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Abstract
Actuators capable of producing cylindrical motion, i.edeépendent rotations about an axis and trans-
lations in its direction, are of interest in fields such asotals, mechatronics and industrial automation.
For instance, they are being developed for use as drivesraflglamanipulators, where it is advanta-
geous to fix all motors to the base, thereby obtaining a l@adsdng capacity higher than if the motors
were floating [1]. Recently, a new cylindrical actuator waspwsed, termed cylindrical-drive, or C-
drive for brevity, intended for driving a four degree-oéédom (dof) parallel pick-and-place robot [2].
It consists of a two-dof RHHR

motor L screw L single-loop closed kinematic chain,
(left-hand) whereR andH denote revolute and
screw R helical joints, respectively, as shown

(right-hand)

in Figure 1. The collar is driven
cylindrically along its axis by the dif-
ferential rotation of the two coaxial
screws, the latter having the same
pitch but opposite hands. This design
is notable for its symmetries, which
allow for the use of two identical mo-
Figure 1: Diagram of C-drive tors. The kinematics of the C-drive
is succinctly reproduced below for
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wherey andw are, respectively, the vectors wbtor andcollar coordinates, as defined in the figurgy
is the screw pitch, whild is the Jacobian matrix that maps motor into collar coor@inaMoreover, this

Jacobian turns out to be not only constant, but also isatrdfs singular values are identical, namely
V/2p/(4m). The dynamics of the C-drive is governed by a damped lineae-thvariant system:
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where the generalized inertia matrix (GIM) and the viscoamping matrix, denotet! and D, re-
spectively, are % 2 symmetric positive-definite matrices, ands the two-dimensional vector of motor
torques, whilemis this mass of the collat; andly are the moments of inertia about the C-drive axis of
the collar and rotational parts (screws and motor rotoespectively, whilg andy are viscous friction
terms [2]. No stiffness term is present, as the elasticitheicomponents is neglected. We now introduce
a change of generalized coordinates by means of similaaitsformations, which simplifies the analysis
and control of the C-drive while preserving the invariardperties of the system matrices, namely their



eigenvalues and eigenvectors, the latter being multigdiethe similarity-transformation matrix. As the
collar, rather than the motor positions, are the variablésterest, is substituted with its expression in
terms ofw in Equation (2a). Premultiplication of both sides of thisiatjon by the Jacobiahresults in
similarity transformations ol andD, namely,

MI~“N+DI w=T = IMI'Ww+JIDI 'w=Jr, E=diag(el,&5),G=diag(yi,)2) (3)
E G

whereE and G are diagonal matrices whose entrig’sand v, i =1, 2, are the eigenvalues of their
respective matrices. That is, the model thus resultindegsupled, by virtue of the columns of, and
hence ofJ%, being proportional to the eigenvectors Mf and D, respectively. In other words] is
a scalar multiple of the "modal matrix" [3], whei2 plays the role of the stiffness matrik in the
undamped case. The central portion of Equation (3) is rexderonic, i.e., the second-derivative term
becomes multiplied by the identity matrix, via the subsittos

F=VE, o=Fw, u=F U1, O=F'GF !=diag(y/e?, o/&7) =diag(91,92) (4)

where® is termed the dissipation matrix, its diagonal ent#esandJ, being its eigenvalues, whileis
the input vector, thereby leading to the dynamics in termg,ahe transformed collar coordinates:

G+0O0=u (5)

In the absence of potential-energy sources, the model thekgeroth-order terms; a trivial change of
variable thus renders the system formally identical to &&irder system:

X+ Ox =u, X=0 (6)
which is readily rearranged into state space form, the statiix being—©, the input matrix the % 2
identity matrix, the output matrid—F~* and the output vectap. The latter being the motor velocities, it
cannot be measured directly by a control system equippegdiatii motor shaft encoders, which measure
displacementap. A reduced-order observer [4] is therefore synthesize@dasm a four-dimensional
state-space realization obtained from Equation (5), theygelding an estimate ok in real-time. The
details are omitted here for brevity. The C-drive prototygeomputer-controlled at 1 kHz using either
independent joint proportional-derivative (PD) conteodl or a model-based computed torque controller
(CTC) [5] that incorporates the observer. The foregoingtrmbrscheme decouples the error dynamics
using a feedforward acceleration term, but is sensitive adetling errors. The coupling is avoided in
the first place using task-space rather than joint-spaceaipthat is, calculating the PD error in terms of
collar coordinates rather than motor coordinates. Thegefm PD task-space controller and a resolved-
acceleration controller—the task-space counterpart oE-Gare also tested [6]. The simulated and
experimental performances of these four controllers am@pewed based on application requirements.
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