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This paper examines nonlinear mechatronic systems with direct-drive limited-angle axial-topology actu-
ators. The considered direct-drive servos are used in hard disk drives, manipulators, pointing systems,
robots, rotating platforms, aerial vehicles, etc. High accuracy, precision and fast repositioning should be
ensured despite friction and adverse phenomena which degrade overall performance and capabilities.
Tracking control laws which compensate friction using the estimated parameters are designed. The ad-
verse friction is compensated by a nonlinear feedback. Adaptive reconfiguration is ensured by estimating
the unknown parameters in near real-time. Design and technological challenges are overcome by a con-
sistent paradigm and hardware-centric concurrent design. The concept and solutions are experimentally
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1. Introduction

Direct-drive servos with samarium-cobalt (SmCo) and
neodymium-iron-boron (NeFeB) magnets guarantee high torque
density, efficiency, robustness, simplicity, reliability and other
enabling capabilities [1-4]. These actuators are widely used in
aerospace, automotive, robotic and other applications. Different
design concepts for hard disk drives and pointing servos are
reported in [1-10]. The servos must guarantee accuracy, precision,
fast repositioning, etc. The direct-drive servos with axial-topology
limited-angle actuators ensure simple compliant kinematics,
minimal losses, high acceleration, minimal friction and other
advantages compared to other solutions, including servos with
precision planetary gearheads. The arcminute (2.9 x 10~*rad)
accuracy may not be ensured by advanced-technology servos
with high-precision gearheads. To approach the arcminute-range
accuracy, one must: (1) Implement direct-drive kinematics; (2)
Use high-precision sensors and advanced microelectronics; (3)
Design and implement control algorithms to reduce and com-
pensate adverse phenomena such as friction, perturbations, etc.
Advanced-technology rotary encoders, resolvers, synchros and
variable differentiable transformers may ensure the arcminute
errors in measuring of angular displacement. Friction, lubrica-
tion, asymmetry, eccentricity, kinematic imperfections and other
phenomena cause significant challenges [3,11-14].
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Nonlinear control concepts were applied to design high-
performance mechatronic systems. Control laws were derived ap-
plying dynamic programming, maximum principle and nonlinear
optimization methods. Significant challenges arise when physical
systems are examined. Closed-loop systems with microelectron-
ics, power electronics, actuators, sensors and microcontrollers must
be implemented, and, hardware limits should be overcome. Ap-
plication of theoretical concepts, applied to physical servos, may
not guarantee the expected performance and implementation abil-
ities. A concurrent technology-centric design is developed and
experimentally substantiated. The friction compensating feedback
is derived by examining nonlinear friction and estimating time-
varying parameters. The experiments demonstrate that adequate
controllers with nonlinear feedback guarantee accurate reposition-
ing, precision and high bandwidth. The high-accuracy sensor mea-
sures the displacement and estimates the angular velocity. We pro-
pose new solutions to a spectrum of pertinent engineering and
technological problems in design and implementation of high-
precision servos.

2. Direct-drive servo kinematics and analyses
2.1. Axial topology actuators in mechatronic systems

High torque density permanent-magnet actuators directly actu-
ate the rotating kinematics as shown in Fig. 1a. The direct-drive
servo is controlled by the PWM driver which changes the applied
voltage, see Fig. 1b. The rotating resolver measures the angular dis-
placement.
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Nomenclature

a is the magnetization and dimension-
dependent constant of the segmented
magnets

B, bi and ¢; are the time-varying friction parameters

B and Bpax are the magnetic flux density and mag-
net flux density as viewed from a planar
coil

e and Ae are the tracking error and steady-state
error

iq is the current in the coils

] is the moment of inertia

Fe is the electromagnetic force

kp, ki and kg

are the proportional, integral and deriva-
tive feedback gains

ks is the constant

leq is the coil active length

Lq is the winding self-inductance

N is the number of turns

Tq and Ar, are the winding resistance and
variation of the resistance

R, is the perpendicular radius

Te is the electromagnetic torque

Tfriction and Td

are the friction and disturbance (pertur-
bation) torques

Ts is the restoring torsional torque of spring
or minimagnets

Uqg is the applied voltage

v is the flux linkage

wr and 6, are the angular velocity and displace-
ment

6, and Oy are the relative angular displacements of

the left and right coil filaments
010 = Oro = Ormax is the maximum displacement angle

Using the Kirchhoff and Newton’s law, the circuitry-
electromagnetic and torsional-mechanical equations of motion are

Ug = Tqlg + % % = %(Te = Thiiction — Ta — Ts)» %Gtr = (1)

The magnetic coupling between the winding (current loop) and
segmented NeFeB magnets results in the electromagnetic torque.
The electromagnetic force is T = R, Fe = -R,izBx dl. Consider
a segmented array of two NeFeB magnets. The planar winding
is in an uniform magnetic field, B(8;) = Bmaxtanh(af;). Hence,
Te = RlleqNBmax(tanhaQ,_ + tanh aGR)ia, 91_([') = 9,_0 —Qr(f), HR(t) =
Oro +0+(t), 00 = Oro = Ormax» —Ormax<0r <Ormax-

The motional emf is &= —Ng /o ngL Bmax tanh (a6, )rdrd6, =

2 2
- %NBmax (tanh af; — tanh afg)wr.
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A set of nonlinear differential equations is

di 1 A o—r?
?; =L |:—ra1,, - %NBmax[tanh a6 —6;)

—tanha(Bgo + ;) ]y + ua],

d;t)’ = }[R | NlegBmax (tanh af; + tanh abg)i,
_Tfriction - Td - Ts]s Ts = kseh
do,
T; = @r, —Ormax < Or < Ormax. (2)

In high-performance actuators a>>1, and tanhafz = tanhaf;~1,
0;#0. Hence, T, = Teg+Te; = 2R NlegBmaxiq and & = —(12, —rizn)
NBmaxwy. For a>>1, one finds

di 1 .
?5 =T [_rala - (Tgut - rizn)NBmaxwr + Ua],
a
dw 1 .
T; = j[ZRLNlqumaxla — Thiction — Ty — ks0r],
do
T; =y, —Omax < 0r < Omax. (3)

2.2. Mathematical models of friction with experimental
substantiation

In simplified analysis, the friction torque is approximated as
Tiiiction = Bmor. To design high-performance servos, the friction
torque Tgcrion Must be accurately measured and characterized. The
static and dynamic frictions are studied in [3,11-14]. The steady-
state and differential equations are proposed using the fluid lubri-
cation hydrodynamics, dynamic viscosity, solid and fluid frictions
on geometrical surfaces, surfaces interaction, and other phenom-
ena. For the viscous and Coulomb frictions, the following expres-
sions are derived [3,11-14]

Tfriction = Bnowr + bsgn(a),)(l - e*dwrl)7 Tfriction
= B, + bsgn(w;) (1 — e‘““g), b>0andc>0. (4)

Inherent time-varying asymmetry, lubrication, surface nonuni-
formity, wearing, varying loads, temperature, surface roughness
and other phenomena significantly affect friction. The general ex-
pression derived and experimentally substantiated is [3]

i
i .
Tviction = Zi Bpisgn(wy)|wy| 1+2m1 + Zj Bpjwl ™
+sgn(wr) [Zi b; (1 — e~Giler"TN ))
by(1 - e-olen)]
+Zj J

and ,=0,1,... (5)

The experimentally measured T, for the angular velocity
envelope wre[-25 25] rad/sec is reported in Fig. 2. Using (5), for
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Fig. 1. (a) Axial topology actuators: Rotating direct-drive kinematics with deposited winding above the nickel-plated Nd,Fe;4B magnets; (b) Closed-loop servo: Kinematics -

actuator - sensors - PWM driver - controller.
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