JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 19, No. 4, July—August 1996

Adaptive Control of a Zero-Stiffness Suspension System

Li-Farn Yang,* Rueih-Chir Tzeng,! and Chun-Pao Kuo?
National Chung Cheng University, Chia-Yi 621, Taiwan, Republic of China

A zero-stiffness suspension system featuring a noncircular disk is used as an application in counteracting gravity
loads in ground-based structural testing. The dynamic behavior of this mechanism is analyzed in closed form, in
which this mechanism is shown to be very sensitive to inertial properties of a noncircular disk, which can introduce
inertial forces to trigger nonlinear dynamic behavior in the system, thereby degrading testing performance under
such inertial loading. An adaptive feedforward control law is developed for eliminating these inertial effects on the
suspension system during dynamic testing. Under this control manipulation, the output signals of disk mechanism
are regulated and tracked along the desired trajectories so that the error signals can be vastly reduced. Stability of
the control system is investigated, and simulated time histories of test articles under an active band-drive suspension
system also are presented to show the effectiveness of the approach.

Nomenclature
A = null-space matrix of Jacobian matrix B
B = constraint Jacobian matrix
C = damping matrix of equations of motion
Cy = viscous drag coefficient of motor
e, = applied voltage of armature
es = applied voltage of armature from adaptation law
F = forcing vector of equations of motion
G(s) = transfer function in s-domain
&y &v = constant feedback gains
I = moment-of-inertia of noncircular disk
L = moment-of-inertia of armature
K = stiffness matrix of equations of motion
k;, = back-emf constant of motor
k; = spring stiffness of the jth spring
k, = torsional spring stiffness
k; = torque constant of motor
£ = static elongation of the jth spring
M = mass matrix of equations of motion
m; = mass of the ith body
N, = gear ratio
R, = armature resistance of motor
Tu = distance between disk center and ring
rp = pitch radius of noncircular disk
w = total weight of test articles
y = vector of state variables, [y, ..., y,17
Vi = displacement of the ith body
y = adaptation gain
€ = sum of error signals, £() + &(t)
£(1) = error signal, 8,(t) — 0(¢)
0 = angular displacement of noncircular disk
64(8) = desired trajectory of disk angle
O = angular displacement of motor
A = vector of Lagrangian multipliers
¢ = vector of state variables, [8, yi, ..., Y17
T, = available torque from motor shaft
T = actuating torque from motor to disk shaft
L = nonholonomic constraint equations
0] = angular displacement of cable
() = vector of adaptation variables
wy, Wy, w, = adaptation variables
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1. Introduction

LEXIBLE space structures, in general, experience free—free

boundary conditions that are not readily replicable on Earth.
Yet, to test these space structures, special suspension devices are
needed to support the weight of the structure without introducing any
constraint forces, which in turn impose additional boundary condi-
tions that do not simulate the desired free—free boundary conditions
in space. Various concepts and approaches have been proposed for
counteracting gravity loads on space structures for ground-based
dynamic testing.!~* Chew et al.! has surveyed several existing sus-
pension devices including long cables, air pads, pneumatic/electric
devices,” soft springs, zero-spring-rate systems,’ and band-drive
suspension systems.* Their study indicated that a band-drive sus-
pension system has many advantages over other candidates, such
as compact size, low friction, absence of air tank and mechani-
cal maintenance, and wide-range working domain for zero-stiffness
rate. Also, the band-drive suspension system is capable of keeping
the test structures in static equilibrium at any given vertical position
and of simulating the constant-speed motion for test structures in
response to an impulse.

A band-drive suspension system, such as that shown in Fig. 1,
offers a zero-gravity suspension environment needed on ground for
dynamic testing of space structures. The system consists of a non-
circular disk over which a wraparound cable winds and unwinds as
the disk rotates. This disk has a special profile that is developed from
the kinematic perspective that the inertial properties of the disk are
neglected in the design procedure. However, in practice, the iner-
tial properties exist with the disk and give rise to the inertial forces
loaded on the suspension system, which can initiate nonlinear be-
havior on the disk dynamics. The effects of inertial loads upon the
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Fig.1 Configuration of a band-drive suspension system.
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band-drive suspension system are all adverse and result in malfunc-
tion of countergravitational operations or even in instability of the
system. The undesirable inertial loads can be eliminated by means
of active control; however, some issues must be considered in ad-
vance, for instance: 1) dynamics loaded by the disk inertia may vary
with different operating conditions, 2) inertial loads of the disk have
to be actively counteracted during transient as well as at steady state,
and 3) control design must remain unchanged for test articles with
different weights, wherein conventional feedback control does not
seem entirely effective and satisfactory for such purposes. The ob-
jective of this paper is to eliminate the time-varying inertial loading
inherent in the band-drive suspension system from the standpoint of
adaptive control. In particular, an adaptive trajectory tracking under
a model reference adaptive feedforward control is considered.

This paper uses an adaptive feedforward control scheme® intended
to adjust the inertial loads for an active band-drive suspension sys-
tem in conducting the structural testing. Included in the closed-loop
system is a model reference adaptive controller composed of a fixed-
gain feedback control and an adaptive feedforward control. Early
applications of this control concept were restricted to self-tuning
regulators, but new applications are emerging, e.g., motion synchro-
nization of x-y tables in contouring,® of twin-gyro control moment
gyroscopes in precessing,’” and of magnetic bearings in levitating.®
It is known> that the adaptive feedforward control is very effec-
tive in tracking and error regulation when there exists a measurably
uncertain payload acting on the systems, which makes the present
method well suited to the suspension control problem relative to the
inertial loading. The closed-loop performance under the adaptive
feedforward control closely matches that of a reference model that
characterizes a rule of motion governing the disk kinematics in the
absence of inertial loading. Stability analysis of the overall control
system is also conducted in a determining a stable margin for an
adaptation gain in the sense of asymptotic stability.

The remainder of this paper is organized as follows: First, the de-
scription of system dynamics is presented for the band-drive suspen-
sion system incorporating a controlled dc motor. Second, the nonlin-
ear dynamic behavior of the band-drive suspension system related
to inertial loading effects is analyzed with a closed-form solution.
Then, the derivation of an adaptive feedforward controller is detailed
and applied to the band-drive suspension system. Finally, the simu-
lation results of transient responses, subjected to the excitations of
initial displacement and initial velocity, are presented for discussion.

II. System Dynamics

In this section, dynamics of a disk mechanism and an actuator are
studied and incorporated into an active band-drive suspension sys-
tem, as shown in Fig. 2. This paper considers the utilization of a dc
motor as an actuating device. A multibody dynamic model is formu-
lated for this motor-equipped suspension system with lumped test
articles for the dynamics and control analysis. In what follows, we
begin with the derivation of equations of motion for this suspension
system with motor and test articles onboard.

A. Multibody Dynamics of a Band-Drive Suspension System

A band-drive suspension system with test articles can be mod-
eled as a multibody dynamic system in which a noncircular disk is
preloaded by the torsional springs at its center of rotation and pulled
by a cable connected to n serial lumped articles underneath the disk
mechanism. As shown in Fig. 2, the disk has a convex profile that
allows a wraparound cable to overlap it and extend downward to
suspend the test objects. The disk profile is designed using envelope
theory,* and the test articles can be characterized by # masses and
(n — 1) connecting springs as a lumped-parameter system.

Wherever the system is at rest, the static equilibrium of the forces
must satisfy the following equations*:

k6, ko6 + 6,
W b kE+6) (1)
ry Sing, rq sin(¢ + ¢,)

kjej:Zm,»g for j=2,....n @)

i=j

Test
Articles

Yn

Fig. 2 Motor-equipped suspension system with multiple test articles.

where W= Y""_ mig, ¢, = sin"'(ry/r,), and 6, = (W/k))r,.
Because 8 varies according to Eq. (1), it is possible for the test
articles to remain in static equilibrium when displaced from one
position of static equilibrium to another, so that a weightless effect
can be simulated on Earth through this suspension system. Note
that the displacement y; of mass m; must be consistent with the
disk angle 8 because the suspension cable is directly connected to
mass m;. The displacement y, can be equated by integrating along
the curvilinear path of the disk profile through the rotation 8 so that

[ k. 92
= / Ya Siﬂ(¢ + ¢n) do = W\ <? + 0{;9> (3)

0

If the displacement y; is given, the above quadratic function can be
solved by

646, = (W/k)/r}+ 20/ W)y, C))

Differentiating Eqs. (3) and (4) with respect to time yields
Y1
Vi 420/ Wy

which is, in fact, a velocity constraint between y; and 6.

Applying d’ Alembert’s principle of virtual work,’ the equations
of motion of the band-drive suspension system in conjunction with
the test articles can be expressed in the following matrix form:

k . ‘
y=3;0+6)0  and 6= )

ME +Ke+B'A=F and ®=BE=0 (6)

To be more detailed, the mass matrix, the forcing vector, and the
stiffness matrix can be written as

M = Diag[l.,my, ..., my,]
F:[f\',flv---vfn]r (7
ks 0 0 o . .- 0
k2 —kz 0 .

K=|0 kb btk —ks

0 .- Y Ny
0 .- e .0 —k, k,



796 YANG, TZENG, AND KUO

where
fi=1—kb,
Si=mig+kilp
fi=mig —kili +kipi1li gy for i=2,...,n—1
Jo =mng = kuly

The Jacobian matrix B configuring the kinematic constraints for this
band-drive suspension system is derived by including the velocity
constraint equation (5), which can be arranged as

1
] ——m— — 0 -+ 0
i+ 20k Wiy
B=10 0 0 - 0 &)
0 0 0 0

(nxn+1)

The Jacobian matrix as given by Eq. (9) can be removed from Eq. (6)
through a null-space elimination process,” such that

£ =Ay and y=0 ...yl (10)
where
— 1 —_
- 0 .. e 0
Vv r/? +2(ks/ W)y
1 0 0
A= 0 1 0 n
: 0 1 :
: I .0
- 0 0 —(n+1xn)

The transformation matrix A in Eq. (11) is a complement of the
Jacobian matrix B so that the orthogonal relation, BA = 0, holds.
Premultiplying Eq. (6) with the transpose of matrix A and substitut-
ing € with y and j derived from Eq. (10), one can obtain

ATMAy + ATMAy + ATKAy = A"F (12)
where
— k,- w —
_ ks/ W) 0 i 0
3
[r2 + 20,/ W)y ]
0 0O .. ... 0
A= 0 0 0
: 0 0
S
L 0 0 0]
and
— ka —
W/k) 0O - ... 0
212 + 2(ky/ W)y,
] 0 . ..o 0
A= 0 1 0 (13)
0 1
: : .0
L 0 R

The angular displacement and velocity of the disk may be deter-
mined from Eqgs. (4) and (5) during the simulation process, even
though they do not appear explicitly in Eq. (12).

Equation (12) thus provides a set of A-free differential equations
capable of implementing the open-loop simulations of a band-drive

suspension system subject to any excitations. In the following sec-
tion, we model a dc motor and attempt to integrate both actuator and
suspension system dynamics as a whole in closed loop for control
analysis.

B. Actuator Dynamics

The actuator shown in Fig. 2 is directly connected to the shaft
of the noncircular disk. A step-down gear box can be built into the
actuator to proportionally magnify the output torque if needed. The
dc motor can be modeled by a standard armature circuit, which is
governed by the following differential equation:

LB + [y + (i / RD10m + Ta = (ki) RoDey (14)

The 7, and 6,, in Eq. (14) are then transformed to 7, and 8, respec-
tively, through a step-down constant gear ratio N,, so that
Ty = NgT, and On = (1/Ny)0 15)

Substituting Eq. (15) into Eq. (14), the output torque t, to the disk
is obtained and can be expressed by

k; G + (krkb/Ra)e‘ + I

= ’ g 16
N N2 N2 (16)

Ty

The input voltage e, across the actuator in Eq. (16) will be gener-
ated according to the adaptive feedforward controller in actuating
the noncircular disk. Substituting Eq. (16) into Eq. (6), we obtain
an electromechanical model for the active band-drive suspension
system, which can be presented as

ME+CéE+KE+B A=F a7
where
M = Diag[ L. + (1,/N]).my, ..., m,]
C:Diag[%,o,...ﬁ} (18)
F=[f,fi,.... fl", fl = (ki/RaNgde, + k(0 +6,)

Prerhulpiplying Eq. (17) with the transpose of matrix A and substi-
tuting & with y and y derived from Eq. (10) yield

ATMAY + ATMA +ATCA)Yy +ATKAy =A"F  (19)

which can implement the closed-loop simulations of the band-
drive suspension system in conjunction with an actively controlled
actuator.

As can be seen in Eq. (18), the inertial loads of the disk mech-
anism reside in the mass matrix, including the moments of inertia
of the disk and the motor; the latter is usually small and negligible
compared to the former. These inertial loads are the leading factors
resulting in the dynamic nonlinearities in the suspension system,
which are studied in the Sec. II1.

III. Analysis of Inertial Loading Effects

The simplest model for analyzing the dynamic behavior of the
band-drive suspension system affected by its inertial loads is to sus-
pend a single mass via a cable without considering control efforts.
This facilitates the study of the impulsive responses of a suspended
mass excited by an impulse. Ideally, such single mass should un-
dergo a constant-speed motion as a free body would react in space.
A governing equation of motion for the single-mass suspension dy-
namics can be derived from Eq. (19) with the actuator removed,
which becomes

[L+mi (e, / W) (0 +6,)° 6 +m (ke/ W6 +6,)6° =0 (20)
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It can be deduced that Eq. (20) can be exactly integrated in time,
and the closed-form solution can be expressed by

2
| k 1 LW
t=—(0+6,).]1I = b)? + 5 ——
SO+ )/ +m1(W) ® +6,) +2kM/r_n—1

2
x l&»]:\/tn_I%(6+0())+\/lc+m1(%) (e+a,>2] b3))

which presents a highly nonlinear relationship between the time ¢
and the disk angle 6. The closed-form solution shown in Eq. (21)
does not satisfy the kinematic relations given by Egs. (4) and (5)
because of the existence of the disk inertia loads. This can be in-
terpreted by assuming that the moment of inertia of the disk, 7, is
negligible in Eq. (20), so that one can end up with a simple kinematic
relationship:

6=—[1/0+06,)1>°=6/6 =—[0/0 +6,)] (22)

which is consistent with Egs. (4) and (5) for the dynamic description
of a suspended mass traveling at a constant velocity during the
impulsive responses. This also implies an important rule that the
ratio of angular acceleration to angular velocity is equivalent to the
negative ratio of angular velocity to angular position of the disk in
the absence of inertial loading, which provides a good candidate
as a reference model for the adaptive-control design developed in
Sec. IV. Moreover, the solution to Eq. (22) yields

14/m1kl‘. 2
t=—-~——(0+86,
3w @ +6,)

which is obtained from Eq. (21) by letting I. = 0.

The inertial effects on the disk dynamics can be perceived by
studying the sensitivity of the disk angle vs the moment of inertia
of the disk. The sensitivity equation is derived by 1) partial differ-
entiation of the closed-form function, as shown in Eq. (21), with
respect to 6 and /. and 2) using the chain rule to obtain the sen-
sitivity equation of (86/81.) in closed form, which is governed

by

Table I Model parameters of a band-drive suspension system

Parameters Units Parameters Units
Disk mechanism
ry =120 in. rp =6.0 in,
o =30.0 deg I, =10.0 Ib-in.?
ky = 0.5 in.-Ib/rad —_— —_—
DC motor
In = 4.7 x 1073 Ib-in.2 k=346 %1072 N-m/A
kp =3.42 x 1072 N . m/A = 4.0 Q
cy =1.0x1074 V.rad~!s! N, =10
Test articles
m; = 12.0 b my =120 b
ky =10 Ib/rad —_— —
Adaptive feedforward control law
y =80 gs = 120 —_ —
gs =60 — — —

Fig. 3 Sensitivity of disk angle vs moment of inertia of disk.

IV. Control System
As alluded to in the preceding section, the band-drive suspension
system must be capable of handling the test articles with different
weights and be robust to the substantial nonlinearities in the sys-
tem characteristics introduced by the disk inertia loads; therefore,
model reference adaptive schemes seem particularly well suited for

36 W

m ( ks )2«) fay+ L[ /mi(ks/ W) + (my/ p) (ks / WY -+ 6,)? |
p AW k)1 / W)(O + 6,) + ]

al, w

VA kx

where p = /[L.+m;(k,/ W)2(0+86,)?]. To compute the value of the
sensitivity in Eq. (23), one needs to solve the closed-form function
given by Eq. (21) to achieve the value of the disk angle 8 for any given
time ¢. Figure 3 illustrates this sensitivity result for different values
of disk angles and moments of inertia by evaluating Eq. (23) with
parameters listed in Table 1. The magnitude of sensitivity increases
with the increments of inertial loads and saturates around 0.36 for
any given disk angle. Hence, the disk dynamics are very sensitive to
the inertial loading embedded in the disk mechanism, which causes
the nonlinear behavior in the dynamic responses and poses a severe
restriction on the band-drive suspension system for the structural
testing.

Here, we use a single-mass suspension model for analysis, but
when multiple masses are considered, the large motion could po-
tentially degrade suspension performance in the presence of inertial
loading. To counterbalance those inertial loads, we attempt to design
a control system in terms of an adaptive feedforward control scheme
for an active band-drive suspension system. This is investigated in
Sec. IV.

1 1 k,

(23)
LW 1

2/miks [miks/ W)(O + 6,) + p]

such control purposes. We make concurrent use of adaptive control
and feedforward control, and assess their applicability to the active
control of the band-drive suspension system. An adaptive feedfor-
ward controller thus is integrated, with the merits of each particular
control included. First, the feedforward control is known to be very
effective in tracking the time-varying desired output signal as long
as the nonlinear character is measurable and the plant model is
accurate. Then, when system parameters slowly vary, adding adap-
tation into the feedforward control can enable the resulting sys-
tem to deal with the varying plant parameters and eliminate the
steady-state error caused by the feedforward control. In so doing,
the time-varying output signals measured from the disk mechanism
are regulated and tracked along the desired trajectories so that the
tracking errors resulting from inertial loading of system are greatly
reduced.

A. Adaptive Feedforward Control
The development of the compensation network and parameter
adjustment mechanism follows the adaptive feedforward control
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Model 5
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Feedforward
Control

Fig. 4 Adaptive feedforward control block diagram.

algorithm. Figure 4 shows a control block diagram of the proposed
control system. As demonstrated in Fig. 4, the adaptive feedforward
control is attributed to the model reference type, which requires a
reference model against which system performance is measured.
The reference model is a relatively simple model of the disk, which
must obey the rule of motion as specified in Eq. (22), and can prop-
erly be driven by the inputs to provide the time-history trajectories
of the disk angle 6, and the angular velocity 6, as the desired signals.
Then, corresponding to the transient responses, the error £(¢) and
the rate of error £(¢) can be obtained by defining &(z) = 6,(¢t) —6(¢)
and £(¢) = 6,(¢) — 6(t), respectively. These error signals are regu-
lated through the feedback controller characterized by a fixed-gain
control law incorporating a pair of variant adaptation laws in com-
pensating for the tracking errors of €(¢) and £(¢), respectively. A
complete derivation of this control synthesis follows.

To introduce the adaptive feedforward control to the band-drive
suspension system through an onboard dc motor, we start with the
control input for the motor. As shown in Fig. 4, the input to the
motor, i.e., e, as defined in Eq. (14), can be obtained by

(1)
e,(t) =18 &l (1) +es(t) (24)

where the error &(z) varies as a result of the difference between
0,(t) and 6(¢) when the noncircular disk is dynamically affected by
its own inertia, and thereby deviating from the desired trajectory.
Equation (24) can be interpreted as the combination of a regulator
and an adaptive controller, in which the former as a vector product
of fixed gains and errors cooperates with the latter, which can be
adjusted by an adaptation law such as

er(t) = [@51 (1) + w2 ()104(8) + [@y1 (1) + 0,1 (104 (1)
+ [@a1 (1) + @a2 ()164(5) 25)

where the adjustable parameters w,; (1), w,; (t), and w,; (t) are ad-
justed for the adaptation input e, (f) through a set of first-order
differential equations governed by

w1 (1) = y8a(H)e(2), Wy (t) = ya()EQ)

@ut) = y8.()e(t), @n2(t) = y0y(DER)  (26)
@ar (1) = y0s(D)e(t), @n(t) = y8,(Dé®)

where y is a positive adaptation gain that is selected from stability
considerations to obtain the well-behaved and stable responses in

the adjusting mechanism. According to the Massachusetts Institute
of Technology (MIT) rule,’ the adjustable parameters wy; (), w,; (1),
and w,; (¢) are fine-tuned in the manner shown in Eq. (26) to mini-
mize aloss function specified by J = 3 (e +&”+£%), whereas those
adaptation parameters are instantaneously changed in the direction
opposite to the gradient of the loss function. Based on the MIT rule
for adaptive feedforward control, the sensitivities of the error signals
with respect to the corresponding adaptation parameters are given by
ae d¢ . a8

= = —U4, = —Ud

— = —0q,
dwyi Dy HIOW

which contribute to the formulation of the right-hand side of
Eq. (26). The adaptation law in Eq. (26) can be rewritten as

p@) =ywe@) 27
where
0(1) = [0 (1) + 02(1) 0 (1) + (1) (1) + 0 ()]
@ (@) =160a(t) 0u(t) ()]
€(t) = e(t) +4(1)

for the sake of stability analysis conducted later. Note that, in
Eq. (27), w,; (¢) is driven by the position-error signal e(¢) in the
first-order differential equation, w,; (¢) by the rate-error signal &(¢),
and w,; (¢) by the acceleration-error signal £(z).

To mechanize this control algorithm, one must solve the differ-
ential equation (22) given the initial condition to obtain the values
of 6,(¢t), 6,4(z), and 6,(¢). These values are then multiplied with
the corresponding error signals, and the resulting products are used
as the forcing functions for Eq. (27). These first-order differential
equations yield the values for wy; (r), w,; (¢), and w,; () as necessary
in Eq. (25) to achieve the adaptation input ez ().

B. Stability Analysis

The stability of the proposed adaptive system is investigated using
the linearized model of the suspension system derived from Eq. (19).
Combining this equation with the reference model described by
Eq. (22) and with the adaptive feedforward mechanism represented
by Eq. (27) results in the following state-variable equation:

6(t) + ad(t) + b0 (1) = clg,e(t) + g,é(t) + e ()] (28)

where a, b, and ¢ are the lumped parameters depending on the
inertial loads, the stiffness, and the viscous friction of the original
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4

system. Substituting 6, (1) —e(¢) for 8(¢) in Eq. (28), one can present
adaptation error dynamics described by

(1/O)E®) + (@ + cg)a(t) + (b + cgy)e(®)]
= [(1/¢) — wa1 (t) — 002164 + [(a/¢) — w1 (1) = 12(6)164

+(b/e) — w1 (1) — @2(1)16y (29)

The left-hand side of Eq. (29) represents the plant of the error dy-
namics with the fixed proportional gain, whereas the right-hand
side is the adaptation control for the desired output. Now, we
define

c 1
G(s) = and ¢==[ba 17
O = T @t e+ &tz p=gtball
(30)
Taking the Laplacian transform of Eq. (28) yields
Lig(t)) = ~G()L{@" (@ (1)} 31

where @(1) = ¢(r) — ¢. G(s) in the feedforward path of this feed-
back system is positively definite and z (¢) is well bounded because
its elements 6,;(¢), 8,(t), and 8,(¢) are all bounded, and so the feed-
back control system is deemed as asymptotically stable, provided
that the Popov inequality'” satisfies that

n(t) = / ¢T (@ (De()dt > —d” (32)

0

which can readily be examined below:

n . 1 _ . .
n(n) = / ¢ g dr = E;[JJTal);o(n) -3 (03]
0

1
> ——2—¢T(0)¢3(0) (33)
14

which guarantees the asymptotic stability for the proposed control
system. Note that the inequality relationship in Eq. (33) requires
that the adaptation gain y be positive.

The study described in this section can now be used to bring
about an adaptive feedforward control design for the active band-
drive suspension system. Two kinds of numerical simulations have
been implemented and are discussed in Sec. V.

V. Simulation Results

The model parameters of an active band-drive suspension system
with two test articles for simulations are summarized in Table 1,
including the control parameters used in this paper. A noncontrol
suspension is simulated for comparison with the adaptive feedfor-
ward control system. Two kinds of initial excitations have been
employed for simulations: 1) initial displacement and 2) initial ve-
locity, imposed on the suspended masses. A 10-s suspension task is
then assigned to the band-drive suspension system undergoing the
structural testing.

Inthe first simulation, —0.2 and 0.2 in. of initial displacements are
specified to masses m; and m,, respectively, but with no initial ve-
locity. Figures 5a—5d show the numerical resuits of this simulation.
Figures Sa and 5b show the angle of the disk and the displacement
of the mass m,, respectively. The results associated with the adap-
tive feedforward control are indicated by a solid line; those with no
control are indicated by a dashed line. Note that the dotted curve rep-
resents a desired trajectory from the reference model. The disk angle
and the mass displacement in the solid line overlap those produced
by the reference model after 5 s, whereas the dashed lines devi-
ate from those attributable to the inertial loading. Under adaptive
feedforward control, the time histories in Figs. 5a and 5b represent
pure oscillatory motions about their equilibrium positions, corre-
sponding to the anticipated vibrational characteristics of masses 1,
and m, in the zero gravity of space. Figure 5¢ demonstrates the
transient responses of the error signals (r) and &(¢), respectively,
for the adaptive feedforward control. These error signals are con-
siderably suppressed within 3 s by using the adaptive feedforward
control. The responses of two voltage inputs corresponding to the
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Fig. 5 Simulation results of a lumped-parameter model subject to the
excitation of initial displacement.
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Fig. 6 Simulation results of a lumped-parameter model subject to the
excitation of initial velocity.

feedback control and the adaptive feedforward control are shown
in Fig. 5d. Note that the voltage history of feedback control rapidly
converges as fast as the error signals in Fig. 5S¢, whereas that of
adaptive feedforward control, in response to the oscillatory signals
from the reference model, wobbles within the range of 5.0 V.

The second simulation deals with the dynamic responses sub-
jected to an initial velocity specification. An initial velocity of 2.0
in./s acts on mass m; to excite the whole system to move as if under
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an impulse. Figures 6a and 6b show the dynamic histories of the disk
angle # and the mass displacement y,. The control results overlap
those from the reference model, whereas the noncontrol results drift
away from the desired trajectories. Figure 6a shows an oscillatory
motion of the disk but with an average angular velocity of 9.5 deg/s
superimposed upon that oscillation. Figure 6b shows that the en-
tire test object is dropping at a constant velocity, while masses m;
and m, are oscillating during this downward motion. This indicates
that with the use of this band-drive suspension system the impulsive
response indeed corresponds to that in a zero-gravity condition. Fig-
ure 6¢ illustrates the amplitudes of error signals under the adaptive
feedforward control, and Fig. 6d shows the time histories of the two
control inputs.

The motion of the rotating disk in the band-drive suspension sys-
tem, under the presence of inertial loading, is shown to match a
desired trajectory when the adaptive feedforward control law is
invoked. The tracking error appearing in adaptation has been ef-
fectively suppressed through an adaptive feedforward controller.
The simulation results in Figs. 5 and 6 thus validate the applica-
bility of the proposed control design for the band-drive suspension
system.

V1. Conclusions

A band-drive suspension system is integrated with a dc motor
in conjunction with an adaptive feedforward controller for appli-
cation to ground-based structural testing. The problem of adaptive
suspension control of the nonlinear effects of the inertial loads on
this suspension device are proposed and analyzed under the adap-
tive feedforward control. The results demonstrate the significant
changes in the dynamic behavior of the suspension system resulting
from inertial loading. An investigation of an adaptive feedforward
control approach was conducted for the band-drive suspension sys-
tem. The basic idea of the proposed control strategy is to adjust the
adaptation parameters using the gradient method to minimize the
tracking errors so that the closed-loop performance closely matches
performances embodied in the reference model, while attempting
to compensate for the inertial loads for the suspension system. To
analyze the stability of the control algorithm, we used a lumped-
parameter model formulated to work for the adaptive system, in
which the adaptation law is proved to be asymptotically stable un-
der the hyperstability theory.

Numerical simulations of the proposed control strategy are suit-
able for the band-drive suspension system to be used actively against
the inertial loads in ground-based structural testing. The open-loop
simulation results indicate that the noncircular disk deviates from

the desired trajectory while losing the suspension capability. On
the other hand, the control simulation results demonstrate that the
adaptive feedforward controller is effective in recovering the devi-
ated disk during suspension.

The present study shows that this control synthesis can be an
attractive alternative to other existing control designs for the band-
drive suspension system. However, much work needs to be done
before the proposed strategy can be evaluated on a real-board pro-
totype. Such work includes robustness when subjected to the distur-
bances and parametric uncertainties and cost-effectiveness, among
others.
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