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(57) ABSTRACT 

Servo control using ferromagnetic core material and elec 
trical Windings is based on monitoring of Winding currents 
and voltages and inference of magnetic ?ux, a force indi 
cation; and magnetic gap, a position indication. Third order 
nonlinear servo control is split into nested control loops: a 
fast nonlinear ?rst-order inner loop causing ?ux to track a 
target by varying a voltage output; and a sloWer almost 
linear second-order outer loop causing magnetic gap to track 
a target by controlling the ?ux target of the inner loop. The 
inner loop uses e?icient switching regulation, preferably 
based on controlled feedback instabilities, to control voltage 
output. The outer loop achieves damping and accurate 
convergence using proportional, time-integral, and time 
derivative gain terms. The time-integral feedback may be 
based on measured and target solenoid drive currents, 
adjusting the magnetic gap for force balance at the target 
current. Incorporation of permanent magnet material permits 
the target current to be Zero, achieving levitation With loW 
poWer, including for a monorail deriving propulsion from 
the levitation magnets. Linear magnetic approximations lead 
to the simplest controller, but nonlinear analog computation 
in the log domain yields a better controller With relatively 
feW parts. When servo-controlled solenoids provide actua 
tion of a pump piston and valves, electronic LC resonance 
measurements determine liquid volume and gas bubble 
volume. 
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SYSTEM AND METHOD FOR SERVO CONTROL 
OF NONLINEAR ELECTROMAGNETIC 

ACTUATORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation of com 
monly assigned copending US. patent application Ser. No. 
09/771,892, Which Was ?led on Jan. 30, 2001, by Joseph B. 
Seale et al., for a SYSTEM AND METHOD FOR SERVO 
CONTROL OF NONLINEAR ELECTROMAGNETIC 
ACTUATORS, Which is a divisional application of US. 
patent application Ser. No. 08/882,945, Which Was ?led on 
Jun. 26, 1997, by Joseph B. Seale et al., for a SYSTEM AND 
METHOD FOR SERVO CONTROL OF NONLINEAR 
ELECTROMAGNETIC ACTUATORS now US. Pat. No. 
6,208,497, Which Was issued on Mar. 27, 2001, and each of 
Which is hereby expressly incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates to systems and meth 
ods for controlling the movement of mechanical devices. 
More particularly, the present invention relates to the servo 
control of electromagnetic devices. Still more particularly, 
the present invention relates to the servo control of solenoids 
using the measurement of position and the approximation of 
position of the solenoid’s armature to regulate movement of 
that armature. The present invention may be used in a variety 
of areas Where lifting and/ or propulsion is desired With 
minimum energy consumption. 

[0004] 2. Description of the Prior Art 

1. Field of the Invention 

[0005] A solenoid is a linear motor, inherently capable of 
ef?cient conversion of electrical to mechanical energy. In 
rotary motors, experience teaches that large siZe favors 
ef?ciency, and for a given siZe motor, the highest ef?ciency 
is obtained When there are very close clearances betWeen 
stator and rotor parts and When operation is at high RPMs. 
Electrically speaking, a high frequency of magnetic rever 
sals translates into a high rate of transfer of electromagnetic 
poWer. At loW frequencies, resistive poWer losses Wipe out 
ef?ciencies, While at constant magnitudes of peak magnetic 
?ux, higher frequency translates into higher poWer transfer 
Without signi?cant increase in I2R resistive poWer loss. To 
avoid the eddy current losses associated With high frequency 
magnetic ?elds, rotary motors employ laminations in mag 
netic steels, or high-resistivity ferrite parts. Steels have a 
large advantage over ferrites at moderately loW frequencies 
(particularly below 1 KHZ) in their ability to handle ?ux 
densities up to about 2 Teslas, compared to ferrites at up to 
about 0.5 Teslas. The 4-to-1 advantage in ?ux density 
translates into a l6-to-l advantage in energy density and 
magnetic force. Translating the rotary motor rules into the 
realm of solenoids, one can expect that ef?cient operation is 
fast operation. A fast solenoid must have a loW shuttle mass, 
or alternatively, shuttle inertia may be cancelled by resonat 
ing its mass With a spring at the design operating frequency 
(as is done, e.g., in tuned magnetic vibrators for aquarium 
diaphragm pumps and barber clippers). As the counterpart of 
close clearances in rotary motors, solenoids operate effi 
ciently at very short operating strokes, relying on high force 
and high frequency of operation to raise the poWer/Weight 
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ratio. Short strokes are effective only if, at the end of a poWer 
stroke, the entire magnetic circuit closes With minimal air 
gapsia matter of e?icient design for a solenoid shuttle in 
non-resonant operation, a short stroke translates into a short 
stroke time, amounting to operation at high frequency and a 
high rate of change of magnetic ?ux, “CID,” as the magnetic 
gap closes. A high rate of change of ?ux, i.e., a large 
“dCID/dt,” translates into a high induced magnetic voltage in 
relation to resistive voltage. Induced voltage represents 
conversion betWeen electrical and mechanical energy, While 
resistive voltage represents energy loss, so a large “dCIJ/dt” 
translates into high ef?ciency. 
[0006] There are and Will alWays be solenoids designed 
for utilitarian binary control operations, e.g., unlocking the 
doWnstairs front door: contexts Where poWer e?iciency is of 
minor importance and stroke length is a matter of feasibility 
and convenience, rather than a matter of e?icient motor 
design. Magnetic steel solenoid parts are typically solid 
rather than laminated, because eddy current losses in 
dynamic operation are not a design consideration. Moving 
from the context of infrequent operation of a door latch to 
the very frequent operation of a print Wire driver in a dot 
matrix print head, repetitive impact and consequent Work 
hardening of the magnetic steel in a solenoid becomes a 
serious consideration. Magnetic materials for solenoids 
should ideally exhibit a loW coercive force, ie a loW 
inherent resistance to change in magnetic ?ux. In magnetic 
steels, loW coercive force correlates With a large crystalline 
structure, attained through high temperature annealing to 
alloW groWth of large crystals. Annealed steels are mechani 
cally soft and ductile, and their loW-coercive-force property 
is described as magnetically soft. Repetitive stress and shock 
break up large crystals in steel, yielding a ?ner grain 
structure that is mechanically Work-hardened and magneti 
cally harder. Permanent magnets are optimiZed for high 
coercive force, or high magnetic hardness: the ability to 
retain magnetiZation against external in?uences. In sole 
noids, the mechanical Work hardening of the steel takes 
place in a strong magnetiZing ?eld, leaving permanent 
magnetism in the solenoid circuit. The result is to cause the 
solenoid to stick in its closed position after external current 
is removed. This is a failure mode for print Wire solenoids. 
A standard approach to keep solenoid parts from sticking is 
to cushion the landing at full closure, leaving an unclosed 
magnetic gap, typically through the thickness of the cushion 
material. This residual gap generates resistance to residual 
?ux after poWer removal, reducing the tendency of the 
shuttle to stick closed. Residual magnetic gaps compromise 
ef?ciency in tWo Ways: because the most ef?cient part of the 
magnetic stroke is approaching full gap closure, Where the 
ratio of force to electric poWer dissipation is high; and 
because currents for maintaining extended closure must be 
made substantially higher to overcome the magnetic resis 
tance of gaps. 

[0007] Prior art techniques for servo control of solenoid 
motion and, more generally, magnetic actuation, are sum 
mariZed Well in the introductory section of US. Pat. No. 
5,467,244, issued to JayaWant et al: “The relative position of 
the object is the separation or gap betWeen the control 
electromagnet and the object being controlled and in prior 
art systems is monitored by a transducer forming part of the 
control signal generator for the feedback loop. Such trans 
ducers have included devices Which are photocells (detect 
ing the interruption of a light beam by movement of the 
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object); magnetic (comprising a gap ?ux density measure 
ment, e.g. Hall plate); inductive (e.g. employing tWo coils in 
a Maxwell bridge Which is in balance When the inductance 
of the coils is equal); l/B detectors (in Which the ratio of the 
electromagnet coil current and magnetic ?ux is determined 
to provide a measure of the gap betWeen electromagnet and 
object; for small disturbances the division may be replaced 
by a subtraction); and capacitive (employing an oscillator 
circuit Whose output frequency varies With suspension 
gap).” Dick (US. Pat. No. 3,671,814) teaches magnetic 
sensing With a Hall sensor. In the succeeding description of 
“Apparatus for the Electromagnetic Control of the Suspen 
sion of an Object” J ayaWant et al derive, from a generalized 
nonlinear electromagnetic model, a linearized small pertur 
bation model for use in magnetic suspension of an object in 
the vicinity of a ?xed target position. Speci?cally, they make 
use of What they call “l/B detectors” (see above quote) 
Wherein the ratio of current “1” divided by magnetic ?eld 
strength “B” provides an approximately linear measure of 
the magnetic gap. In text to folloW, the ratio “I/CD” Will be 
used in preference to “l/ B” since inductive voltage measure 
ments lead to a determination of the total ?ux “(I)” rather 
than a local ?ux density “B.” Speci?cally, as noted by 
JayaWant et al, the time derivative “n~d(I>/dt” equals the 
voltage electromagnetically induced in a Winding of n turns 
linked by the magnetic ?ux “(1).” Thus, time integration of 
the voltage induced in a coil yields a measure of the 
variation in “CD,” and additional direct measurement or 
indirect inference of “1” leads to a determination of the ratio 
“I/CD” used to close the servo loop. Where electrical fre 
quency is substantially higher than the frequency associated 
With solenoid mechanical motion, the ratio “MD” is also the 
ratio of the time derivatives “(dl/dt)/(d(I>/dt),” so that a 
measurement of the high frequency change in current slope 
“dl/dt,” divided by the corresponding measured change in 
induced voltage across n Windings, “V=n~d(I>/dt,” again 
leads to a measure of position. One recognizes, in this latter 
ratio measurement, a measure of the inductance of a sole 
noid. It is Well knoWn that inductance can be measured by 
determining the natural frequency of an LC resonator having 
a knoWn capacitance “C,” a technique identi?ed in the ?nal 
part of the quotation from JayaWant et al, above. By either 
ratio technique, i.e. involving either a time integral of 
induced voltage or a time derivative of current, one deter 
mines position Without the use of sensors apart from means 
to extract measures of current and induced voltage from the 
coil or coils employed as part of the actuation device. While 
these relationships are needed building blocks in the con 
ception of the instant invention, they are not an adequate 
basis for a servo system generating large mechanical 
motions and correspondingly large changes in solenoid 
inductance. First, there are limitations to the linearized 
small-perturbation models taught by JayaWant et al for 
controlling large solenoid motions. Second, dynamic stabil 
ity problems Would remain even With a more complicated 
and costly servo implementation using non-linear circuit 
models, e.g., computing position as the ratio of current/?ux 
and force as the square of ?ux, instead of JayaWant’s 
tangential linear approximations of the ratio and square laW 
relations. Where solenoid control is based on driving a 
Winding With a voltage V in order to control a position X, the 
system to be controlled is fundamentally third-order, involv 
ing a nonlinear ?rst order system to get from voltage to 
change in magnetic force (since voltage controls the ?rst 
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derivative of current in an inductive solenoid, and current 
channel generates force change Without signi?cant delay), 
coupled to a second order system to make the tWo hops from 
force to change in velocity and from velocity to change in 
position. It is understood that servo control over a third order 
system is prone to instability since phase shifts around the 
control loop, tending toWard 270 degrees at high frequen 
cies, readily exceed 180 degrees over the bandWidth for 
Which control is desired. Phase-lead compensation as taught 
by J ayaWant et al adds 90 degrees of phase margin, bringing 
at best marginal stability to an ef?cient electromechanical 
system. If electromagnetic e?iciency is very loW, so that 
resistance R dominates over inductive impedance 00L up to 
the servo control bandWidth of u), then the third order nature 
of the system is not manifest Where gain exceeds unity, and 
phase-lead compensation provides an ample stability mar 
gin. An example of such a low-e?‘iciency system is found in 
Applicant’s “Bearingless Ultrasound-SWeep Rotor” system 
(US. Pat. No. 5,635,784), Where a combination of extreme 
miniaturization and lack of a soft ferromagnetic core places 
the transition from resistive to inductive behavior Well into 
the kilohertz range. For the ef?cient actuation systems taught 
in the instant invention, the transition from resistive to 
inductive impedance can fall beloW 100 Hz. “Tight” servo 
control implies a relatively high loop gain over the band 
Width of signi?cant mechanical response implying a loop 
gain-bandWidth product Well in excess of the bandWidth of 
signi?cant mechanical response. A combination of high 
ef?ciency and tight control spell problems for loop stability, 
for even With single-pole phase lead compensation, minor 
resonances, e.g., from mechanical ?exure, can throW the 
servo system into oscillation. 

[0008] While JayaWant et al describe closed-loop servo 
control techniques applicable Where perturbations in posi 
tion from a ?xed target position are small, Wielocii (US. 
Pat. No. 5,406,440) describes an open-loop control tech 
nique for reducing impact and mechanical bounce in sole 
noids used in electrical contactors. Prior art actuation had 
consisted of instantaneously applying to the solenoid Wind 
ing the full voltage needed to close the contacts under all 
operating conditions, taking into account manufacturing 
variations in the spring preload holding the contacts open. 
The mixed actuation voltage Was usually Well in excess of 
the minimum requirement, and the result Was actuation With 
excessive force and resulting severe contact bounce. 
Wicloch teaches to ramp the solenoid current up sloWly so 
that When the magnetic force is just suf?cient to overcome 
spring preload force and initiate motion, there Will be little 
additional increase in average actuation voltage before the 
solenoid stroke is complete. Ef?cient current ramping is 
accomplished via a sWitching regulator, Which applies a 
steadily increasing voltage duty cycle to the solenoid Wind 
ing While Winding current recirculates through a diode 
during intervals betWeen driving voltage pulses. At a suffi 
ciently high sWitching frequency, the inductance of the 
solenoid effectively smoothes the current Waveform into a 
ramp. Similar sWitching regulation is found in preferred 
embodiments of the instant invention, but With greater 
control in order to overcome limitations in Wieloch’s soft 
landing design. When a solenoid begins to close, the result 
ing “back EMF” due to armature motion tends to reduce 
electric current, in relation to gap, to maintain a constant 
magnetic ?ux, With the result that increases in force With gap 
closure are only moderate. (The simpli?ed model of 
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JayaWant et al, equation 9, implies no change at all for force 
as a function of gap closure at constant magnetic ?ux. In the 
speci?cation beloW, Eq. 42 corresponds to equation 9 except 
for the slope function “dxe?/dx,” Which JayaWant takes to be 
unity and Which departs signi?cantly from unity for mod 
erate to large magnetic gaps, as indicated, e.g., in the 
approximate formulation of Eq. 20 of the folloWing speci 
?cation.) If a constant average voltage is applied to the 
Winding (e.g., via constant duty cycle voltage sWitching at 
high frequency) and current begins to decrease With gap 
closure, then the current-limiting e?fect of resistance is 
reduced as current is reduced, so that the magnetic ?ux 
begins to rise. This can lead to an acceleration of a solenoid 
armature toWard impact at full closure, depending on induc 
tive time constants, mechanical inertia and spring rate. Even 
under conditions Where su?iciently soft landing is achieved, 
it is at the cost of a substantial excess energy consumption 
to generate a long ramp of pulse duty cycle and current, only 
the middle portion of Which causes actuation. Adaptive 
adjustment of a pulse Width or a pulse duty cycle during 
solenoid closure Will be shoWn (beloW) to achieve soft 
landing under variable conditions With nearly the minimum 
net expenditure of electrical energy dictated by the given 
operating conditions. 

[0009] Hurley et al (US. Pat. No. 5,546,268) teach an 
adaptive control device that regulates electric current to 
folloW a predetermined function of the measured solenoid 
gap, in order to achieve a predetermined pull curve of the 
electromagnet. Though such a system responds to some of 
the limitations of Wieloch, it is not readily adaptable to an 
actuation system that must respond to changing conditions 
of starting position and the load force curve While achieving 
quiet, impact-free, ef?cient operation. 
[0010] Both for controllability and energy e?iciency, some 
solenoids have been designed With a region of operation in 
Which stator and armature components have closely spaced 
parallel surfaces and the armature moves in-plane through a 
region of changing overlap, yielding a region of relatively 
constant actuation force at constant current. Eilertsen (US. 
Pat. No. 4,578,604) teaches such a geometry in a dual-coil 
device for linear mid-range actuation and a strong holding 
force at either end of the actuation stroke. Rotary actuation 
designs accomplish similar linearity properties using rotary 
overlap of parallel magnetic plates. The touchdoWn region 
Where magnetic parts close in contact is commonly avoided 
in servo control contexts. Magnetic characteristics in this 
region have presumably been considered too nonlinear for 
practical control. In particular, the region of operation 
approaching full closure and contact of mating magnetic 
surfaces presents a very steeply changing inductance and 
correspondingly steep change in the sensitivity of force to 
change in coil current. For a solenoid operated beloW core 
saturation, the variation in magnetic force “F” With coil 
current “I” and magnetic gap “x” is described approximately 
by the proportionality “F<><(I/x)2.” When the gap in a sole 
noid reaches mechanical closure, the “x” denominator in this 
proportionality goes nearly to Zero, implying a nearly sin 
gular relationship betWeen the control variables and the 
resulting magnetic force. Interpreting published families of 
static force/stroke/voltage curves exhibiting approximately 
this proportionality equation, the engineer is likely to con 
clude that a position servo control loop becomes unman 
ageably nonlinear over Wide actuation ranges or on approach 
to full magnetic closure of the solenoid. As evidence of the 
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prevalence of this assumption, FIG. 2 of the recent JayaWant 
patent (US. Pat. No. 5,467,244) illustrates the proportion 
ality “FO<(I/x)2” for magnetic force as a function of distance 
and indicates a small region, designated by the symbol “A,” 
over Which the curve is comparatively linear and amenable 
to linear control techniques, Which are subsequently dis 
closed. What has gone unrecognized is that a reformulation 
of the control problem leads to division of the system into 
tWo Well-behaved, coupled subsystems: a fast ?rst-order 
controller using voltage to control magnetic force, and a 
sloWer second-order position servo using the force-control 
servo. The major system nonlinearities are con?ned to the 
robust ?rst-order controller subsystem. Thus, from a control 
standpoint, there remains no advantage to magnetic geom 
etries that lineariZe the relationship of force to armature 
motion, Whereas one can noW capitaliZe on the advantages 
of mechanical simplicity and economy in solenoid geom 
etries that involve the mating of ?at surfaces. Such simple 
geometries are found in the patent literature going back 
many years, e.g., to Kussy (US. Pat. No. 3,324,356). Such 
geometries give a strong nonlinearity of force With gap at 
constant current, Which needs to be countered by appropriate 
controller design if the mechanical economies of ?at geom 
etries are to be realiZed. 

[0011] Holding currents or drive voltages for solenoids are 
commonly set Well beloW the peak currents or voltages 
needed to get a solenoid moving toWard closure. Both drive 
and holding signal levels must, in open loop systems, be set 
high enough to insure closure followed by holding under all 
conditions, including variability in manufacture from unit to 
unit, including variability of poWer supply source (e.g., 
utility line voltage), and including variability in the 
mechanical load. Closed loop solenoid control o?fers a Way 
to reduce both drive and holding signals to minimum 
practical levels. Yet problems With stability and non-linear 
ity inherent to magnetically soft ferromagnetic-core sole 
noids have impeded the development of servo solenoids, and 
therefore have prevented the potential ef?ciency advantages 
just described. 
[0012] Solenoids have the potential for operating charac 
teristics noW associated With ef?cient motors: quiet impact 
free operation, very frequent or continuous motion, and high 
ef?ciency at converting electrical energy to mechanical 
Work. Reciprocating poWer from electricity is traditionally 
derived from a rotating motor and a cam or crank shaft, yet 
solenoids have been demonstrated, in the instant invention, 
to deliver reciprocating poWer at high ef?ciency, provided 
that the solenoid is designed to operate fast, in order to 
generate rapid changes of magnetic ?ux in its Windings. In 
many reciprocating poWer applications, a solenoid With 
sophisticated control can o?fer greater simplicity and sub 
stantially tighter control than is achieved With a rotary motor 
and rotary-to-reciprocating motion conversion device. In the 
realm of control and sensing of external processes via a 
solenoid, the invention to be disclosed beloW can be con 
?gured to operate as a controller of position and simulta 
neous sensor of force, or as a controller of force and 
simultaneous sensor of position, or in an intermediate mode 
as a source of mechanical actuation With electrically con 
trolled mechanical impedance characteristics, especially of 
restoration and damping. With rotary motors, such control 
has involved the use, e.g., of stepper motors used in con 
junction With torque or force transducers, or of non-stepper 
motors used in conjunction With rotary position encoders 
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and possibly torque or force transducers. The following 
speci?cation Will shoW a solenoid operated as the linear 
motor to drive a high-efficiency reciprocating pump, While 
tWo additional solenoids control the pump’s inlet and outlet 
valves. All three solenoids operate silently and e?iciently 
under servo control. This neW system goes beyond objec 
tives described and claimed in Applicant’s U.S. Pat. No. 
5,624,409, “Variable-Pulse Dynamic Fluid FloW Control 
ler,” a system using valve solenoid actuators that are 
mechanically similar to the ones described beloW and that 
achieve volumetric ?oW regulation from a pressuriZed ?uid 
source over a very Wide dynamic range of pulse volumes and 
rates. The system described beloW replaces the volume 
measurement device of Applicant’s earlier invention With a 
solenoid that provides active pumping actuation in addition 
to ?uid volume measurement, inferred from the position of 
the solenoid pump actuator, Where that position is deter 
mined from measurement of the resonant frequency of the 
solenoid drive Winding With a capacitor. 

OBJECTS OF THE INVENTION 

[0013] An object of the invention is control of the poWered 
closure of a solenoid to eliminate closure impact and asso 
ciated noise, e?iciency loss, and progressive damage, 
including damage to the properties of the magnetic materi 
als. Related objects are to eliminate closure impact through 
tWo strategies: a loW-cost strategy called “launch control;” 
and a feedback strategy called “servo control.” A further 
object is to employ servo control for dynamically maintain 
ing a solenoid position in a hovering or levitating mode. A 
still further object is to employ servo control for smooth 
opening of a solenoid. 

[0014] Within “launch control” an object is to infer, from 
current signals and/or induced voltage signals, a parameter 
to be compared to a threshold function for determining, 
dynamically, a time to terminate a launch pulse, such that the 
solenoid gap closes approximately to a target value short of 
full closure and short of impact. 

[0015] Within mechanical “servo control,” common ter 
minology describes a sense parameter; indicating mechani 
cal response of a servo system; a target parameter to be 
subtracted from the sense parameter and resulting in an error 
parameter; PID gain parameters describing three aspects of 
feedback ampli?cation of the error parameter, namely: Pro 
portional feedback; Integral feedback; and Derivative feed 
back; and a drive parameter arising from the summation of 
the P, I, and D feedback components and that determines the 
actuation output causing the controlled mechanical 
response. A servo control loop is characterized by a settling 
time constant, Which may be de?ned by the shortest time 
interval beyond Which an error parameter continues to be 
reduced by at least a speci?ed ratio beloW an initial error 
de?ned at the start of the time interval. The settling time 
constant is generally minimiZed by an optimum combination 
of proportional and derivative feedback trains. Increasing of 
the integral feedback gain generally improves long term 
error reduction While increasing the settling time constant, 
thus degrading short term settling and, for excessive integral 
feedback gain, causing instability and oscillation of the 
servo system. 

[0016] Within this descriptive frameWork, in the context 
of sense parameters for servo control, and Where the mag 
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netic gap of the solenoid is identi?ed in the instant invention 
as the parameter to be sensed and controlled, an object is to 
employ a measure of solenoid current as a sense parameter 
of the servo loop. It is a related object to exploit the direct 
electromagnetic interaction betWeen magnetic gap and sole 
noid current that inclines solenoid current to vary, in the 
short term and neglecting external in?uences, in approxi 
mate proportion to magnetic gap. It is a further related object 
to exploit the relationship demanding that, When a servo 
control loop causes electromagnetic force to balance against 
a mechanical load force, the result is to establish a solenoid 
current that necessarily varies in approximate proportion to 
magnetic gap. Given that, Within the context of ongoing 
servo control, solenoid current is caused to vary in approxi 
mate proportion to magnetic gap, both in the short term due 
to the physics of the electromagnetic interaction, and in a 
longer term due to the force-balancing properties of the 
servo loop, it is an object to employ solenoid current as a 
sense parameter indicative of solenoid magnetic gap, includ 
ing for servo control. 

[0017] In an alternative embodiment of servo control 
employing an alternative sense parameter, the actuation 
output of the servo system is the output of a sWitching 
ampli?er, Which causes the voltage differential across a 
solenoid coil to sWitch betWeen tWo knoWn values With a 
controlled duty cycle, resulting ?rst in duty cycle control 
over the coil current as averaged over one or more sWitching 

cycles, and resulting second in a measured AC ?uctuation of 
the time derivative of current in the solenoid coil. That AC 
?uctuation varies monotonically and consistently With the 
magnetic gap of the solenoid, providing a repeatable mea 
sure of that gap. An object, therefore, in a solenoid system 
driven by a sWitching ampli?er With duty cycle control, is to 
employ the measured AC ?uctuation in current slope as a 
sense parameter of the servo controller. 

[0018] Total magnetic ?ux through the solenoid and coils, 
designated (I), is a valuable controller parameter related to 
magnetic force and to determination of magnetic gap, i.e. 
position. An object of the invention is to determine variation 
in magnetic ?ux in a controller by integration of the voltage 
induced in a coil linked by the solenoid ?ux. A further 
related object is to determine absolute ?ux by initialiZing the 
?ux integral to Zero for an open magnetic gap and When 
solenoid current is Zero. A further related object is to 
determine induced voltage in the solenoid drive Winding by 
subtracting an estimate of resistive coil voltage from the 
total voltage across the coil. A still further related object is 
to measure induced voltage in an auxiliary sense Winding, 
coaxial With and electrically separate from the drive Wind 
mg. 

[0019] In the context of related drive parameters, sense 
parameters, and target parameters for servo control, an 
object is to split a solenoid control servo system functionally 
into coupled inner and outer loops With distinct drive, sense, 
and target parameters, and such that the inner loop has a 
substantially shorter settling time constant than the outer 
loop. A related object is to establish an outer control loop for 
Which the sense parameter is a measure of position and the 
drive parameter is a signal related to force. The sensed 
measure of position may be a solenoid current, or a mea 
sured AC variation in a solenoid current slope, or an 
auxiliary measurement of mechanical position, e.g., via a 
Hall effect sensor and permanent magnet or an optical sensor 
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and a light source. A further related object is to establish an 
inner control loop for Which the sense parameter is a 
measure of variation in magnetic ?ux, and for Which the 
drive parameter of the outer loop de?nes at least an additive 
component of the target parameter being compared With the 
sensed measure of magnetic ?ux, and for Which the drive 
parameter is a coil-drive voltage. Note that this drive voltage 
is the actuation output ultimately controlling mechanical 
motion in the solenoid. A still further related object is to 
establish an ef?cient voltage sWitching oscillation in an 
ampli?er driving a solenoid coil, and to cause the duty cycle 
of that sWitching oscillation to vary such that the short-term 
average voltage driving the coil is the voltage drive param 
eter of the inner loop. As a Way of simplifying the electronic 
design of the servo system, an object related to the estab 
lishment of a sWitching oscillation With a controlled duty 
cycle is to design a controller loop With an intentional 
short-term instability that gives rise to sWitching oscillations 
having the desired characteristics. 

[0020] We recogniZe that, over periods substantially 
longer than the time constant de?ned by the solenoid induc 
tance/resistance ratio L/R, the average voltage applied to a 
solenoid coil determines the coil current, While inductive 
effects are “forgotten.” We further recogniZe that the integral 
component or PID feedback control is sensitive only to 
comparatively persistent or long term trends in the input 
error signal. From these recognitions, it folloWs that it is 
possible to substitute voltage or duty cycle for sensed 
current in the integral component of a PID feedback con 
troller, With similar long-term results, even though settling 
characteristics Will differ. An object is therefore to design 
controllers based on integral feedback Whose sense variable 
may be drive current or drive voltage or drive duty cycle. For 
any of these choices of sense variable, the equilibrium 
magnetic gap established by servo control is dependent on a 
combination of mechanical load force and the controller 
target for the sense variable in the integral loop, i.e. the 
target for current or voltage or duty cycle. In any of these 
cases, an object of the invention is a controlled solenoid able 
to pull to near closure and hold there With a practical 
minimum of electric poWer. This can be accomplished by 
setting the bias for Zero rate-of-integration at a signal level 
that is determined in advance to be suf?cient to hold the 
solenoid at a ?nite gap. 

[0021] The solenoid of the instant invention can include 
permanent magnet material, so incorporated that a needed 
range for holding force is obtained, at Zero drive coil current, 
over a corresponding useful range of the solenoid gap. In 
such a permanent magnet-incorporating embodiment, an 
object is to set the bias for Zero rate-of-integration at or near 
Zero drive coil current, so that except for poWer transients to 
compensate for perturbations from equilibrium, the control 
system achieves solenoid holding With vanishingly small 
drive poWer. With or Without the inclusion of a permanent 
magnet, the moving element of the solenoid may be free 
?oating, in Which case an object of the invention is to 
achieve stable electromagnetic levitation of a free-?oating 
magnetic element. A further related object is to achieve 
levitation With a minimum of actuation poWer. 

[0022] In controlling substantial currents to a solenoid 
Winding, there are di?iculties and disadvantages to incor 
poration of a current-sense resistor and associated differen 
tial ampli?cation, including the di?iculty of having to sense 
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across a resistor Whose common mode voltage sWing travels 
outside the poWer supply range, and including the disad 
vantage of added poWer dissipation in the current-sense 
resistor. The differential voltage output provided by an 
isolated ?ux-sense Winding, Wound coaxial With the poWer 
drive Winding, carries all the information necessary for the 
dynamic determination of both current “I” and magnetic ?ux 
“(I)” When such a sense Winding is used in conjunction With 
a sWitching mode drive. It is therefore an object of the 
invention to employ a sense Winding for the determination 
of both coil current and magnetic ?ux in a sWitching mode 
solenoid controller. 

[0023] From sense coil information, one can derive either 
the “integral ratio” designated “MD” or the “derivative ratio” 
designated “(dI/dt)/(d(I>/dt),” or the “derivative difference 
ratio” designated “A(dI/dt)/A(d(I>/dt),” any of these three 
ratios being a measure of effective magnetic gap and there 
fore a measure of position, for servo control. The integral 
ratio depends on a determination of absolute ?ux, as men 
tioned above and as feasible When the ?ux integral, as 
de?ned by integration of an induced voltage, can be initial 
iZed under knoWn Zero-?ux conditions, eg Zero ?ux for an 
open magnetic gap and a Winding current of Zero. A further 
limitation to absolute ?ux determination is integration drift, 
Which introduces errors in an absolute ?ux determination if 
too much time elapses after initialiZation. Another disad 
vantage of the integral ratio is the requirement for division. 
In some embodiments of the instant invention, effective 
especially for servo control as the magnetic gap approaches 
close to Zero and magnetic ?ux approaches a constant value 
that generates a force approaching balance With a constant 
load force, the denominator of the integral ratio is approxi 
mated as a constant, resulting in the use of current “I” as a 
sense parameter. This approximation fails, leading to an 
unstable control loop, under conditions of excessive loop 
gain or for excessively large magnetic gaps. A more robust 
controller therefore avoids the constant denominator 
approximation of the integral ratio and either computes the 
true integral ratio, or makes use of the derivative difference 
ratio, or makes use of a direct measure of position via an 
auxiliary sensor. In a sWitching regulator context, the 
denominator of the derivative difference ratio, namely A(d(I>/ 
dt), is equal to l/n times the peak-to-peak voltage sWing of 
the sWitching ampli?er output, Where “n” is the number of 
turns in the drive Winding. Thus, for a constant drive voltage 
sWing, the denominator of the derivative difference ratio is 
constant, and the numerator varies in direct proportion to 
effective magnetic gap. An object, therefore, is to achieve a 
more robust controller, less prone to instability, by using an 
accurate measure of either the effective magnetic gap or the 
true geometric position as the sense parameter of the outer 
control loop. A related object is to use the ratio of current 
divided by ?ux, MD, as the sense parameter for the outer 
control loop. An alternative related object in a voltage 
sWitching servo is to use the peak-to-peak current slope 
amplitude, “A(dI/dt),” or an approximate measure of this 
current slope amplitude, as the sense parameter of the outer 
control loop. For operation of a solenoid approaching full 
magnetic closure, the saW-tooth current Waveform resulting 
from a sWitching voltage drive becomes very unsymmetric, 
With short steep rises in current (When a drive voltage is 
applied) folloWed by much more gradual decreases in cur 
rent Where current is impeded by only a small resistive 
voltage and a small drop across a diode or on-site transistor. 
























































































