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IMLINEAR MOTION TECHNOLOGY UPDATE

Latest developments
In voice coil actuators

ANTHONY C. MORCOS, BEI Sensors & Systems Co., Kimco Magnetics Div.

Need smooth molion, high speed and acceleration, or light servo conirol?
Voice cotl actualors, providing rotary or linear motion, may be the solution you need.
Here's a look al choosing the right one for your application.

vice coil actuators are direct-drive
‘ p‘ electric motors that provide lim-
ited linear or rotary motion. They
are often used in applications requiring
proportional and tight servo control, such
as mirror and lens positioning in optical
systems, high-accuracy machine tool po-
sitioning, precision valve control in medi-
cal and industrial devices, and linear
drives for cryogenic coolers and other
pumps.
These non-commuiated actuators use
a permanent-magnet field assembly with
a eoil winding to produce a force propor-
tional to the current applied to the coil,
Both linear and rotary versions meet the
acceleration, frequeney actuation, and
linear force or torque-versus-stroke out-
put requirements needed in many linear
and rotary motion applications. Some of
the linear versions, Figure 1, provide con-
tinuous force (stall) from 1.15 to 9.7 Ib,
with a peak force for 10 sec from 2.5 Lo
32.5 Ib. Some rotary versions provide con-
tinuous torgue (siall) from 4.05 to 480 oz-
in, with 10-sec peak torque from 11 Lo
1,536 oz-in.
A linear voice coil actuator consists of
a two-terminal tubular coil of wire in a ra-
dially oriented de magnetic field, Figure
2. Permanent magnets embedded on the
inside diameter of a ferromagnetic eyline

Anthony Marcos is senior magnetics engi-
neer, BEI Sensors & Systems Co.. Kimco Mag-
netics Div.

Figure 1 — Linear voice coil actuator with the copper coil wound around a
ferromagnetic cylinder. Two wires connect to the coil leads, shown above the coil

winding.

der produce a constant field. The side of
the magnets that faces the ferromagnetic
cylinder has the same polarity as the eyl
inder. The opposite side of the magnets
facing the coil has the opposite polarity,
Completing the magnetic circuit is an in-
ner eore of ferromagnetic material along
the axial centerline of the coil Lthat is
joined at one end to the permanent
magnet assembly,

The actuator is a single-phase device,
It operates using the cross product of a
magnetic leld and a current flow
through the coil winding. Applying volt-
age across the two coil leads generates a

current in the winding. This current pro-
duces a proportional foree on the coil,
causing the coil to move axially along the
air gap. The direction of the current flow
in the wire determines the direetion of
movement. The speed of actuation de.
pends on the magnitude of the current,
Mowing through and the vollage applicd
Lo the coil.

From a straight line to a curve

Il you “fatten” a linear voice coil actu-
ator, Figure 2, from a round tube to a Mlat
tube, then bend the two ends to form a
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Linear voice coil actuator — asymmatric cut away

Figure 2 — Side view cutaway of the flux plot of a linear voice coil actuator. The
actuator consists of a ferromagnetic cylindrical steel housing with an inner core of the
same material. Mounted to the inside diameter of the housing, opposite the inner core,
are permanent magnets. Between the magnets and the inner core, within an air gap, is
a tubular coil of wire. Applying voltage across the two coil leads generates a current in
the winding. The cross product of the magnetic field and the electrified coil produces a
force that causes the coil to move axially along the air gap.

planar are, you will have a rotary voice
eoil actuator, Figure 34 and 3B, Rotary
voice coil actuators generate force identi-
cal to their linear counterparts. How-
ever, the ratings are in units of torque, in-
stead of force, because force is generaled
along the circumference of an arc.

Material composition

Both types of actuators are available in
several materials, depending on required
system performance, operating environ-
ment, manufacturing considerations, and
cost, Typically, the coil is wound with cop-
per or aluminum-magnet wire coated with
athin polymer film for electrical insulation,

The most common permanent magnet
materials are hard-magnelic ferrites,
Neodymium Iron Boron, and Samarium
Coball. The steel flux return, or “back-
iron” steel, can be any high permeability
ferromagnetic material, and need not be
laminated. The fasteners and bonding

agents must be able to survive the re-
quired operating environment.

Control

In precise servo control applications,
voice coil actuators require feedback for
closed-loop control. Many position, veloe-
ity, and force transducers can function as
feedback devices. Most common are optical
encoders, contact and magneto-resistive
potentiometers, LVDTs, and load cells.

The actuator's power supply must have
sufficient current to meet an applica-
tiom's foree requirements. IE must have a
high enough voltage rating to overcome
the back EMF at maximum coil velocily
and the resistive and inductive voltage
drops across the winding.

The coil resistance (Ohms) and force
sensitivity (NewtonsfAmpere) of these
acluators can be impedance matched to
most de power supplies. Common ampli-
fiers include H-bridge and PWM types.
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Mechanical systems

Voice coil actuators are usually sold as
a sel consisting of the magnet and coil as-
semblies. The minimum air gap clear-
ance between these assemblies is 0.010-
0.015 inches; sometimes more if required
by the application. The user must provide
a guidance system for full range of motion
and to prevent the eoil winding from rub-
bing against or crashing info the magnet
assembly. In most cases, the load is con-
nected to the coil assembly because the
coil has a lower mass (often by an order
of magnitude) than the field assembly, In
cases where the load is sensitive to ap-
plied heat, it can be connected to the
magnet assembly.

The preferred guiding means for the
linear version consists of linear bearings
or bushings combined with steel shafts,
though flexures are often used in short-
stroke applications. If needed, actuator
manufacturers can make shaft-bushing
combinations an integral part of the actu-
ator. It is important to keep the friction
levels of the guidance system low to en-
sure the smooth response characteristics
of these actuators, Rotary voice coil actu-
ators typically use shaft-ball bearing
guidance systems identical to those of
conventional electric motors.

Choosing a rotary voice coil actuator

Rotary voice coil actuators are fre-
quently used in gimbal assemblies for
flight hardware systems. These applica-
tions often require low weight and a
small “footprint.” Rotary voice coil actua-
tors offer these features plus low inerlia
and high torque output over a limited an-
gle of operation.

Several calculations are necessary Lo
choose the right actuator. In this exam-
ple, Figure 4, the engineering parameters
are:

» Voltage available, 12 Vde.

o Total angular travel of inner axis is
40 deg; outer axis is 20 deg.

e Move time of inner axis is 32 msec;
outer axis is 140 msec.

e Load and friction torque of inner
axis is 3 oz-in.; of outer axis, 9 oz-in,

o Assume a polished aluminum mirror
weight of 3.4 oz, Dimensions of the mirror



are Y1 by 3 by 3 in. with a slight curvature,

e Mirror inertia about the inner axis of
rotation is 0.0066 oz-in.-sec®

# [nner axis alominum support, weighl,
is 17 oz,

Four series of caleulations are needed:
Inner axis acceleration torque, inner axis
winding verifieation, outer axis {or com-

plele assembly) acceleration forque, and
outer axis winding verification. Only the
inner axis acceleration torque will be de-
seribed to illustrate the process.

Inner axis acceleration torque

The mirror load inertia is known, but

Ratary voice coil actuator

Load attachement
bracket

Back iron steel
flux retum

Pivat point
and shaft

actuator coil inertia and
acceleration rate are
not. Determine the ac-
celeration rate for the
angular displacement
requirement during a
triangular move, Figure
B, using equations 1 and
2

[3;.[}&:](2;:]

TR = 32
=218 radfsec (1)
['llu-mx - 2.IF'F'T"I]!]
=2x2] 8
=44 radfsec  (2)

In a triangular move profile, though,
acceleration oceurs during the first hall
of the move, or in this case, in 16 msec,

oo = acceleration rate = (44
Rad/sec)/ (16 msec) = 2750 Rad/sec”,

Ignoring coil inertia for the time being,
determine the torque required to aceel-
erate the mirror:

Tr: = JJ-II XX
= 066 = 2750 =18 oz —in,

This torque must be available for de-
celeration, too. In addition, the continu-
ous duty operation ealls for an actuator
with a continuous torque rating of at
least the required 18 oz-in.

To check the effect of enil inertia on
the owverall torque requirement: assume
an actuator with a eoil inertia of approxi-
mately 8.5 X 10° oz-in.-sec” about, an axis
perpendicular to the plane of motion,
through the eenter of mass in the coil. In
this application, the coil will not rotate
about its own center of mass. Instead, it
will rotate about an axis parallel to its
own axis and two inches away. Equation 4
determines the inertia of the coil, rela-

(2)

2¥ steal
end plate

Rotarny voice coil actuator — side view

tive to the axis of rotation
— the rotational axis of
the mirror — using the
mass of the body, m, and
the distance, d, between
the two parallel axes.

Jy =d +md”

(4)
- | .44 2
J=85x10"" 4 [ﬁ] x(Z}

= 0046 0z-in.- sec

The total acceleration
torque requirement, is:
?]I=[J+Jm)xa (5)

= (.0046 +.0066 ) x 2750
=31 oz—in.
a value higher than the 18
oz-in, initially caleulated.
The total peak torgue,
T,, requirement is there-

Figure 3A {top) — A rotary voice coil actuator. The rotary version is created by
flattening a linear voice coil from a round tube to a flat tube, then bending the two ends
to form a planar arc. A bearing assembly or mounting arm attaches to the lever point.
The actuator moves within some subset of the actuator arc.

Figure 3B (bottom) — Side view flux plot of a rotary voice coil actuator.

fore the total aceeleration
torque, T, plus the load and friction
torgue from the engineering parameters,
3 0z-in., which equals 34 oz-in. Using the
recommended 20% safety margin, this ex-
ample calls for an actuator with a peak
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Quter axis support

® Stroke, case 1, () = =
D60in. =.100in. =

case 2, (Dy) = = 46 in. =
00 in.

e Maximum frequency =
unknown

The chosen linear voice coil
actuator meets the designer’s
envelope dimensions and
stroke requirements, while
providing high foree.

= I, = Peak force = 60 b

¢ F.. = Continuous stall
force = 194 1h

= K = Force constant = 4.8
Ib/A

& R = Coil resistance = 2.4

Figure 4 — Gimhal assemhbly showing two
rotary voice coil actuators. The inner axis
drive actuator turns the mirror. The outer
axis drive actuator turns the mirror
assembly.

and continuous torque rating of:

Peak = 1.2 (34 oz-in.) = 41 oz-in.
Continuous = 1.2 (31 oz-in.) = 37 oz-in.

Calculating the onter axis acceleration
torque follows a similar procedure.

Choosing a linear voice coil actuator
for an X/Y stage application

A designer wants to sinusoidally oscil-
late a 1.0 1b load over the maximom at-
tainable frequency for two linear dis-
placements:

Dy = = 060 in. and

D, = == 450 in.

The customer’s envelope dimensions
are a 2.75-in, maximum outer diam and a
A.00-in. maximum length with the coil
fully extended.

Customer requirements and specifica-
tinns:

e Power supply voltage = open

o Power supply current = open

o W, = Load mass = 1.01b

e Duty cycle = 10%

e Maximum OD = 2,75 in.

o Maximum length = 5.00 in. (fully
extended)

ohms

& Stroke = = 500 in,

& [y = Back EMF constant = 6.51
V=)

= W, = Coil assembly mass = 1.20 [b

& Y, = Coil thermal resistance = 2.2
CiW =1

Determining the moving mass and
acceleration:

Moving mass:
W =W + W (6)
=12+10=221b
Acceleration:
G==£ (7)
W
1]
=—=27.3
2.20

Determining the maximum frequency
and velocity:

Case 1: Iy = 100in, G =273 G

Frequency:

1 [386.1%Gx2
F e e (8)
2m I'i H|

1 [386.1x27.3%2

= -
A0 e

2 \
Velocity:

V = 2D,
=% T3 100 =220 in/A
=1.91 fi/sec

(9)
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Case 2. Do = 900 in,, G = 27.3G
Frequency:

1 [386.1%27.3%2
e 9 SRR R e R
2::41' 00 A

Veloeity:
V=mx24x 9=679in/sec

= 5.65 [l/sec

To determine current, voltage, and
POWET:
Peak current:

(11)

oy
il
= |;x:

(12)

F

=125 A

AL

The current will assume a sinusoidal
waveform, such that:
I
—L 884 A
2

(13)

The maximum voltage required is com-
posed of three components: resistive
drop across the coil, inductive drop
aeross the coil, and the generated hack
EMF:

Vo =V, + ¥ + ¥

T s

di
=I?RH+LE+KE {]4}

Also caleulate the inerease in coil re-
sistance due to heating, Ry. Assume a
worst case coil temperature of 155 C and
a 25 G ambient:

Ry = B(1+.00393 % AT (15)
= 2.4(1 +.00393(155 - 25}) 3630

Case L: velocity = 1.91 fifsec
L{di/dt) = 15V (conservative esti-
mate)

Vot = (125% 3.63) +15+ (6.5 x .91
—T3V (16)

Case 2: velocity = 5.6 ft/sec
L{di/dt) = 5 V (conservative estimate)

Vnac = (12.5%3.63) + 5.+ (651 x5.65)
—87V an

The amount of power dissipated in the



Figure 5 — Point-to-point positioning of an actuator can be trapezoidal or triangular
moves. In this gimhal assembly example, the designer chose to use a triangular move.
Therefore, the acceleration rate for the angular displacement required during a triangular
move is found through equations 1 and 2.

e et A A R T R L WD A S R e e s
|llumenclature Vs = Back emi generaied by moving coil, V.

: : ! Wi = Force producing voltage, V
For selection of a rofary voies coil aciusator; V,, = electiical losses,
= lnad anqular acceleration rale, Rad/sec”, Y, = Inductive voliage drap across the coil V

J = rotational ingrtia, uz,-in.nw;*_ V.o, = ratedt aperating sped of actuator,
Ja = Inertia of a body about any axis,

in./sec
BT i Ve = average speed of actuator required for a
Juve = zum of the actuator coil and reflected specified iriangular move, in /sec,
loa inertas, oz-in.-set”. For calculations for selection of a linear voice
Jm = mirrar inertia, oz-in.-sec

0il aciuator:
Kq = Back EMF constant, W.I'I{WSEE]]I E., = continuous stall foree, 1
. Ky =Torgue that is the product for a given F. = Peak force, Ib
clrrent input, oz-in.A. I = Current, A

A = resistance at 25 E_- £ Ka = Back emf constant, Vi[ftfsec)
Rl = Resistance at maximum coil Kew Forta boreant Ik

Lo LR P, = Dissipated power, W
T.. = acceleration torque, oz-in. T AR
T, = Torque needed to accelerate a body W, = Coil assembly mass, Ib
about an axis located at its center of W, = load of ooil assembly mass, o
mas_s' el _ Wi, = Goil 2ssembly mass, maving mass, 1
Tiae = Maximum coil iemperature, G Sv = coil thermal resistance, c/W
T. = total peak torque, oz-in,

Triangular move

I'.""'tf‘_“":""'_tz_"{ t3 =

coil is from L.°R heating only:
Py =1} xRy
—884° x3.63 =284 W

(18)

The final coil temperature should be
less than the 155 C maximum rating for
the winding:

=284 %10 2.2 = 62.4°C
T, = 25°C+ AT =87.4°C (20)

If this article was helpful, eivele 411 on
the reader service card,

For more information on rofary or lin-
ey voice coil aelwators from BET Sen-
sors & Systems Co., Kimeo Magnetics
D, circle 412 on the reader service
cairi,
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