criteria
directly from human operator properties.

INTRODUCTION

The pioneer work on the precision pilot model presented
by D.T. McRuer and h*s co-workers (Refs. 1...3) has become the
most important step towards our understanding of the role of
man in manual control. It is the combination of neurophysio-
logy, physical dynamics, and control theory which gives the
fascinating aspects of how the several complicated problems
of manual control should be solved. But, there is a little gap
between the theory and practical solutions, because the pre-
cision theory always turns out to be too complicated if en-~
gaged to solve such problems as the question for the best mani-
pulator characteristics in a high performance aircratt.

In fig. 1 the precision pilot model is shown as it was pre-
sented by McRuer and Magdaleno (Ref. 2), which enlightens sche-
matically, what is running in the neuromotcor system when the
pilot puts his hand (or legs) on the manipulator. For practi-
cal use however, the human engineelr wants to revise this model
to also parametrically based but simpler facts.
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Fig. 1: Precision pilot model, after McRuer and Magdaleno
(ref. 1)

If you ask the pilot about manual control qualities, he ex-
pla-ns his wishes on

stick forces

aircraft response (as it is)

predictability of response (as he expects it is)
lead elements (after inquiry),

but he is not accustomed to consider his stick force and dis-
nlacement feedback. If the pilot must consider these, the
handling gualities of the system may be bad.

So for practical use we tried to reorganize the pilot model.
Fig. 2 shows another pilot model less sophisticated as that

of fig. 1 but more practical in use. Force and displacement
feedback now feeds into the spinal chord without becoming con-
scious to the operator who is engaged in the compensation of
system lags by lead. This model too can be fully identified

by physical parameters.(Fig. 3) We now can divide the pilot
model again into two parts: part A identifies the mental para-
meters (lead) while part B represents the neuromuscular-physi-
cal parameters of the combined man-manipulator system (lag).
Now the intention of the following analysis is the formulation
of the frequency domain transfer function of this quasilinear
pilot model and the calculation of amplitude and phase shift
of the nman-manipulator combination; while further important
investigations include the pilot-aircraft closed loop charac-
teristics and their influence on handling qualities. (Ref. 5)

-408-



1nput

Fig.

Fig.

o msm i on % i ————— o

central nervous syst.

| spindle

spinal

+ Golg1 sensor

““ (‘ + 'K.).-

K (e TA.)QJ"

|

Ky(1e ‘l'vl)o""

b

"X

K go"(‘

actuator

2

pilot’s lead elements

1

M+ Mo
C, +Cm

T, ¥ Cm

Re» C‘:Cm

neuronal impulse
propagation time

14 Rgo o Mo’

ruscle-menipulator

o

Ky (14 Tys)e

Joint sensor feedback

: Precision pilot model after P. Bubb (ref. 4), used in
this report

3

manipulator-

F—

viscous resistance

limd tnertia n,

:

1nput
spindle+ Golgl sensor joint sensor
1 l

@ feaddack

Cm

1imb tenston elastictty
"7( ¢ comol 1ance
1) —
Lird-

Ca

I

|

— i

manioulator soring

manipulator inertia

Tenaon, Bone, and
Finger compllance (Ra,Ca)
1s assumed to De high

c(t)
) (stiff)
force/alsplacement
outou?

: Physical properties of the precision pilot model
after P. Bubb (ref. 4)

-409-



P

ANALYSIS
Formal arrangement of the model.

The model (fig. 2) can be arranged formally alike

(1) F (s) _ FA(s).Fv(s).FE(s).FL(s)

p K PR
L+Fx(s).FL(a,#Fw(s).FL(s) , where
-Z g
(1.1) FA(S) = K\.'1+TAs)e A (information input term)
e
-TyS
1.2) Fv(s) = nv.(1+TVs)e (information processing term)
(1.3) F_(s) = e
t E - = (second order lag of wman-
1+R s+M_s? manipulator)
T, S
(t.od) FL(b) = e {neuronal impulse delay)
_Tg®
(1.9%) FK(S) = KK(1+TKs)e (delaye«x rorce-feedback)
_tyS
(1.6) F_(s) = K (14T s)e (delayed displacement feedback)

Rearranging the equations (1.1)...(1.6) into eq. (1) results
in

() Fo(s) - aA(s).B(s) =

-~

K K K (14T s) (147 s)e (Cat &t f)s
! S T s)e .
A V E A \'

) » =T _+T ) & =€ +T )s
(1+R s+ s {EI»KK(1+TK.J¢ K L J'KE§N(1+jwb)L W L )

and rewritten by the following introductions

(effective pilot gain)

p V E
ey tA~ZV~EL (cffective pilot delay time)
DI C . 4 , i 51 :
( z e W5, (feedback delay time, anelk<all)
yields
(1) Fo(s) - A( )b ¥
;)
- ‘ - K fl*TAs)tltuvs)e_(cs
B : o <Esy T T s T
(or oM st [k (e s ] PRLK (LT s e
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To achieve the roots of this syrtem, we first have to eli-
minate the delay terms as much as possible, which is done by
multiplication of both the numerator and denominator of eq. (3)
Fs. . e _ e o
by e+ ‘_?s This results in the replacement of e Ces by e Te
-(Ce-
e (Ce-T)s in the numerator, and another form of the denominator ‘
Dp(s) of eq. (3) like N
? !
- 1y, +Cs i .
(4)  D_(s) = (1+R_s+M_s [ e +KK(1+TKS)]+KEKW(1+wa) "
While the numerator has already its final root arrangement,
the denominator has not. For better nandling, the term
s
e’ ® should be approximated by a Taylor se.lies
(5) v#[s = 1+Cs+C%s? +R(s)
2!
(5.1) R(s) = tlii a = 2,3,...6
n
the frequency range of which is O0< is=j )< 70 rad/sec. with
an amplitude and phase error below 20 %, for n = 2:
(6) Fp(s) = A(s)B(s) =
_ - 'ies 4
= Kp(erAs)(1+Tvn)e
T = F I R |
(erEs+MEs )L1+ s+1§§ +Lns vKK(1+TKs[]+KEKN (1+Tws)
The roots of thr denominator polynom are solved by the calcu-
lation of the denominator polynominal form
(7) Dp = ao*d25+d231+d35‘*d454*d555
and by comparison of the coefficients a, and the coefficients ' E

b, of another, well-known pol!ynom the rdots of which meet the
5th order arrangement

- . .2 - 2
(l+blh)(l+bzsfb]5 )(1*b45+bss )

i~ necessary arithmetics are described and discussed in ref.5.
It has to be mentioned, that an exact solution of a 5th order
linear arithmetic eguation does not exist.

SOLUTION

The best solution of eq. (6) 1s the following

(9 Fols) A(s).B(s) =
P

- (_‘S

K {1+T s)(l+T <)e
B A 15

]*KK

k(lOTHS)(lOl’EE RES+1215MEH‘)(1+5

K

Rgs+ §° }__+_K.§.MESI )
K
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which describes the required roots of a 5th order lag system
B(s), if

_ -Tes
(9.1) A(s) = Kp(1+TAS)(1+TVS)e

The conditions for the solution of B(s) within eq. (9) are:

(10.1) K = 1+KK+KEKW (compined feddback gain)
(10.2) T = R = 3T (neuromuscular lag time constant)
1+K 2§ ]
(10.3) K‘RE = E (2nd order lag time constant)
K w
E
(10.4) 1+KKM _ 1 (man-manipulator resonant frequency)
= E
K idEz
R_+R .
(10.5) §E = "m s21.0 (lamping of th~ 2nd order lag term)
ZVRmRs
(10.6) M_ = Mm+Ms (Inertial resistance of the mani-
E Cm+Cs
pulator)
(10.7) R_ = Rm*RS (viscous resistance of the man-
E Cm+Cs

manipulator)

N
(10.8) & ::fJn+2,ﬁRm+Rs)ﬂ2_(Rm+Rs)2
2nkTI2kBRmRs _I 2KSRmRs

> is a "high frequericy weighting factor", in which A, k, and n
are defined as follows

TKy .
ﬁ - 1+(KKE?)' , k= 1+KK , n = 2 (see eqg. 5.1.)

T+K X

The 5th order solution (9) degrades to a 3rd order solution,
if §»0. A limit of § is given bye<1: If§<E, set §=0, while ¢
is defined by

(10.9y & = 1 i.e. if
70 K.M_
ka Mo
w'p = _.1__ > 70 rad/sec which is the limit in w de-
kO M.

fined by the approximatior in eq. (5.1)
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Numerical evaluation

While the numerical values of My (limb inertia), Mg (mani-
pulator inertia), Cg (feel spring constant), and Rg (manipula-
tor viscous resistance) can be achieved by measurement - or
effectively are known - the values of Cnp (limb muscular tension
at operating point) or Ry (limb viscous resistance at operating
point) have to be assumed in order to achieve reasonable results.

The same is done for the values of Ky and K which only
can be defined statically as in the following way

Fs(oper.point)

K, = (F_ = control stick force)
k s
F_  max
S
Kw = 5S(operat. point) (65 = control stick displacement)
55 max

while KE might be defined as

Kg = Fs max (F_/n = stick force gradient at
F 7/ opérating point, eg. n = n_ for
Fs n ovitch axis) z

For force-displacement-manipulators, the product KEKW is de-
fined to be unity at every operating point.

RESULTS
Comparison with experimental data

Some calculations of Ty, SE,Q)E, and § are made based on
experimental data publishea in ref. 2. Most interesting data
were those of ref. 2 which have been evaluated from tracking
experiments with all manipulator characteristics but only the
simplest controlled element (pitch axis)

FC(S) = KC'

because these data are most characteristic for the man- manipu-
lator system alone. If one assumes Kp=Ky=1 and Tp=Ty#*0 for a
controlled element without the necessity of lead compensation,

which will be almost true for cpen loop contrrni, the resulting
transfer function is

F(s) = B(s).Kc, Kc = 1.

Using the data of experimental runs no. 3, 8, and 23 of
ref. 2 for Ms' RS, CS and assuming:
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Mm=0.0.0199 [kgm?] = hand-to elbow inertia for side stick
¢ =1.5 [Nm? /sec?] :
p - AMmtMs) (CmsCs) (see ref. 5) for § _=0.7 :

m ZSSV Ms.Cs

the calculated open loop Bode characteristics are plotted
against the experimental data from ref. 2 in fig. 4. As one
can recognize, only the amplitude differences are quite
noticeable, because the cal~rlation was based upon Kc=1 and

KE = 0,666 for run 3 (force-displacement stick)
0,666 .o 8 (displacement stick)
0,00913 " " 23 (force stick)

Nevertheless, the calculated plots in fig. 4 clearly show
the same characteristics as the experimentally evaluated ones.

Handling quality requirements

Accurding to the Handling quality specification MIL-F-8785-C
(ref. 6) the phase angle between Fg (stick force) and & . (con-
trol area displacement) should not exceed-35 degrees, for
level 1, related to the axis resonant frequency, @p. The mini-

mum requirements for 1/Tw and!;EﬁuE are, while other phase
shift between Fg and é - be excluded,

1
= = 3,5W
Tw n
. e -3
QJE = (3,5...7) u% for bE = 1.0
Assume, the pitch axis resonant frequency & = 3...5

. : s
rad/sec, these minimum requirements mean: nsp

1 - (3...5).3,5 = 10...17,5 rad/sec (T.. = 0,057...0,1)
TW W

Q)E = (3...5).(3,5...7) = 10...35 rad/sec

As an example, we should remember the high resonant fre-
quency of the T33 manipulator system, used by CAL during the
Nealf Smith experiments, which was@w = 31 rad/sec (ref. 7).
The low values of Ty as well as thehigh values of wg from
the above assessment are realized only by light, stiff mani-
pulators (hand controls) used aboard fighter aircraft with
high resonant frequencies (Whg, = 3...10 rad/sec).
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Handling quality criteria derivations

The derivation of well known handling quality criteria is
possible by the introduction of the solution of eq. (9) into
the closed-loop transfer function of the system pilot-air-
craft. With the assumption that@pg is high enough to satisfy
the requirement

>
Q)E = 3:5---7)-wnsp - pitCh axis -

the solution of eq. (9) is simplified to

_":‘es :
Kp(l+TAS)(1+TVS)e ) .(

(11) F (s) =
p =
K (1+Tws)

If this pilot model is used in a closed loop together with the
well known pitch axis aircraft transfer function

K K (1+T,4 )
(12) F_ (s)=g- - C(lfT fr, :
sSp s s nspS nsp'5 ) .
T = 2§nsp, T - __1_____ :
nsp i nsp G 4
\Jnsp nsp
the closed loop response is -
(13) Fo = FpFn = _e_
F
1+Fp n GE .
T :
Again, e €5 has to be substituted. In this case the ist order
pPadé approximation
I _Ce -
(1a) e reS o Bmao— s o 1oTes
1+£~e~ g 1+T s
2 e

is the best substitution. The solution of the closed loop
problem (13) can be achieved by using a method similar to that
applied to eq. (6). We may suggest

(15) ¢ (s) - g_ ) (1+T,5) (14T s) (1+Tgs) (1-T_s) _
C - byd
K ToT K
(1+Tw5) (14‘[-}?—- - g eJS*‘i—TQSZ)(I*Tnsps‘,‘#T.nsps",
e n e
with the conditions
(15.1) Thsp = Tg - Te for T9>Tns;p K as defined above
[}
Thg
rI\" - __Dix‘_) = —-{——-1—.—_ K) = K K Ke
N Tnsp .SnspUﬂSD © P €
T, - Ty 'R>< T (PIO)
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These conditions show a very strong dependence between the

aircraft parameters T ’!)nspf“'nSp: the most critical para-
meter of the man-manipulator Ty. and the lead time constants
generated by the pilot himself in order to stabilize the closed
loop. If level 1 proven aircraft parameters are used, the
closed loop response satisfies the Neal and Smith tracking
criterion (ref. 7) for good handling, if the Bandwidth of

the "band-pass filter" described by eq. (15) is restricted to

BW = 3,5 rad/sec
1 glAI (BW) = - 3dB

The pilot conditions are then:

'fe < 0,4 sec (PIO-criterion), X ., Fs

TV+TA < 2,0 sec (ref. 8)

This "band-pass filter criterion"” is shown by fig. 5. While

Ty is the indicator for critical a/c parameters, Ta is that for
critical man-manipulator parameters. Both should be as small
as possible for good handling qualities,

The addition of the 2nd order term (1+kREs+kMEs ) disturbes
this Bandwidth conditions only, if b/\kME.vgunsp. In this
case, another lead time constant Ta1 has to be generated by
the pilot in order to compensate the lag time constant kRg,
resulting in a higher order pilot lead element

(1+TAS)(T+TA1S)(1+TVS),
the sum of which again must satisfy

1 +7 50

A A1 1 < 2.0 (Arnold, ref. 8).

The higher order of the lead element surely will also degrade
the pilot rating further.
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CONCLUSIONS

The formal arrangement of the full quasilinear pilot model
first proposed by McRuer et. al. into both open loop and
closed loop transfer functions of the manual aircraft control
is a powerful means to assess aircraft handling quelity cri-
teria. The derivation of known criteria from lead term and de-
lay term limits of the pilot has been shown clearly.
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