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Abstract

Haptic rendering commonly implements virtual springs gddC
motors with current amplifiers and encoder-based positi@dliack.

In these schemes, quantization, discretization, and dedlyimpose
performance limits. Meanwhile the amplifiers try to cante electri-
cal motor dynamics, which are actually beneficial to the icagisplay.

We present an alternate approach that fully embraces alizksti
all electrical dynamics, following two insights: First, ethelectrical
inductancel can serve as a stiffness, providing a natural sensor-less
coupling between the virtual environment and the user. &cthe
electrical resistancé? can serve as part of a wave transformation.
Implementing virtual objects in a wave domain provides clatg
robustness to servo delays or discretization.

The resulting system requires only a simple voltage driveud.
Built upon the physical behaviors, if can outperform trafial ap-
proaches achieving higher virtual stiffness. Encoder lbee#l is only
required for absolute position information, with dampinglavelocity
information inherently available from back-EMF effects pfototype
system has been implemented and confirms the promise ofdkied n
paradigm.

. INTRODUCTION

Stable implementation of stiff virtual environments rensaa challenge
for kinesthetic force feedback devices with impedance al#tysin par-
ticular, the traditional approach consists of a digital tcoinloop using
discretized and quantized position readings, as seen inlFigorce is
actuated by means of a DC motor controlled by a current araplifin
turn fed by a constant force command during each servo cycle.

It has been recognized that the maximum achievable stiffnéth such
an approach is limited by the lack of information to the coltér caused
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Fig. 1. The traditional implementation of stiff virtual mnments

by time discretization [1], [2] and position quantizatiaB],[[4] related
to the use of encoders as position sensors. Therefore tivesintfriction
of the device and possibly the damping added by user’'s graspnhe
essential in stabilizing the haptic rendering. In effelag virtual environ-
ment can only be rendered for a limited frequency range.rdtively,
the use of analog position measurements and time continieeaback
has been explored in [5]. The electrical current amplifieidude their
own internal feedback to regulate the motor current. They ta reject
back-EMF while speeding up the L-R dynamics.

In the following we adopt a different perspective. We usedleetrical
resistance and back-EMF to implicitly obtain velocity infeation and
enable appropriate viscous damping. We also use the el@dtrductance
to create a stiffness. Built out of natural dynamics, thdfexts are always
available at high frequency together with the controllegldofrequencies,
creating performance beyond traditional approacheshEurtore, using a
wave variable description borrowed from telerobotics,ithplementation
is entirely insensitive to servo delays.

Il. EXPLOITING THE MOTOR DYNAMICS

Though generally ignored under the assumptions of an iddabhtor
and perfect current amplification, the electrical motor ayics are well
known to be:

ea(t) = Ri(t) + Ld;—(tt) +epp(t) )
eBE(t) = kTi'(t)
where e is the applied voltage to the armature circuit consisting of
the resistance?, the inductancd. and the back-EMF voltagegg. The
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Fig. 2. The electrical and mechanical DC motor dynamics

mechanical dynamics are given as:
mi(t) = F(t) — c(i(t)) — Fu(t)
F(t) = kpi(t)

wherem is the rotor inertiac is the (nonlinear) friction and’y is the
user torqueopposing the motionz of the rotor. The torque constant and
back-EMF constant are the same physical parameter and #rel&ooted
by kr. The equations are illustrated in Fig.and represented in block
diagram form in Fig.3.

The actuator converts electrical into mechanical energy thns the
elementsk and L can be easily mapped into the mechanical domain. For
example, it is well known that the back-EMF voltage togetivith the
resistance can be used to increase the apparent viscaiimnfiig] or to
obtain an accurate measurement of the velocity. The resist& maps
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Fig. 3. Block diagram of the DC motor dynamics
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Fig. 4. Rotor inductancd. and resistancé? can be interpreted as series connection of
a springK1, = kr>/L and a viscous dampeBr = kr°/R

into a mechanical viscous damper

Bg = b 3)
R
Similarly, the inductancé provides energy storage and can be interpreted
as a spring of stiffness: )
kr
K = T 4)
The equivalent spring and damper are connected in seri@gebptthe
rotor inertia and the energy conversion element, as seerngin4dFBe-
cause of the series connection, the damper dominates th&dgwency
behavior and the stiffness is often overlooked.

With low inductance motors commonly used in hapti&g, creates a
very high stiffness. For example, for the Maxon RE 25 motoisnfl in
the PHANToM 1.0 with values ofr = 43.8 mNm/A andL = 0.83 mH,
we haveK; = 2.31 Nm/rad. With an approximat8:1 gear ratio and
lever arm ofl4 cm the corresponding tip stiffness reaclié80 N/m. For
comparison, the maximum stable value of a virtual springlémgnted
according to the scheme of Fi@.has been found to be approximately
1100 N/m [4].

Therefore, it is worthy to develop a control scheme thatsaidvantage
of the built-in spring present in each motor for the haptic rendering of
stiff virtual environments. Sincé&;, is aphysical element of the system,
it is not affected by the non-idealities of the digital catioop that cause
energetic inconsistencies and lead the system to ingyatdloreover the
force feedback it provides does not require any positiorsisgnat all
and operates at high frequencies.

1. WAVE VARIABLES FORHAPTIC RENDERING

For the purpose of designing a controller we consider thedtat as
a series spring, retaining the resistance in the electdoailain as seen
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Fig. 5. Motor dynamics interpretation used in the controtlesign

in Fig. 5. The controller imposes motion

Fa(t) = é 5)

on the spring corresponding to a voltageThe controller represents a
voltage drive and the currentindicates a measurement of the torge

We interpret the dissipative element as part of a naturabviansform
[7], [8], as shown in Fig.6. A wave transform encodes the normal
power variables of velocity: and forceF into wave variables, andwv,
without loss of information or change in power flow. The wavautities
inherently describe both signal and power flow and are thusfected
by delays or lags. In this context, the wave variables as eefim [8] are
given as:

e—Ri_BRid—F

V2R  2Bgr )
()= ORI _ Briat F
YT AR T VeBa

wherei,(t) is the desired spring motion arfd denotes the spring force.
The equivalent viscous dampingy serves as the wave impedance. The
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Fig. 6. Wave Transform connecting Virtual Environment VEelectrical domain
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Fig. 7. Block diagram of a DC motor with the wave controller

overall instantaneous powé?(¢) flowing from the virtual environment
to the motor is:
. . 1
P(t) = e()i(t) = 2a(t)F(t) = u’(t) — 5v*(*) (7)
so that a wave variable has units of square root of Watt.
To complete the wave transform, the dark shaded area o6sigowing
the twov/2R gains and the summing junction is realized by means of an
analog circuitry. This implements:

ea:\/ﬁu
(8)
v=u—V2Ri

The complete system is depicted in Fig. The wave variables(t)
andv(t) encode the power exchanged with the motor by the simulated
virtual environment. Since each wave variable carrieswa power, the
passivity of the interconnection is guaranteed as long @srbdulus of
the transfer function

Ul(s)

Vo) (9)
representing the virtual environment in wave space is att nf@sunity.

Because the wave variablgt) andv(t) exist as real signals in the cir-
cuit, the virtual environment can be implemented in sewerls. Simple
transfer functiond)(s) can be realized in analog hardware. Alternatively,
v(t) andwu(t) can be digitized and the virtual environment implemented
on a computer either in wave space or in traditional poweiatiégs by
use of a second de-coding digital wave transformation.tlmeeicase, any
time delays or phase lags due to the discretization are gigsa not to
affect the stability of the overall system.

D(s) =
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Fig. 8. The inductance acts physical coupling with the virtual environment

IV. INTERPRETATION

As discussed in detail in [7], wave variables can by used sxidee
an interconnection of elements. This gives us the abilityniplement
any passive virtual environment, with which the user intesahrough
the natural dynamics of the mechanical device and equivafming K ;..
The latter can therefore be interpreted as a coupling elemesembling
the virtual coupling concept of [9]. This coupling has thevaatage of
being a physical element and is not affected by the stab#igyes of a
digital implementation. This interpretation leads to tle@ceptual scheme
of Fig. 8.

The two most extreme passive environments are free motidrrigial
contact. Both imply an infinite frequency response, as motiacurs
immediately for any force in the former and forces are imratsly
created for any motion in the latter. Causality of an impedadevice
clearly favors free motion and challenges rendition ofdigontact.

In the wave domain, both of these environments are easilyeszpd.
Free motion avoids all forces(= 0) and reflects all power carried by
the incoming wave(t) back by means ofi(t) as:

u(t) = v(t) — i=0 Ve or F=0 Viy (10)

where ) converts the wave relation into the power variable desorip
Dually, a rigid contact also reflects all power by suppregsiny motion
(4 =0) as:

u(t) = —o(t) = e=0 Vi or 24=0 VF (11)

Note this does not hold the applied voltageg at zero, but only cancels
the voltage across the inductor and back-EMF. It does nat #f®motor,
instead effectively sets4, = Ri. lllustrated in Fig.9, it implies thatK,
is the maximum stiffness that can be rendered to the user.
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Fig. 9. Haptic interaction with a rigid virtual wall

A haptic simulation where the user experiences interastigith stiff
bodies or unconstrained motion can be implemented as:

-1 in contact
+1 in free motion

(12)

To switch between these two values, a collision detectigarghm should
take advantage of direct position measurements. An endsdbus re-
quired to detect the collision with a unilateral constramit is not used
to compute the force fed back to the user.

u(t) = no(t) where 1= {

V. IMPLEMENTATION

Incorporating and utilizing the electrical dynamids; is the maxi-
mum stiffness that can be rendered by means of a passive et
approach. Disturbances may stem from the unmodeled higiudrecy
dynamics of the power transistors used to achieve the dieso#tage
input ey, as well as from other sources of electrical noise in therobnt
loop. These phenomena occur at much higher frequency édduardred
kilohertz) than the perceptual bandwidth of the human dper@bout
one kilohertz). To address these limitations, a high fregydow-pass
wave filter )

H(S):s+)\

can then be included in series with the virtual environmeittaut signif-
icantly affecting the perceived transients [10]. Indeedhsa filter retains
passivity and adds a further series stiffness of

ke
R
which is significantly stiffer than the existing coupling &%,. The transfer

function D(s) of the overall controller dynamics in the wave domain
becomes:

(13)

Kfilter = A (14)

W(s) (15)



where the magnitude af can be further tuned in the intervall <n <1
to remove power and introduce damping. Findli§(s) may incorporate
other dynamics into the simulated virtual environment.

We have implemented a simple prototype system usli&) énd (5)
with A = 10,000 rad/sec,n = +1, W(s) = 1. In particular, we use a
Maxon RE25-118743 motor that featurfs, = 2.2815 Nm/rad with the
control electronics realized by means of analog circuPgwer amplifi-
cation is performed by a couple of complementary MOSFETsistars
in a push-pull configuration and an analog switch alternbé&t®een free
space §=1) and rigid contact®{=—1). Power supply limits the current
provided to the motor tal A. Data is collected at 5 kHz using A/D
conversion and a high resolution encod&d*(counts per revolution) to
measure the motor shaft position.

Consider contact against a stiff virtual wall located:gt = 0. From the
encoder reading, we derive a simple binary signal indigagianetration
into the wall. This logic signal commands the analog switold aelects
the appropriate behavior. Preliminary results are showfign10 and11
In Fig. 10 we see the circuit correctly renders the behavior of freespa
since whenz <0 the feedback torqué’ is zero. The voltage 4 adjusts
slightly to counter the back-EMF voltage. As contact is eigeed,
current and torque quickly rise to their maximum value befeaturation
intervenes at about' ~0.021 Nm. Better viewed in Figll, the stiffness
rendered during the compression phase is approximételyi.9 Nm/rad,
in good agreement with the expectations from the previoadyais.

We note that the compression and the restitution phasesaappgm-
metric. This behavior is a direct consequence of voltageraaon, which
is not yet included in the simple dynamic¥).(When the drive voltage
hits a fixed saturation limit, the back-EMF effects can notpoeperly
canceled and the current is affected by motion. As the cossjoe slows,
the resisting force drops to its steady state value and, a®mbegins
during restitution, the restoring force drops accordin@ffectively the
spring forces are overlayed with the back-EMF’s viscous giam

As a second effect, the voltage modification caused by theatain
also shifts the endpoint; of the springK;. Recall from ) that voltage
implies motion, such that the desired behavior depictedign Freverts
back to Fig.4. Fortunately, as contact is broken, the behavioral switch
via n resets the system for the next collision.

Finally, we find two issues that may require study for futumgle-
mentations: First, knowledge of the motor resistaités necessary to
implement 8) and create the wave transformati@) i a passive fashion.
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Fig. 10. Repeated contacts with the virtual wall: positiforce and voltage diagrams
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Inaccuracies lead to errors in the command voltageind, as above, to
drift. In particular, the resistance varies with temperatand adjustable
circuitry may be required to compensate for this effectttimately ther-
mal dynamics are much slower than the dynamics involved piibaen-
dering, so their influence on the stability of the overallestie is marginal
and drift may be negated by encoder feedback at a higher. [Evellly,
commutation in brushed DC motors introduces discontiesiinto the
simple dynamicsX) and may be perceived by the user. Application to
brushless motors promises smoother operation.

V1. CONCLUSIONS

In this paper we propose to exploit the electrical dynamicthe DC
motor used to render the force feedback in virtual realitpligptions.
For the motors commonly used in this context, the equivadéfihess of
the motor inductance is higher than the stiffness that caachéved by
means of a classical digital control loop.

We propose to take advantage of this physical spring to regiilé
virtual objects, avoiding the problems related to positjpiantization and
time discretization. In this way, the usually neglectea&leal dynamics
are effectively used to improve performance. Realizatigpmm®ans of a
reliable analog circuitry is possible entirely within thiearical domain.
The required components include only a sense resistor toiracg two
gain stages, and a summation stage depicted in@-ighe voltage com-
mande 4 is applied directly to the motor via a power stage, replativg
more complex current amplifiers typically used.

The virtual environment is interfaced to the motor by meahwave
variables and in this domain the time delays and phase lagseda
by a discrete-time implementation do not affect the enemgarce and
therefore the stability of the overall system.

This approach is very appealing with its intrinsic simgiicand the
better use it makes of the physical components of the haptiece. It
does not require assumptions on the mechanical frictiorbtaio stability
and passivity. Conversely, the passivity is obtained caonsvely and the
effects of non-idealities are confined behind the wave fdegmtransform,
guaranteeing intrinsic robustness to servo delay.
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