732 J. AIRCRAFT

VOL. 8, NO. 9

Influence of Bobweights on Pilot-Induced Oscillations

T. Perer NEAL*
Cornell Aeronautical Laboratory Inc., Buffalo, N. Y.

Historically, a major contributor to longitudinal pilot-induced oscillations (PIO) in service
airplanes has been the use of bobweights, which cause the control system to couple dynami-

cally with the airframe’s short-period mode.

The purpose of this article is to review and dis-

cuss the influence of bobweights on flying qualities, and to show how the unwanted effects
can be minimized by careful design. A method of analysis is presented, followed by applica-
tion of the method to several actual PIO situations. Finally, the various options available to

the airplane designer are discussed.

Nomenclature
Fy = stick force due to control system mass unbalance, Ib
Frs = net stick force transmitted to the control system,
Ib, Frs = Fs — F,
Fs = total force applied to the stick by the pilot (posi-

tive for pull), Ib

(Fs/n)ss = stick-force change required to achieve a unit
change in normal acceleration, when the airplane
is maneuvered at constant speed, 1b/g

I, = pitch moment of inertia about c.g.

K, = stick force per unit n contributed by control-system
mass unbalance for § = 0, 1b/g

Ky = stick force per unit § contributed by control system

mass unbalance, for n., = 0[lb/(rad/sec?)]
Iy = distance of an equivalent point-mass bobweight
ahead of c.g., ft, I, = ¢(Kis/K,)

lep = distance of airplane’s center-of-percussion ahead
of c.g., ft, lop = (Z5,/Ms,)Ly/mls)

Uy = distance from c.g. to aerodynamic center of hori-
zontal tail, ft

m = airplane mass, slugs

M = aerodynamic pitching moment about c.g. (positive
nose up), ft-lb

M, = (1/1,)(2M /35.)

n = normal load factor (positive for pullup), ¢

Ny = n measured a distance [, ahead of c.g., ¢

Ny = n measured at c.g., ¢

n/a = steady-state normal acceleration change per unit
angle-of-attack change, when the airplane is
maneuvered at constant speed, g/rad

1% = true airpseed, fps

Z = aerodynamic vertical force acting on airplane
(négative for a pullup), Ib

Zs, = (1/m)(0Z /25,)

3, = elevator deflection (positive for trailing edge down),
rad

ds = stick displacement (positive for pull), in.

& = damping ratio of the bobweight zero

trs = open-loop damping ratio of the feel system

¢sp = open-loop (stick-fixed) damping ratio of the short-
period mode

6 = airplane pitch attitude with respect to horizon

(positive nose up), rad

1/7a = open-loop breakpoint frequency of the elevator
actuator, rad/sec

1/7ny1/7s, = numerator breakpoint frequencies of the n.,/5.
transfer function, rad/sec

1/7s, = numerator breakpoint frequency of the §/8, trans-
fer function, rad/sec

wp = undamped natural frequency of the bobweight
zero, rad/sec

WFS = open-loop undamped natural frequency of the feel

system, rad/sec
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wsp open-loop (stick-fixed) undamped natural frequency
of the short-period mode, rad/sec
( ) = primes added to the parameters {, o, 1/ defined
previously, signify the closed-loop (stick-free)
values

I. Introduction

N 1966 a three-year effort was initiated by CAL’s Flight
Research Department under the sponsorship of the Air
Force Flight Dynamics Laboratory to develop a new military
flying qualities specification.!:? As part of this effort a rather
detailed study of the longitudinal pilot-induced-oscillation
(PIO) problem was accomplished. The study showed that
there are many factors which can contribute to PIO tenden-
cies. Historically, however, the major contributor to PIO
problems in service airplanes has been the use of normal-
aceeleration bobweights, which cause the control system to
couple dynamically with the airframe’s short-period mode.

Even today, the use of bobweights is attractive as a means
to keep the maneuvering gradient of stick force per g within
reasonable limits as flight condition and loading change.
Since the use of bobweights is fairly common, it is important
that the designer understand their undesirable features, as
well as their desirable ones.

The purpose of this article is to summarize the primary
influence of bobweights on flying qualities, and to show how
the more important effects can be treated at the design stage
so that the possibility of PIO is minimized. The many
secondary factors which can influence PIO tendencies®~5 are
difficult to analyze and are not considered here. Some of the
ideas presented are original; many represent new ways of
viewing previous work by others; all should be useful to the
designer. First, a method of analysis is presented. This is
followed by application of the method to several PIO situ-
ations. TFinally, the various options available to the airplane
designer are discussed.

II. Method of Analysis

In order to understand how bobweights affect flying quali-
ties it is appropriate to first determine how a bobweight
affects the airplane’s maneuvering dynamics. To this end
the constant speed dynamics of an airplane, with a powered
control system, can be represented as in Fig. 1. The open-
loop control system characteristics are determined by the feel
springs, the viscous damper (if any), control system inertia,
mechanical gearing, and actuator dynamics. The airframe
characteristics are represented by standard constant-speed
transfer functions, referenced to the airplane’s center of grav-
ity. The Kjand K, gains represent the feedbacks caused by
the combined effect of the bobweight plus any other mass un-
balance in the control system.

Figure 1 can be simplified somewhat by operating on the
transfer function of F; to §.. Notice that

Fy/8. = Kn(neo/8:) + Kii(0/5.) o)
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Fig. 1 Maneuvering dynamics of an airplane with a
bobweight.

If we define a length, I, = g(K3/K,), Eq. (1) reduces to
Fi/8, = Ko[(ne,/8.) + (lb/g)(é/ae)]
= K.(m/8.)

where n,/8. is simply the transfer function of normal accelera-
tion to 8,, measured a distance [, ahead of the center of gravity.
Working with the expressions for (n,,/8.) and (#/6.), it can
be shown that

nb/ae = Kb(SZ + 2§'bwbS + wbz)/(sz + 2§'SPCOSPS + CUSPZ)
3

@)

where
Ky = (1/9)(~Zs, + LMs,) 1Y)
w? = —Zg,[(1/7a) /70 1/ (—Z5, + LM 5,) (5)

_ _Z5¢(1/Tn1 + l/Tnz) + leBe(l/Tc‘)z)
—Zs, + LM,

Using Eqgs. (2) and (3), the block diagram of Fig. 1 can be
reduced to the form shown in Fig. 2. Physically, this block
diagram can be thought of as replacing the actual bobweight
and other control system mass unbalance with an equivalent
point-mass bobweight, located a distance Iy ahead of the air-
plane center of gravity (see Fig. 3). Notice that if the basic
control system is very lightweight, and virtually all the mass
unbalance is due to a single bobweight, I, is simply the distance
of the actual bobweight ahead of the center of gravity.

Referring again to Fig. 2, it can be seen that a given set of
airframe and control system characteristics and a fixed bob-
weight location, I, will completely determine the open-loop
dynamies. A typical open-loop pole-zero configuration is
shown in Fig. 4. If the bobweight feedback loop is now
closed, the locus of the roots shows how the airplane’s dy-
namics change as the root-locus gain K is increased. The
closed-loop transfer function will therefore be of the following
form:

m Ky (82 + 268 + wn?)
Fs (8% + 2¢rs’wrs’S + wrs'®) X
(S + 1/7.1)(8? 4+ 2{sp’wsp’S + wsp’?)

where the primes distinguish the closed-loop roots from the
open-loop poles. These closed-loop roots represent the stick-

2§bwb

(6)

@
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Fig. 2 Simplified maneuvering dynamics of an airplane
with a bobweight.
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Fig. 3 Equivalent point-mass bobweight.

free dynamies of the airplane, while the stick-fixed dynamics
are characterized by the open-loop poles of Fig. 4.

The root-locus gain K can be related to the bobweight
characteristics in the following way. From Fig. 2, it can be
seen that

Fs=Fps+ Fe &)

Therefore, the steady-state stick force per g is composed of
two parts:

Fs/nyss = (Frs/n)ss + (F's/n)ss (9)

The first part is the contribution of the feel system, which can
be determined from Fig. 2 as follows:

(Frs/n)ss = (wrs*/Krs) (1/7Ko) (wsp?/Kw?)  (10)

(Note that the subscript b has been dropped from =, since
n is the same at any location in the airplane, for the steady-
state case.) The second part is the contribution of the bob-
weight and is equal to K,. Rearranging the expression for
(Frs/n)ss it follows that

(KrsK.Ky) = (Frs/n)ss Howrs?(1/7)wsp?/wp?]  (11)
From Fig. 2, the root-locus gain is seen to be
K = K, KpsK. K, (12)
Substituting for K, and the product KrsK.K,
K = [(Io/n)ss/(Frs/n)ssllors*(1/T)wsp?/on?]  (13)

Thus, for a given set of open-loop poles and a given pair of
bobweight zeros, the closed-loop (stick-free) roots are com-
pletely determined by the ratio of the stick force per g con-
tributed by the bobweight to that contributed by the feel
system. If this ratio is large, the stick force per g will be pri-
marily determined by (7,/n)ss, which is invariant with flight
condition and loading. Therefore, a good bobweight zero
location is one which will permit high root-locus gains with a
minimum of degradation in the closed-loop dynamies.

II1. Effect of Bobweight Zero Location

In order to determine good locations for the bobweight
zeros, it is first necessary to obtain some feeling for the types
of zero locations which are obtainable for real airplanes.

Obtainable Zero Locations

As a first step in determining the possible zero locations, let
us define a length I, which is the distance of the airplane’s
center of percussion ahead of the center of gravity. The cen-
ter of percussion is where the initial normal acceleration re-
sponse to a step 3. input is zero. This definition can be ex-
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pressed mathematically as follows:

lE é
(ep)intriaL = (o) NiT1AL + —p%mﬂl =90 (14)
From the initial value theorem
- be (Mo | Lo 8
0= lim [S 3 (ae Ty 5)] (15)
Taking the limit, there results:
0 = 0.(—Zs,/9 + lev/9gMs,) (16)
and

ley = Zs./M s, (positive for aft-tailed airplanes) (17)
Introducing this expression for [, into Eqgs. (56) and (6)
_ (—Zs/Ms.) [(1/Tn) (1/7n5) ]
) —Zs./Ms, + L
(—=Zse/Mso) [(1/Tns) (1/Tn)) ]
lb - lcp
_ (=Zs/Ms)(V/Toi + 1/Tn) + B(1/70,)
_Zﬁe/M% + lb

Since (1/7.; + 1/7a,) is nearly zero for most airplanes, Eq.
(19) reduces to

wbz

(18)

2§ »Wh

(19)

20us = B(1/700) /(b — lep) (20)
In the steady state, n = (V/g)é so that:

(=Zs/9) [/ 12) A/ 7Ta) | _

2

(n/8)ss = (V/g)(1/8)(8/60)ss

(V/g)(1/76,) M 5,/ 05p* 21
Using this expression, Eq. (18) reduces to

w? = V(1/76) /(b — lep) (22)
Finally then, the bobweight zeros can be described as

8%+ [(1/70)ls/ (b — 1en) IS + [(1/70)V/(l — 1.p)]  (23)

Using Eq. (23), the movement of the bobweight zeros as a
function of /, can be shown on the complex plane (see Fig. 5).
The shape of the path which the zeros follow as I, varies is a
function of ¥V and l,. If the airplane has a very large tail
length (., = 0), the path of the zeros is almost a vertical line
[fsws ~ const = L(1/7¢,)]. If V is low and the tail length
is short (., large), the path curves more rapidly to the left.
Unless L., is very large, however, the path of the zeros will
nearly always pass to the right of the short-period poles.

The following two examples illustrate the effects of the pos-
sible zero locations on the closed-loop dynamics.

wsp

I

The T-38A Airplane

In the early 1960’°s, the T-38A airplane was introduced into
service. This airplane had PIO problems in the low-altitude,

jw w
T-38A wp |! T38A e FSHY
ORIGINAL MODIEIED| FS&
CONTROL WEg) CONTROL| @y
SYSTEM SYSTEM
Wgg ol
. sp
“sp
. , w
T AT, wep VTS AT, SP
¢ — D =

Fig. 6 T-38A maneu?ering dynafnicé.
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Fig. 7 Typical
feel characteris-
ties for wsp’ > wgp.
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high-speed regime with pitch damper inoperative, and a con-
centrated campaign was conducted to modify the control
system.?=5  Figure 6 shows the locus of the airplane’s roots
as the contribution of the bobweight to stick force per g is
increased, together with a similar plot showing the effects of a
modified control system. The particular closed-loop roots
shown are those corresponding to the actual bobweight used
in the T-38A.

Figure 6 shows that the original bobweight reduced the
short-period damping ratio (stick-free) and increased the
short-period frequency. A considerable part of the air-
plane’s controllability problem was due to the reduced short-
period damping ratio. However, the problem was aggra-
vated by the poor stick-feel characteristics caused by the
short-period frequency being greater stick-free than stick-
fixed. This effect can be better understood by combining
Eq. (7) with Fig. 2 to obtain the transfer function of stick
position to stick force (v,” = 7.)

Os nb/ Fs

Fs ﬂb/5s B

(Ky;/KoKa) (8% + 2{spwspS + wsp?)
(82 4+ 2¢rs’wrs’S + wrs®) (S + 2¢sp'wsp'S + wsp'?)

A typical 6s/F s Bode plot is shown in Fig. 7 for the case where
wsp’ > wsp. The fact that |8s/Fs| is higher at high fre-
quencies than at low frequencies is believed to be the major
source of pilot comments concerning light stick forces during
rapid stick movements. Some of this increased amplitude is
due to the resonance caused by low short-period damping
ratio (stick-free), but the situation is further aggravated by
the fact that the asymptotic Bode plot shows increased am-
plitude whenever the stick-free short-period and feel-system
natural frequencies are greater than the stick-fixed short-
period frequency. Notice that this latter effect is accom-
panied by stick position leading the stick force in phase, which
is opposite to most feel characteristics.

The original T-38A control system was modified by simply
reducing the size of the bobweight and increasing the size of
the feel springs. The poles and zeros of the modified system
are the same as those of the original system, except that the
feel system natural frequency is increased because of the re-
duced control system inertia and increased feel spring size.
Thus, no fundamental changes in the nature of the control
system dynamics were made, but the severity of the problem
was reduced by reducing (Fs/n)ss/(Frs/n)ss from 1.0 to 0.28.

(24)

jw
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Fig. 8 A4D-2 maneuvering dynamicé.
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The A4D-2 Airplane

In the 1950’s, a PIO problem occurred on the A4D-2 air-
plane during low altitude, high-speed flight.® The original
control system of this airplane had much in common with the
T-38A. The modifications to the A4D-2 to correct the PIO
problem differed considerably from the approach employed
on the T-38A, however, as will be shown below.

Figure 8 shows a root-locus plot of the A4D-2 dynamics as
the bobweight’s contribution to stick force per ¢ is increased,
together with a similar plot showing the effects of a modified
control system which virtually eliminated the PIO problem.
As with the T-38A airplane, the A4D-2 original control sys-
tem resulted in a very low short-period damping ratio (stick
free). The primary effect of the modified system was to
move the bobweight zeros to a lower frequency (correspond-
ing to an increase in the effective bobweight distance 1),
although the ratio (Fy/n)ss/{(Frs/n)ss was also reduced from
1.8 to 0.9. It is interesting to note that both this ratio and
the short-period damping ratio are greater for the A4D-2
(modified) than for the T-38A (modified) because of the im-
proved bobweight zero location.

IV. Design Options

The design problem is to minimize the variations in stick
force per g using large values of (Fy/n)ss/(Frs/n)ss while
avoiding PIO problems due to low short-period damping
(stick-free) or due to having the short-period frequency
(stick-free) higher than the stick-fixed value.

As a first step, the previous analysis makes it clear that w,
should be appreciably lower than wse (I, large). If the
natural frequency of the zeros becomes too low, however, the
short-period frequency (stick-free) will be reduced and will
cause the airplane’s response to become sluggish. A logical
compromise, therefore, is to set the frequency of the bobweight,
zero equal to the appropriate minimum short-period fre-
quency limit of MIL-F-8785B.1 For satisfactory fighter
maneuvering characteristics, this limit is in the form:

(wsp)MIN2 = 028(%/6!) (25)

where n/a is the normal acceleration change per unit angle-
of-attack change when the airplane is maneuvered at constant
speed, and is very nearly equal to [(V/g)(1/7s,)]. Setting
(wsp)un? = wi?, Egs. (22) and (25) give

/1) V/ b — Lep) = 0.28[(V/g)(1/74,)] (26)
and
b = 1156 + 1., 27)

Note that the desired value of I, is not likely to be obtained
with a simple bobweight because of airplane size limitations.
The blending of forward- and aft-mounted bobweights will
therefore be required in most cases.

With the location of the bobweight zeros determined by Eq.
(27), the primary limitation on (Fy/n)ss/(Frs/n)ss is the fact
that the closed-loop feel-system roots can be driven unstable,
as can be seen from Fig. 9. Fairly low values of ¢rs’ can be
tolerated because wrs’ will usually be high relative to wss’, so
that the magnitude of the feel-system oscillations appearing
in the maneuvering response will be small. But to prevent
the desired values of (Fu/n)ss/(Frs/n)ss from actually driv-
ing {rs’ unstable, it may be necessary to increase {rs by using
a viscous stick damper in parallel with the feel springs. Of
course, some viscous damper mechanizations may introduce
additional feel-system dynamics, which must then be con-
sidered. ’

" As can be seen from Fig. 9, the short-period damping ratio
(stick-free) is likely to decrease somewhat as the contribution
of the bobweight to stick force per ¢ is increased, even for a
favorable location of the bobweight zeros. Thus, it must be
determined whether the final values of {sp’ obtained are ade-
quate. Several requirements of MIL-F-8785B provide
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guidance in this area. For example, minimum values of ¢sp’
are established by paragraph 3.2.2.1.2, while paragraph
3.2.2.3.1 requires an increase in {sp’ when (Fs/n)ss is low.
In addition, paragraph 3.2.2.2.1 establishes limits on (Fs/n)ss
itself. ,

One final comment is in order. The design criterion for the
selection of [, is derived for a rather simple class of control
systems, having only a second-order feel system and a first-
order elevator actuator. For more complex control-system
configurations, the criterion may not directly apply; but the
basic analytical tools presented in this paper should be helpful
in the design of a bobweight for any control system. For a
more complete discussion of the effects of bobweights on air-
plane maneuvering dynamics, the reader is referred to the pre-
print Ref. 7 on which this article is based, and to the support-
ing document for MIL-F-8785B2 (paragraph 3.2.2.3). Also
included in this latter document is a discussion of the effects
of elevator hinge moments, for airplanes having unpowered
control systems. For a somewhat different approach to de-
seribing the effects of bobweight dynamics, the reader is re-
ferred to another CAL program.s

V. Congclusions

1) The use of a control-system bobweight without con-
sideration of its effects on the airplane’s dynamics can lead
to serious PIO problems. 2) Potential PIO problems due to
a bobweight can be minimized by increasing the sensitivity of
the bobweight to pitch acceleration, using the following eri-
terion: I, = 115 + [.,. 3) When the previous criterion is
satisfied, the contribution of the bobweight to stick force per
g may still be limited by the fact that the closed-loop feel-
system roots can be driven unstable. This problem can
usually be improved by the use of a viscous stick damper. 4)
The final control-system design should be checked against the
short-period damping ratio and stick force per g requirements
of MIL-F-8785B.
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