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Abstract— We describe the design of an eddy current brake
for use as programmable viscous damper for haptic interfaces.
Unlike other types of programmable brakes, eddy current brakes
can provide linear, programmable physical damping that can
be modulated at high frequency. These properties makes them
well suited as dissipative actuators for haptic interfaces. We
overview the governing physical relationships, and describe
design optimization for inertial constraints. A prototype haptic
interface is described, and experimental results are shown that
illustrate the improvement in stability when simulating a stiff
wall that is made possible using programmable eddy current
dampers.

Index Terms— Eddy current brake, haptic rendering, passivity
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I. INTRODUCTION

HAPTIC interface technology is a growing field of re-

search in science and engineering. With demand for

haptic interfaces in areas such as medical training, manufactur-

ing, and perception research, the desire for high fidelity haptic

interfaces continues to increase. The haptic interface hardware

and control software play an important role in the fidelity of

the interaction that a user can experience. A common desired

property in the design and analysis of haptic interfaces is

system passivity because it applies to linear and nonlinear

systems alike [1]. Because interactive environments, whether

they be teleoperated or virtual, exhibit nonlinear behavior,

passivity is a useful framework to analyze haptic interfaces [2],

[3].

Colgate and Schenkel use elegant theory to produce a fun-

damental relationship for passivity of a haptic wall rendering

based on the virtual stiffness, update rate, virtual damping,

and physical damping [4]. For clarification, physical damping

refers to the inherent dissipation of an electromechanical

device. Virtual damping, however, is defined as a dissipative

term that is computed using a velocity estimation and output

using the actuators of a haptic interface. It is clear from their

result that physical damping is required for the force feedback

system to be passive. More recently, Abbot and Okamura and

others improved upon prior findings and developed a more

general passivity relationship including contributions from

sensor quantization and coulomb friction [5]–[7].
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Haptic interfaces use actuators, such as electric motors,

to drive a linkage and deliver forces to the user. Typically,

the complex electro-mechanical devices are controlled by a

digital computer at a fixed sampling frequency. Because of the

delay associated with discrete-time control, haptic interfaces

are prone to limit cycles when physical dissipation is not

sufficient. In most devices, in fact, dissipation is an accidental

by-product of their design and is not controllable. In addi-

tion, uncertain dissipation arises from various origins such as

dry friction, viscosity, or magnetic drag in the drives or in

their torque amplification/transmissions mechanisms such as

capstan drives.

Recently, researchers have investigated the use of dissipative

actuators in haptic devices. An and Kwon describe a 1-

DOF hybrid interface that uses a magnetorheological fluid

brake in parallel with a DC motor [8], [9]. Similarly, Kwon

and Song describe a 2-DOF hybrid haptic interface, using

magnetorheological brakes and DC motors, based upon the

Pantograph design [10]. These authors reported improved sta-

bility characteristics, and a higher achievable impedance when

utilizing brakes. The characteristics of the brakes, however,

limit the fidelity of the rendering. Brakes that involve contact

between moving surfaces, or with particles in suspension, can

be slow to actuate, and when they rely on particle magnetiza-

tion, suffer from demagnetization hysteresis [11]. Moreover,

by the nature of the physics used to create dissipation, all

contact-based actuated brakes, including friction brakes [12],

particle brakes [12], magnetorheological (MR) brakes [13],

electrorheological (ER) brakes [14], exhibit nonlinear and

often multi-valued relationships between velocity and braking

torque, requiring compensation [15].

In an alternate approach, Mehling et al. take advantage

of the dissipative properties of a DC motor by shunting the

terminals with a resistor and capacitor in series to create fre-

quency dependent electrical damping [16]. With this approach,

the damping is not controllable, and is limited both by the

magnitude of the back-EMF characteristics of the motor and the

variability of the brush-collector contact resistance. Recently,

the same group achieved a moderate increase of programmable

electrical damping using a single motor winding of a brushless

motor and a custom-designed analog feedback circuit to cancel

the internal resistance of the winding [17]. To circumvent the

complexities that arise from commutation, they restricted the

range of motion to approximately 17o in their single DOF

haptic interface [18].

Take for example a motor frequently used in haptic devices

(model RE25, 18 V, Maxon Motors ag, Sachseln, Switzerland).

The torque constant is k = 16.3 mN·m·A−1 which is also the
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back-EMF constant expressed in V·s·rd−1. The terminal resis-

tance R = 1.26 Ω. Shorting the terminals, the motor becomes

a damper of coefficient b = k2/R = 0.21 mN·m·s·rd−1 which

is at least one order of magnitude lower than that achieved

by our prototype dampers. It is also the case that palpable

transients are experienced each time coil commutation occurs.

Transients are caused by sudden resistance changes resulting

from the interaction of the brushes with discrete collector

segments. Transients are also caused by the fact that different

windings are inserted and removed from the circuit during

commutation. In other words, at low velocities, the electrical

dynamics of a DC motor cannot be approximated by a single

RL circuit. This approximation is only valid, on average, at

high velocities. For the accurate control of haptic interfaces,

these dynamics need to be compensated by well-tuned wide-

bandwidth current amplifiers. Similar observations apply to

electronically commuted brushless motor designs.

In this paper, we propose the use of eddy current

brakes (ECBs) as linear, fast actuating, programmable viscous

dampers for haptic rendering. In Section II, the fundamentals

of eddy current brake physics are presented and in Section III

a single-number merit function is proposed that can concisely

capture the performance of any given design. In Section IV,

the design of an ECB brake is described. In Section V,

experimental optimization of the damper blade to magnet pole

geometry is discussed. In Section VII time-domain passivity

control is described and implemented using ECBs retrofitted

to a prototype haptic interface. Finally, Section IX gives

concluding remarks and future recommendations.

II. EDDY CURRENT BRAKING

Eddy Current Brakes are magnetic devices simply described

by a conductor that moves through a magnetic field. As a

result of the motion, eddy currents — Foucault currents —

are induced to create a resistive force that is proportional to

the relative velocity, according Lorentz’ Force Law. Although

the phenomenon is difficult to analyze for complex geome-

tries [19]–[21], the underlying relationship between angular

velocity and torque can be derived with the help of several

simplifying assumptions.

R
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τdiss

Fig. 1. Schematic Diagram of Eddy Current Brake

To familiarize readers with the underlying relationships,

a simplified model from the literature is outlined. Follow-

ing [22], and referring to Fig. 1, the induced current density

in the conductor, J
[

A·m−2
]

, is a function of the angular

velocity, θ̇
[

rd·s−1
]

, the specific conductivity of the material,

σ
[

Ω−1·m−1
]

, the effective radius, R [m], and the magnetic

field, B
[

T
]

:

|J | = σR θ̇ |B|. (1)

Assuming that the magnetic flux is uniform through the air

gap, and assuming that the conductive disc fits exactly within

the air gap, the power dissipated by the eddy currents can

be computed by integrating the currents over the cylindrical

volume of the disc that is covered by the magnet pole:

Pdiss =
1

σ

∫

|J |2dV =
πσ

4
D2 d B2R2 θ̇2, (2)

where D [m] is the diameter of the magnet core. The braking

torque, τdiss

[

N·m
]

, is then:

τdiss =
Pd

θ̇
=

πσ

4
D2d B2R2θ̇. (3)

According to (3), the drag torque should vary linearly with

angular velocity. However, (1-3) are computed assuming that

the applied magnetic field, B, is sufficiently greater than the

magnetic field induced by the eddy currents. This assumption

holds well at low speeds, and prior findings have shown that

the braking force does vary linearly with velocity at low speeds

[20], [21], [23]. Because haptic interfaces are designed for in-

teraction with humans, the operating velocity of an interface is

typically low, of the order of 200 mm·s−1 [24]. Conveniently,

where eddy current braking is linearly dependent on velocity,

the ECBs can be modeled as linear dampers that fit easily into

robot kinematic/dynamic control frameworks.

III. MERIT FUNCTION

With a view to employ brakes in the design of haptic

interface, it is natural to desire tradeoffs that maximize avail-

able damping for the smallest inertia. Hence, a crucial aspect

of brake performance is captured by the ratio of these two

quantities. Consider a damper with rotational inertia I
[

kg·m2
]

and damping coefficient b
[

N·m·s·rd−1
]

. Neglecting friction,

the differential equation that describes its motion given an

initial angular velocity, ω0, is:

θ̈ = −
b

I
θ̇,

{

θ(0) = 0,

θ̇(0) = ω0.
(4)

The angular velocity is

θ̇(t) = ωoe
−(b/I)t = ωoe

−(1/τ)t, (5)

therefore, the time constant τ = I/b [s] is an intrinsic

characteristic of a design since it conveys its ability to reduce

velocity.

IV. DESIGN OF AN EDDY CURRENT DAMPER FOR A

PARALLEL HAPTIC INTERFACE

Several physical characteristics guide the design of an eddy

current damper for a haptic interface. First, the inertia of the

device should be kept to a minimum to allow for unrestricted

free exploration [25]. Second, because stability is improved

with added damping, the achievable damping should be max-

imized. Haptic interfaces have different damping and inertial

requirements, whether they be serial or parallel, impedance or

admittance based. In this paper, we focus on designing an eddy

current damper for a common parallel linkage haptic interface

named the Pantograph [26], [27].
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The Pantograph is directly driven by two graphite brushed

motors, model RE25 of Maxon Motors ag, located at the

base of the device. The workspace generated by the 5-bar

linkage restricts angular displacement to approximately 130

degrees. Because of this, it is relatively simple to retrofit ECB

conductors to the proximal arms and make use of the free

space available behind the device. Figure 2 shows prototype

damping hardware retrofitted to a Pantograph interface. Annu-

lar aluminum sections are used, rather than disc sections, to

reduce the rotating inertia. Each “damper blade” is actuated

with an electromagnet driven by a current amplifier.

Fig. 2. Hybrid Pantograph with twin eddy current brakes.

To optimize the design of the damping hardware for minimal

inertia and maximal damping, it is required to analyze the

eddy current drag torque and rotational inertia. Note that while

the damping torque scales quadratically with the effective

radius, the inertia, Iann

[

kg·m2
]

, of an annulus also scales

quadratically with the radius:

Iann =
1

2
Vann ρ (r2

2 + r2
1), (6)

where Vann

[

m3
]

is the volume of the annulus, ρ
[

kg·m−2
]

is the density of the annulus material, r1 and r2 [m] are

the inner and outer radii respectively. It is important to

note that the reluctance of the gap dominates the magnetic

circuit, so the thickness of the annulus should remain small.

Electromagnets are constructed with a toroidal core machined

from soft iron and wrapped with 24 gage enamel coated copper

wire. Toroidal magnet cores are known to provide an optimal

magnetic path because there are neither sharp corners nor

changes in cross section to leak magnetic flux.

Much of the prior engineering work with ECBs is focused

towards the transportation industry for automotive and lo-

comotive brakes [23], [28], [29]. In these applications, the

inertia of the conductive disc has a relatively small impact

on the overall inertia of the vehicle, and as such, materials

such as iron and copper are acceptable. For a haptic interface,

however, inertial constraints are important. The damper blade

material must have both a low density for inertia reduction,

and a high conductivity to promote the flow of eddy currents.

According to (6), the inertia varies linearly with the density of

the material, and according to (3), the damping varies linearly

with the conductivity. These characteristics make electrical

grade aluminum an excellent damper blade material as it has

Fig. 3. Experimental apparatus showing two blade/magnet configurations
out of the 32 combinations tested. The configuration on the left is a 3.18 mm
thick, 12 mm wide blade with a single magnet pole. On the right is a 1.59 mm
thick, 24 mm wide blade with two magnet poles in a radial arrangement.

the highest conductivity to density ratio of any conventional

metal.

Having an optimal electromagnet design, and an optimal

conductor material, the damper blade geometry and magnet

pole geometry must be optimized for minimal inertia and

maximal damping. In recent work, attempts to predict the

the influence of the finite boundary typical in rotary ECBs

have shown limited success using either numerical or empirical

simulation [21], [30], [31]. As such, experimental investigation

of effect of the finite boundary was preferred over simulated

analysis.

V. EXPERIMENTAL DAMPER BLADE AND MAGNETIC

GEOMETRY OPTIMIZATION

In place of simulation, an experiment was set up to identify

the optimal damper blade dimensions given practical phys-

ical constraints. Fig. 3 shows the experimental apparatus.

Replaceable annular sections machined from standard thick-

ness, 1.59 mm and 3.18 mm, electrical grade (Alloy 1100)

aluminum sheet stock are attached to the base arm of the

Pantograph with a shoulder flange and clamp. Rather than

manufacture and wind several electromagnet cores, arrange-

ments of permanent magnets are used to investigate the effect

of magnet pole geometry in relation to the blade geometry.

A. Tests

An adjustable steel C-clamp magnetic circuit holds an array

of 11 mm cubic-shaped rare earth magnets (NdFeB, Amazing

Magnets LLC, Irvine, CA, USA) at a fixed tolerance gap away

from the damper blade. The annular sections each have an

effective radius of 50 mm, with widths w of 12, 16, 20,

and 24 mm. As mentioned earlier, the width of the gap has

influence on the magnetic field strength between the magnet

poles. The field is approximately 1.0 T in the 1.59 mm blade

configuration, and 0.9 T for the 3.18 mm blade as measured

with a digital Gaussmeter (Model 1, AlphaLab Inc., Salt Lake

City, UT, USA).

The system shown in Fig. 3 is modeled by:

Iθ̈ + bθ̇ + Kθ = τfric(θ), (7)

where K
[

N·m·rd−1
]

is a virtual spring programmed by the

motor/encoder, I , is the inertia of the system, b, the viscosity

from the ECB, and τfric is the friction from the bearings. To

measure the damping coefficient of a given damper assembly,
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an energy balance is considered between two rest states. In

the first state, the deflected arm is loaded by a virtual spring

with stiffness Ka through angle θa. At the second state, the

arm has come to rest at, or near, the virtual spring’s origin

after release. This balance is first used to identify the energy

loss due to friction over θa by:

Efric =
1

2
Kaθ2

a =

∮

τfric(θ)dθ, (8)

where Efric is the energy dissipated by friction over angle

θa. If the arm moves from an the initial deflection, θa to the

virtual spring’s origin without overshooting, then all of the

stored energy from the deflected spring is exactly dissipated

by friction. In order to locate Ka such that the arm moves to

its rest position without overshoot, a binary search method is

employed. The procedure is stopped when the test succeeds

four times to resist outliers. Once friction is quantified, a sec-

ond virtual spring constant Kd is found such that the damped

system travels over the same deflection without overshoot:

E(Kd) = Ed + Efric =

∫

b θ̇(t) θ̇(t) dt + Efric, (9)

where E(Kd) is the potential energy stored with the damped

spring constant, Ed the energy dissipated by the damper, and

Efric the energy lost to friction from (8). Using the value of

Efric from (8), and solving for the damping coefficient:

b =
1
2Kdθ

2
a − Efric

∫

θ̇2dt
, (10)

where
∫

θ̇2dt is numerically integrated over θa. Control of

the device is performed at a fixed update rate of 10 kHz on a

2.0 GHz PC running Linux kernel 2.6 and the Xenomai real-

time framework. Input/Output is performed by a ISA digital

acquisition board (Model II, Servo to Go, Inc., Indianapolis,

IN, USA).

B. Experimental Results

For each damper blade, four different magnet arrangements

are tested, as shown in Fig. 4. Arrangement using multiple

permanent magnets are fastened together with fiberglass re-

inforced adhesive tape to counteract magnetic repellance of

adjacent like-poles.

A B C D 

w

Fig. 4. Experimental magnet pole configurations: (A) single magnet, (B)
double magnet tangential, (C) double magnet radial, (D) quad magnet.

Results from the experimental analysis are shown in Fig. 5.

As expected, the physical boundary of the damper blade

and its relationship with the magnet pole has a noticeable

effect on the damping coefficient. The trends in Fig. 5 are
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Fig. 5. Damping coefficient results.

consistent between the two thicknesses of damper blade. Also,

it is important to note that doubling the thickness of the

damper blade, from 1.59 mm to 3.18 mm corresponds to

an improvement in damping of approximately 1.3 that is

consistent among all cases. Twice the inertia for only a third

more damping indicates that the blade should remain as thin

as practically possible.

It is clear from Fig. 5 that the double magnet tangential

case (B) is not an effective use of geometry, as the double

magnet radial case (C) consistently improves the damping by

a factor of 1.3 while maintaining the same magnet pole cross-

sectional area and the same inertia. In fact, it is evident that

an optimal magnet pole to blade geometry should completely

shadow the blade width, as the double magnet radial and quad

magnet cases do. Leaving any un-shadowed blade width is a

poor use of inertia.

These findings are further supported by considering the data

in Table I which shows the actuator rates of decay for each

blade width and thickness for the case of a single magnet.

It is clear from these results that the 1.59 mm damper blade

provides superior performance to the 3.18 mm blade since

the rate of velocity decay is much higher with the thinner

blades. This is due to the stronger magnetic field present

with a reduced air gap. The 12 mm wide, 1.59 mm thick

blade provides the fastest velocity decay. This matches the

conclusion that it is optimal to shadow as much of the blade

width as possible with magnetic flux. The square poles have

a width of approximately 11.1 mm, so the single magnet case

is sufficient to almost completely shadow the width of the

12 mm wide blade. Though not shown, the rate of decay for

the dual magnet configuration case (C) with the 12 mm wide

blade is 73 s−1, which shows that the rate is further improved

by shadowing the remainder of the blade width.

There is some discrepancy in the results. The 12 mm wide

blade has the highest rate of decay for a 1.59 mm thickness,

while the 16 mm wide blade has the highest rate of decay

for a 3.18 mm thickness. This can be explained by the fact

that as the gap increases, the flux lines spread further apart. A

blade that is slightly wider than the magnet pole will still be
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TABLE I

RATES OF DECAY 1/τ
[

S−1
]

FOR THE SINGLE MAGNET CASE.

width (mm)
thickness (mm) 12 16 20 24

1.59 67 65 59 53
3.18 42 43 40 36

exposed to stray magnetic flux lines across all of its width.

Note that the experiments done in this section are aimed

at an optimal damping to minimal inertia constraint, and no

respect was paid to the power consumption of the electro-

magnets. In the tests, the electromagnets were replaced by

permanent magnets for ease of experimentation. The design

of an electromagnet is subject to similar tradeoffs, as the

gage of wire, number of loops, thickness of air gap, and

dimensions of the core all play a role in the performance of

the electromagnet. Of larger concern, though, is the electronics

that are required to actuate the electromagnets with sharp

transients.

VI. ACTUATION OF ELECTROMAGNETS, AMPLIFIER

SELECTION

The electrical characteristics of the electromagnet coil de-

termine the bandwidth of the damper, which is of utmost

importance for haptic rendering, as we need to actuate the

end effector at high frequency to mask the discrete nature

of the control loop. An electromagnet can be modeled as a

resistor and an inductor in series, so the rate at which the

damper can be turned on and off is a function of the inductance

of the coil, L
[

H
]

, the resistance, R
[

Ω
]

, and the maximum

transient voltage that the amplifier can supply, Vcc

[

V
]

. Voltage

is related to current through:

v(t) = L
di

dt
+ Ri. (11)

In the Laplace domain, the transient response to a step input

of voltage, corresponding to a turn-on command, is:

I(s) =
Vcc

s

1

Ls + R
. (12)

In the time domain, the step response is:

i(t) =
Vcc

R

(

1 − eL/R t
)

. (13)

Note that the inductance, L, appears only in the transient

exponential, and that a higher Vcc will result in a faster turn-

on time. Because we wish to maximize the frequency that

the dampers can be actuated at, amplifiers should be chosen

to maximize the driving voltage. Although it is desirable to

have a large driving voltage for the transient response of an

electromagnet, at steady state, the required voltage is quite

low. As such, linear amplifiers are not suitable because they

would be required to dissipate a large amount of power at

steady state given a sufficiently large driving voltage. Pulse-

width modulation (PWM) amplifiers, however, are capable of

using a high driving voltage without dissipating large amounts

of power at steady state. The only tradeoff is current ripple.

The large electromagnets used in this work achieve inductance

that are at least ten times more than the minimum required in-

ductance for the commercially available PWM amplifiers (AMC

20A20, Advanced Motion Controls, Camarillo, CA, USA) used

in this work. Although no formal study was performed, the

authors and several members of the laboratory concur that

the current ripple from the PWM amplifiers creates neither

tactually detectable mechanical noise nor perceivable acoustic

noise.

VII. PASSIVITY BASED CONTROL WITH TUNABLE

PHYSICAL DAMPERS

Passivity theory is a useful framework for analyzing control

systems in general and haptic feedback in particular. Firstly,

if a system is passive, it is globally stable in the sense that

its free response always decays from any initial conditions.

Secondly, if a complex system is broken down into several

subsystems, the full system is passive if each subsystem

is passive. This allows each subsystem to be investigated

individually [1], [7]. All these properties are directly applicable

to the design of mechanical virtual environments. Recently,

rather than use passivity theory as a tool for analyzing control

systems alone, it has been used in a real-time methodology

to control haptic interfaces. Hannaford and Ryu developed

a time-domain passivity control methodology that consists

of two basic components, a passivity observer (PO), and a

passivity controller (PC) [3]. Their method is briefly described

to familiarize the readers with it.

A. Introduction to Time-Domain Passivity Control

A passive system is defined as one that cannot generate

energy. In the control literature, a sign convention states that

energy dissipation is positive. Following [3], a one port system

with effort, f
[

N
]

, flow, v
[

m·s−1
]

, and initial energy storage,

E(0)
[

J
]

, is passive if:

∫ t

0

f(τ)v(τ)dτ + E(0) ≥ 0,∀t ≥ 0. (14)

A Passivity Observer (PO) is an on-line numerical approxima-

tion of the energy flow in any portion of the interface or its

control software. Assuming E(0) = 0, the PO is defined as:

Eobsv(n) = ∆T

n
∑

k=0

f(k)v(k), (15)

where Eobsv(n) is the approximate energy integral, ∆T (s) is

the sampling period, f(k) and v(k)
[

m·s−1
]

are the kth sample

of force and velocity respectively. The equivalent expression

using joint variables is:

Eobsv(n) = ∆T

n
∑

k=0

τ(k)ω(k), (16)

where τ(k) and ω(k) are the kth sample of torque and angular

velocity respectively.

If the real-time value of either (15) or (16) becomes neg-

ative, this indicates that the observed portion of the energy

flow is active, and the passivity controller (PC) is recruited.

An impedance controlled haptic interface changes the force
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displayed to the user based on the position of the manipu-

landum. In the impedance configuration, a serially connected

PC is used to modulate the discrete force output based on

an input velocity. The first computation in the PC estimates

a virtual damping coefficient that removes the active energy

from the virtual environment using the update law:

α(n) =







−Eobsv(n − 1)

∆Tv(n)2
, if Eobsv < 0

0, if Eobsv ≥ 0
, (17)

where α(n)
[

N·s·m-1
]

is the virtual damping force coefficient.

Due to the introduction of this virtual damping coefficient, the

PO update law is modified to account for energy removed by

damping:

Eobsv(n) = Eobsv(n − 1) + ∆TfVE(n)v(n)

+∆Tα(n − 1)v(n − 1)2. (18)

Applying the required virtual damping, the force output then

becomes:

foutput(n) = fVE(n) + α(n)v(n), (19)

where fVE and foutput are the force computed by the virtual

environment and force output to the actuators respectively.

Hannaford and Ryu’s method maintains a passivity con-

straint by degrading system performance with additional vir-

tual damping. In their work, the method was initially tested

on the Excalibur Haptic Interface that is cable driven and

exhibits considerable inherent friction [32]. More recently,

their method has been applied to the popular PHANTOM haptic

interface [33]. The authors needed to modify their technique

by limiting the virtual damping to avoid exciting structural

resonances in the PHANTOM. Enforcing a passivity constraint

with virtual damping alone is not well suited, for two reasons,

to devices that have minimal inherent dissipation, such as a

direct drive Pantograph. First, because the control signal is

dependent on a velocity estimation signal, it is necessary to

limit the virtual damping to avoid over-amplification of a noisy

velocity signal. For example, if a virtual damping coefficient of

greater than approximately 2.5 N·s·m−1 is used on the Panto-

graph, vibration is generated that is both audible and palpable

despite the use of adaptive velocity estimation [34]. Second,

at low velocity, the effect of the added virtual damping is

minimal, and it is possible that insufficient physical dissipation

could allow limit cycles near the boundary of a virtual wall.

In converting electrical energy to mechanical energy, DC

motors are actually passive elements because the energy input

is higher than energy output due to the impedance of the

coils and friction. However, obtaining programmable dissi-

pation from them is difficult because controlling the torque

to oppose motion at all times can only be done to some

approximation. In particular, time delay caused by sampling

and reconstruction yields an erroneous signal each time the

velocity changes sign. To make matters worse, steady state

velocity can be known only to a velocity quantum δ/T , where

δ is the device resolution and T the time window allocated

to estimate velocity. It is possible to take advantage of known

system dynamics and disturbance estimates to recover velocity

using signals other than position alone, but these methods are

difficult to apply [35]. Rather than use actuators, such as DC

motors, that were designed for purposes other than maintaining

the passivity of a haptic interface, we demonstrate the use

of programmable ECBs that were specifically designed for

this end. Since ECBs are dissipative by nature, and can be

actuated at high frequency, they are ideally suited to remove

prescribed quantities of energy without time delay and without

dependence on a velocity estimation signal.

B. Passivity Control with Physical Dampers

Hannaford and Ryu remove a prescribed amount of energy

with virtual damping by:

Ediss = αv(n − 1)2 ∆T. (20)

For the Pantograph with damped joints, it is more convenient

to compute energy based on joint variables. Accordingly, (20)

becomes:

Ediss = βω(n − 1)2 ∆T (21)

where β is the damping torque coefficient of a joint.
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Fig. 6. ECB Actuation Properties. (a) Closed-loop step response to a 4 A
current command. (b) Damping to coil current relationship.

Control of the damping coefficient requires that actuation

and damping characteristics of the ECB dampers are known.

According to Fig. 6, under closed loop control, the dampers

have a finite actuation time and a nonlinear current to damping

coefficient relationship. Because a fixed update frequency of

10 kHz is used to control the Pantograph, the dampers require

multiple update periods to actuate, and their dynamics must

be modeled and incorporated in the PC. Fig. 6(a) shows the

coil current response to a 4 A step command, and illustrates

the speed at which the ECBs can be actuated. Using a 180 V

power supply, the amplifiers can drive the ECB coil current

to 4 A in one millisecond. Accordingly, the ECB amplifier

and coil combination can be modeled with a linear slew rate

of approximately 4000 A·s−1. A quadratic least-squares fit ap-

proximates the damping coefficient to coil current relationship

well, as shown in Fig. 6(b) The fit was found to be:

β = a i2coil + b icoil (22)

where icoil is the coil current (A), a = −0.16 and b = 1.8. The

fact that damping coefficient curve levels off at approximately

5 mN·m·s·rd-1 is attributed to saturation effects in the iron core
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of the magnet. The approximate response to a step command

of current β becomes:

β = a(SRN ∆T )2 + b(SRN ∆T ) (23)

where N is an integer that keeps track of the number of

sampling periods expired since the dampers were activated

and SR is the approximate slew rate of the amplifiers. Because

the physical dampers are controlled in open loop, and cannot

turn on completely in one time step, it is necessary to ap-

proximate the current state of the dampers. Approximating the

coil current by N SR ∆T allows for a convenient method to

approximate the present state of the dampers during transients.

The control loop for the ECB damper PC, including the

necessary saturation to protect the coils from overheating, is

calculated using the following algorithm.

1) Update the PO using the actual state of the dampers, βa:

Eobsv(n) = Eobsv(n − 1) + ∆TτVE(n)ω(n)

+βa(n − 1)ω(n − 1)2∆T. (24)

2) Compute the desired damping βd

βd(n) =















−Eobsv(n − 1)

∆Tω(n)2
, if (Eobsv < 0) ∧ (βd < βmax)

βmax, if (Eobsv < 0) ∧ (βd > βmax)

0, if Eobsv ≥ 0
(25)

3) Damper actuation logic. Actual state of dampers, Na:

• If Eobsv < 0 AND dampers off, set required current

and set Na(n) = 1.

• If Eobsv < 0 AND dampers on, set required current,

then update Na for next time step.

Na(n) =















Na(n − 1) + 1,
if βd > SR ∆TNa(n − 1)

Na(n − 1) − 1,
if βd < SR ∆TNa(n − 1)

(26)

• Else if Eobsv > 0, turn dampers off and set

Na(n) = 0.

4) Update approximation of βa using (23) with ∆T =
10−4 s, and SR = 4000 A·s−1:

βa(n) =















a(Na(n) SR ∆T )2 + b(Na(n) SR ∆T ),
if Na(n) ≤ Nsat

a(Nsat SR ∆T )2 + b(Nsat SR ∆T ),
if Na(n) > Nsat

(27)

where Nsat is the number of time steps at SR to

reach the overheating limit. For these experiments, the

maximum allowable coil current was set to 4 A, hence

Nsat = 10.

VIII. RESULTS

Experiments were performed to compare the performance

of the virtually damped PC and the physically damped PC. For

these experiments, a virtual wall located at x = 0, with −x
being inside the wall, was rendered with the Pantograph as

shown in Fig. 7. The experiments were performed using the

same control hardware and real-time software architecture as

described in Section V-A. Repeatable contact was simulated

using a pre-tensioned elastic band to thrust and hold the

manipulandum against the virtual wall. The elastic band allows

us to closely examine the passivity characteristics of the

device and control software without the fluctuating and highly

dissipative properties of a human operator. Velocity estimation

was computed using a previously described method with a

window size of 16, and maximum number of outliers of 2 [34].

Fig. 7. Experimental Apparatus. The pre-tensioned elastic band allows
repeatable wall contact with a passive operator.

Fig. 8 shows results using the virtually damped PC. Be-

low each position trace is an energy trace, as computed

by (15). Fig. 8(a) and 8(b), show results from an undamped

1.5 N·mm−1 virtual wall. This wall shows clear active behav-

ior, as there is a stable limit cycle around x = 0, and the energy

continues into the negative values over time. Figures 8(c)

and 8(d) show results using the virtually damped PC with

a 1.5 N·mm−1 wall. Note that the energy stays near in the

positive, yet there is still a limit cycle, of decreased magnitude

and increased frequency, around x = 0, due to the delayed and

noisy nature of virtual damping.

Fig. 9 shows results using the physically damped PC with

a 1.5 N·mm−1 wall. The limit cycle that was present in both

prior wall renderings is quenched with the addition of the

physically damped PC. It is important to note that the slower

response time of the physical dampers makes the negative

energy spikes that correspond to each wall impact larger and

longer than in the virtually damped case. Fig. 9(b,c) shows

how the passivity controller must raise brake activation to

saturation as the velocity decays in order to generate the

required dissipation. This process continues until the system

is completely at rest.

IX. CONCLUSION

The pertinent background to dissipative actuation and pas-

sivity control of haptic interfaces were first discussed to

familiarize the reader with the focus of this paper. Basic

eddy current brake physics were presented, the design of

an ECB damper for the Pantograph haptic interface was

described, and results from an experimental optimization of

damping hardware were discussed. A prior existing time-

domain passivity control methodology was adapted for the

use of physical damping, rather than virtual. The physically

damped passivity controller was shown to improve stability

of virtual stiff wall. The authors would like to note that

virtual walls rendered using the physical dampers do not

have the characteristic “sticky” feel that is typical of walls
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rendered using conventional programmable brakes. This is due

to both the fast dynamics of the ECB system (compared to

commercially available MR brakes), and the fact that ECBs are

linear and thus have a small effect at low speeds.

There are several limitations to the use of ECB dampers

with a haptic interface. Despite efforts to minimize inertia, the

additional damping hardware creates a noticeable increase in

the inertia of the device. Second, as electromagnets are used to

actuate the ECB dampers, the power consumption of the device

increases considerably. There are also limitations to the use of

physical dampers for passivity control. First, as this method is

dependent on additional hardware, a haptic interface would

have to be equipped with programmable physical dampers

to make use of this method. Second, as the dampers actuate

slower than the motors, the system energy could be in the

active region longer than if virtual damping was used.

The use of ECB dampers for haptic rendering has shown

promising results, yet this work leaves an open door to a miriad

of future research projects. To name a few:

• Design: ECB dampers have been retrofit to an existing

haptic interface, yet to extend this work to other inter-

faces, a more compact design is likely necessary. A good

target is creating an ECB damper that has a similar form

factor to a MR brake.

• Devices: Because of their intrinsic qualities for control,

ECB dampers could be applied to the design of all-passive

haptic interfaces [36], [37].

• Teleoperation: The benefits of using dissipative hardware

in passivity control should also be investigated for teleop-

eration. As dissipative hardware does not suffer from the

actuation problems associated with time delay, it could

be used to provide high fidelity master arm control.

• Motion Control: Because ECB dampers can be actuated at

high frequency, and have excellent stability characteristic

they would likely be valuable additions to general purpose

motion control or high performance robotics.
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