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Abstract- The paper reveals design and
implementation of a magnetic actuation system (MAS)
with non-invasive displacement measurement by current
sensing only. Platform-independent MAS modeling
methodology is utilized, describing the cross-coupled
system behavior by physical representation of mechanical
and electromagnetic counterparts. An extended non-linear
inductor model is developed, demonstrating the
challenging control task of displacement regulation. The
inductor model facilitates the development of a combined
current sensing methodology employing non-invasive
displacement measurement. The combined sensor, based
on adding a “shunt inductor” in series to the main
actuator, performs both high resolution displacement and
dc current measurement with fast response and minimum
losses. MAS model and the combined sensor based
operation have been experimentally verified on a single-
axis levitator prototype.

Index Terms- sensorless
modeling.

MAGLEV, measurement,

|. INTRODUCTION

Magnetic actuation systems (MAS) are used to stabilize
contactless floating or rotating systems, replacing ordinary
mechanical (passive) counterparts. The non-contact property
dramatically reduces the losses and allows operation with
higher mechanical speeds. Such systems are used in a variety
of applications, e.g. machine-tools (heavy-duty, high-speed,
high-precision), flywheels for energy storage, turbo-molecular
pumps, turbo-generators, aerospace positioning, magnetic
bearings etc. [1]-[5]. Limiting factors preventing MAS from
replacing their mechanical precursors are space and
maintenance requirements as-well-as complex, and rather
costly, electronic control scheme and associated circuitry,
required to facilitate high precision displacement control [6].
Sensorless control schemes have also been introduced,
exploiting changes in the actuator physical parameters such as
flux or inductance, and measured by observing the reaction to
an injected high-frequency signal [8-10]. Another obstacle for
parameter and position estimation by simple means is the lack
of mutual interaction between mechanical, electromagnetics,
and electrical engineers to provide an accurate definition and
analysis tools for the multidisciplinary problem on-hand, as
evident in the differences in the publications of each
discipline. The concept of MAS, and AMB in particular, is
widely covered in the mechanical engineering literature [7],
including several potential solution for power drivers [5].
However, several assumptions and approximations commonly
applied result in either poor closed-loop performance, or
increased complexity of the end-product. For example,
although the electromagnetic actuator is formed based on a

magnetic element with a variable gap and bias, its inductance
is in many cases assumed as constant, relying on the fact that
movement is somewhat limited. This assumption prevents
accurate design and prediction of the performance. Another
example is that although cross-platform linkage is
theoretically available these days, it is evident that in practice
each of the units comprising the system (power stage,
electromagnet, sensors and controller) is preferably analyzed
and designed via a different platform with virtually no link of
communication between the designs, which, in turn, adds
complexity to the system. A simplistic electromagnetic
actuation system typically comprises an open-core inductive
actuator that applies attraction force via its flux lines on a
ferromagnetic element. The actuator is fed by a current-
controlled power driver such that the desired displacement
between the actuator and the element is maintained. Precise
and efficient sensing of both the dc current and the floating
rotor (flotor) displacement are essential in order to achieve a
stable high performance system [5], [6].

The main objectives of this study are therefore: 1)
facilitating a single platform, generic modeling methodology
for MAS applications, applicable to common simulation tools
(e.g. Spice, PSIM, Matlab etc.) and is based on the physical
representation of the system; 2) introducing an efficient novel
combined sensor for both current and displacement detection
that uses a minimum components and a simple circuit that
outputs two signals proportional to dc current and
displacement.

Key contributions of this paper include 1) a simple
modeling extension for variable inductors as function of both
current and air gap; 2) a magneto-electro-mechanical MAS
model for a complete system, including the controller,
providing a straightforward platform for system development
and design; 3) non-linear actuator representation for magnetic
modelling that includes both inductance and current variations
effects on the energy; 4) plant model extraction and
revalidation of the complex, unstable open-loop characteristics
5) Detailed controller and control scheme design including
non-invasive displacement estimation. Finally, simulations
and experiments successfully validate the presented findings.

Il.ACTUATOR MODELING

A typical actuator (Fig. 1) consists of an open-core
electromagnet, applying attraction force on a ferromagnetic
element, named flotor [6]. The objective of the MAS system is
providing the actuator with energy sufficient for translated
attraction force to overcome other auxiliary forces so that the
flotor sustains within the desired displacement from the core.
The energy required to regulate the flotor position may
considerably vary as a function of the desired operating point,

0278-0046 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2018.2847652, IEEE

Transactions on Industrial Electronics

i.e. the air-gap. This is due to the fact that the stored energy in
the inductor w, depends on both the inductance L and the
drive current I. To model this behavior, two cross-coupled
behavioral blocks are applied, as shown in Fig. 2, modeling
the mechanical impact [8], [9] and inductance behavior.
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Fig. 1. Conceptual representation of a single-axis MAS, divided into electric,
magnetic, mechanical and control subsystems. X: flotor displacement; Xf:
reference flotor displacement; ls: Reference inductor current; D: power-stage
duty-cycle; I: produced inductor current.
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Fig. 2. Electromagnet model with two cross-coupled units: mechanical system
and varible inductor. Fe: external forces on the flotor

The relationship between the sum of forces to the flotor
displacement may be expressed as
ma = Fext -F (1)

mag *
where m and a are the mass and acceleration of the flotor
respectively, Fmag is the magnetic force, and Fex represents
external forces such as gravity. Fmag iS a result of the total
energy of the actuator [6], given by

dw, d LI?

Fo=-——t=——— 2
™ dx dx 2 @)

where wy is the magnetic energy. It should be mentioned that
L is variable which depends on X and | (see Fig. 2). Assuming
gravity as the only external force, the following then holds for
a single-axis actuator,

d

7W|_

a=g-& 3)
m

where g = 9.8 m/s? is gravity acceleration. Integrating the
acceleration over time further gives velocity and displacement
X. According to (2), the derivative of magnetic energy with
respect to the displacement is required to obtain magnetic
force. Generally, simulation tools apply time as the varying
parameter by default.

To overcome this the following transformation is applied,

d d d

T dt WL/ a @
which may be implemented using readily available functions,
embedded in typical simulators, as shown in Fig 3. To avoid
potential convergence problems caused by division by zero, a
saturation/limiter element (e.g ETABLE in PSpice) may be
applied to the calculation of dx/dt. In order to express the
inductance as function of displacement and current, an
extension to the non-linear inductor model revealed in [10] is
utilized. There, a fixed inductor Ly is reflected via a non-linear
transformer to model variable inductance L(K,Lo), as shown in

Fig. 4, with dependent sources defined by
V,
E= ?L . G=1g,, 5)

where E and G are the dependent voltage and current sources
of the non-linear transformer, and k is the input to vary L(K).

M { gt

Fmag

0.5LI2

d/dt

H I HS—

90— Fmag/ M

Fig. 3. Force and air-gap calculation.

Fig. 4. Non-linear inductor model.

The impedance of Lo i.e. Zyo is reflected to the primary side as

KV
Z, =—X=Kz,, 6)

LO
where Z,(K,Lo) is the variable impedance for L(K,Lo). If K is
defined as K=f(I,X), the model then emulates the non-
linearity of the device. In a simulator environment, K may be
easily defined accordingly.

To facilitate the dependence of the inductance on the
displacement and the current, a reluctance model analysis
approach is adopted [11]-[13]. Model derivation is
demonstrated next for an E-core type actuator, shown in Fig. 5
along with the equivalent reluctance circuit. For a component
section of length I, cross-section A, and permeability p, the
magnetic reluctance R is

R="A" (7
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Fig. 5. (a) E-core based actuator structure and dimensions, (b) reluctance
model.

TABLE |: RESISTANCES OF E-CORE RELUCTANCE MODEL

Section Variable Reluctance
Middle-section core Rem (le—Im) / (uoterAe)
Side-section core Re-s I/ (0.5u01rAc)
Middle air-gap Rg-m Lg/ (t0Ae)

Side air-gap Rg-s Lg/(0.510A:)

Following (7) and given the core dimension in Fig. 5(a), the
reluctance of the air-gap (symbolized as g) and the core
section reluctance (symbolized as c) will be Rg=lg/(1gAg) and
Rc=Ic/(ucAc). The following simplifications are made: for air
Ug~ o i.e. vacuum permeability, the air and core effective
cross sections are similar and commonly expressed as Ae, and
Uc IS expressed in relation to air by a factor yx providing
e = tour. The equivalent total reluctance XR is extracted by
analyzing the magnetic path shown in Fig. 5 and detailed in
Table I.

ZR:Rg_m+Rc_m+Rg‘s+h=M. (8)
2 2 Hott A
The electromagnet magnetomotive-force (MMF) is given by
MMF =nl = ®=R , )

where n is the number of turns and @ is the magnetic flux.
Applying Faraday’s law, the winding voltage may be
expressed as

2
do _n’d _ d

=N—=——=L— . (10)
d =R dt dt
The inductance L is then extracted as
n2

"Zﬁ , R:f(#,,|g). (11)

Combining (8) and (11), the inductance is obtained as

2

LGﬂo& Hy , ,ur=f(l), (12)

|, 1+2u], /1,

where lg is the air gap and P is the permeability. The latter
depends on the current and can be obtained from either the
manufacturer data [15] or experimentally [10]. An
approximation for yr can be obtained by

. R

13
1+(H/Hy)' (13)

where H is the magnetic field proportional to I, Hsa: is the
saturation field-magnitude, Wini is the permeability initial
value Hini = pr(1 = 0), and j sets the permeability slope.

The magnetic subpart of the actuator is given by (12), (13)
and may be implemented in simulation environment as
dependent voltage sources or function blocks. Combination
with models in Figs. 3 and 4 creates the full cross-coupled
model of the actuator, in which | serves as the model input
(supplied by the power stage). It should be noted that the
effect of hysteresis losses and other non-linarites can be
incorporated into the value of u as described in [10]-
[12],[14].
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Fig. 6. Power stage and average model for complementary PWM.

MAS power driver is typically realized by a full-bridge
circuit, operating in either complementary PWM, phase-
shifted, or three-level switching scheme [15]-[17]. The
topology allows bi-directional current flow through the
actuator, which accelerates the attraction force formation.
Behavioral model approach [18] has been applied to model the
driver. Switching-cycle-averaged voltage across the actuator
terminals Vi avg. may be expressed as

Vi ag =Vi (2D-1) , (14)
where Vi, is the supply voltage. Assuming complementary
PWM operation, the power stage and its behavioral model,
which can be implemented in a numerical simulator, is shown
in Fig. 6.

It should be noted that methods of back EMF, inductance
variation and more can all be applied to interpret the obtained
information from a displacement sensor. In this work the
displacement information is extracted based on inductance
variation since it directly correlates to the modelling
methodology and the extraction of the parameters. Back-EMF
method is also applicable for closed-loop operation; however
it would not directly correlate to the following analysis
methods. The information extraction method that is applied in
this study, that is, by sensing inductance is the key for both
back-EMF and inductance variation. Further details of the
sensor realization as well as detailed survey of possible
sensing methods can be found in Section IV.
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lll. CLOSED-LOOP SYSTEM " air-gap length
According the aforementioned analysis, the complete MAS r
model block diagram is constructed as shown in Fig. 7. As can
be observed, the magnetic and mechanical variables are a
function of the actuator bias current and the flotor
displacement. To facilitate a simple controller structure, a two-

loop approach is applied, an inner current control loop for the

a
o

o
T
|

a
o

| Actuator Qpen Loop (plant)
for 0, 3, 6 mmair-gap length
| |

Maghnitude [db]
g

inductor current and an outer control loop for the flotor Pl compepsator | ‘ ——]
displacement. The compensation scheme design has been 5 | | | | |

carried out on the basis that open-loop information of the 01 03 1 3 0 20 100
system can be obtained by simulation; therefore, some of the Frequency [KHz]

manual derivation burden has been assigned to the simulator. @

In particular, once an initial current-loop controller has been 100 ‘ Loop Gain for 0/ L, 2A

assigned, the design of the outer loop controller has been
carried out solely by simulation.

Based on the power stage model in (14), the inner current
loop control-to-output transfer function (power stage plus
inductance) can be expressed as

| | Actuator Open Loop (plant)

l(s):% , L= f(|,x) , (15) ‘ forO,l,ZAb‘iascurrent
d sL o= — =T A — — o —
Plcompe‘nsator ‘

“biascurrent

Magnitude [db]

where i and d provide the small-signal values for I, D at a ! [
specific operating-point. This implies that the dynamics of the 50 \ \ \ ! !
system are strongly dependent on the operation point, as the 01 03 1 3 10 30 100
inductance may significantly vary. Fig. 8 shows the control-to- Frequency [KHz]
output transfer functions of the inner current loop for several ®
operating conditions (different air-gaps and bias current), as = a00f Lo ]
well as the selected compensation type (lag-lead). As can be ) L°gﬁa§:'"
observed, the compensator has been selected, in this simplistic 2

. . . . £ 150 —l—m b — e — 4 —
design, to guaranty the system stability for the entire operation &
range. \ \ \ \ \

The control-to-output frequency response of the outer 01 03 ! requeny kHz] 0
displacement loop with the compensation scheme is shown in ©
Fig. 9. It can be obgerved that the control-to-output traﬂSf(_éf Fig. 8. Magnitude and phase of the inner loop for (a) different air-gap
function x /i (s) consists of 2 real poles, where one of them is lengths with zero bias current (b) different bias currents with zero air-gap.
located in the right half of the complex plane which implies (c) The loop-gain phase, identical for all cases.

instability of the system without proper compensation [5],

=
o
o

[19]. In this study’s extension, the actuators control-to-output =
transfer function can be expressed as: = U
K 5 | Plant |
Xo)=oie L (k) =1(0X). (6 ] B
: s'm—k, = 00l [Compensator l— i m e
where ki [N/A] is the force/current factor and ks [N/m] is the
force/displacement factor. As can be seen from (16), the poles = 2 N Loop Gamn
of the system are with the same magnitude and differ only by % ol - = Iphase
sign, A12=%(kdm)%5. As a result, their influence on the open- 2 Plant! \
loop phase is eliminated in specific frequency and manifests N e S S TR e
by providing 180° of phase lag throughout the frequency 01 1 10 100 1k 10k 100k

range, as can be seen in Fig. 9. Compensation for such system Fia. 9. Manitude and ohase of th Flfequency H7]
by linear control tools may be found challenging due to the 19. 9. Magnitude and phase of the outer loop.
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non-minimum phase behavior of its roots. However, as can be
seen in Fig, 10, for the particular frequency range of interest,
i.e. beyond the double pole location, the behavior of the
system resembles the classical minimum-phase, double pole
configuration with 180° phase lag, which can be effectively
compensated by a double zero, i.e. PID, compensation
scheme. In other words, a derivative part is mandatory to
assure stability of the outer loop since some amount of phase
lead is required to provide positive phase margin. This
approach has been realized in the current study, as can be seen
in Fig. 9. It should be noted, and can be observed that, the
design of the outer loop is carried out under the assumption
that the bandwidth of the inner loop is sufficiently larger that
of the outer loop, therefore reducing the complexity of the
compensator.

Nevertheless, one must take in to consideration the
switching frequency of the power-stage and the ADC
sampling rate if digital controller is used [20],[21]. The
discrete nature has an effect on the loop-gain and phase near
the switching frequency which should be accounted for if the
designed bandwidth approaches the sampling or switching-
frequency.

IV. NON-INVASIVE CURRENT AND DISPLACEMENT
SENSOR

Traditionally, displacement is measured using physical
sensors. The requirements for a displacement sensor are wide
frequency response, low noise, compactness and high
reliability. There are three common types of displacement
sensors that are suitable for MAS applications, capable of
sensing within micro-meter range. Optical sensors [6],[22]
utilize the basic principle of covering a light source opposite
to a photo transistor by the flotor so the sensor output current
will be almost linear to the flotor displacement. However, they
are sensitive to dirt and oil. In capacitive sensors [5], [6], [23],
the sensor and the target are used as two plates of parallel-
plated capacitor, and interface circuit transforms the
capacitance to displacement signal. The main drawbacks are
the need of conductive plate on the target that will be
connected to ground or another fixed voltage. Humidity,
pressure, dirt and oil can modify the dielectric constant and
result in measurement error. Electromagnetic sensors [23],
[24] are based on open-core electromagnet with varying
inductance, mostly due to eddy currents generation. The target
position is sensed by interfacing an inductance detector circuit
as e.g. oscillator. Those sensors are contact-free and
insensitive to the environment. Popular current sensor for
MAS applications is active sensor such as a Hall-effect [22],
[25] to obtain the actuator dc current. This leads to large size,
higher power consumption and increased complexity of the
system. Sense-resistor enables the detection of both dc and ac
current [25]. The drawback of sense-resistor is that in addition
to the conduction losses, the resistor’s stray inductance leads
to errors and low SNR. Other solutions use the combination of
digital-control with transformer-based current sense circuit to
obtain the dc current from the secondary winding waveform
[26-27]. These methods add current transformer in series to
one of the power stage switches, creating a pulsed waveform
with peak current that is proportional to the primary dc value.
Such implementation does not exploit the information of the
flotor displacement that can be obtained from actuator current

ac component and is usually filtered out for a higher SNR
measurement of the dc current. In order to gain the full
information for sensorless displacement, one study suggested
injecting a high-frequency signal to the existing current
through the PWM controlling the AMB. This was used to
estimate parameters change and provide linear feedback. A
more recent work suggested a method to estimate resistance
changes in solenoid valves by current sampling only. Further
comparison between sense methods can be found in [27], with
more information on sensorless displacement found in [28-
37].

A. Principle of operation of the non-invasive sensor

The H-bridge amplifier, shown in Fig. 6, consists of four
transistors to allow bi-directional current in the winding [11].
When S1 and Ss are ON, Vin is applied to actuator terminals.
Alternatively, when Sz and Ss are ON and -Vin is applied.
Additional operation modes for the circuit are described in
detail in [38]. According to Faraday law while neglecting the
winding starry resistance, and taking (12) into account, the
current change rate and inductance are inversely proportional,
that is

V, 1 +2uX L=f(1.X
‘ﬂ‘:i: e+ Hy ) ( ) (17)
dtf L spu AN = (1)
Combining (13) and (17) yields
i
Vol axel | a2t (18)
dt| L, L l,

where L, is the actuator inductance with no air gap and zero
current and ls iS the saturation current that matches Hsa.
According to (18), linear relation exists between the current
change rate and the displacement. Therefore, flotor position
may be obtained by measuring di/dt of the actuator.

The sensor topology in its generic form, as described in
Fig. 10, requires a sense inductor with significantly smaller
inductance than the actuator that will not be saturated in more
than the predicted maximum current. This is required to
guarantee minimum intervention in the MAS operation.

Displacement and dc Actuator electrical model

current sensing unit L di/dt
I
R. L NN
L(1,X
current Stator
Lsensedi/dt = f(X) =
UL

Actuator structure

Fig. 10. The non-invasive sensor connected in series to the actuator,
represented by a variable inductor.

The reason for adding an additional inductor as a sensing
element serves twofold: (a) the measurements are accurately
obtained on a fixed inductance, and (b) the dc component can
be measured using a simple circuit. Since the same current
flows in the sense inductor current, the sense inductor
developed voltage is proportional to the actuator's di/dt.
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Hence, if the current is given or significantly smaller than Iyol,
it is linear to the flotor displacement, seen by

di Y
lvsense| = Lsense E = KVin l+aX +| — . (19)

sat

Therefore, given the input voltage and actuator parameters,
flotor displacement could be obtained from the sensing
inductor voltage. However, if I/l is not significantly smaller
than unity, dc current should also be taken into account during
measurements. In addition, in case a double-loop control
structure is utilized to control the MAS, accurate and fast dc
current sensing is crucial for the design of both current and
displacement control loops.

Since the current flows through a constant inductance, a
simple DCR current sensing may be carried out (see Fig. 10)
[39]. This technique is based on low pass RC network that
filters the voltage across the inductor. The voltage across the
capacitor is

V. (S)= Vsense - IR 1+S(LSense/R|_)
W T14sR,C, Y 1+4SR,C,

where R. is the winding stray resistance. If C, and R, are
selected to ensure that Lsense/R. = RC;, then V¢, = IR, and hence
Ve would be directly proportional to 1. Since only dc
component of the current is required, selecting a larger C.
would filter out the ripple, yet the capacitor voltage will be
proportional to the dc current. Obtaining the dc current using
the DCR technique, enable to exploit the flotor displacement
from the sense inductor current.

Operation of the sensor as part of the MAS is
demonstrated in Fig. 11. During steady state #1, actuator
inductance remains constant (L1). The converter operates with
50% duty cycle, forcing the current to increase/decrease with
the rate of Vin/L1, so the average current does not change. The
voltage across the sense inductor is as a square wave with
amplitude of Lsense(Vin/L1). The voltage at the capacitor
terminals Vcr is proportional to the dc component of the
current (neglecting the small ripple). When the displacement
reference is changed, the current changes as well. During the
transient, the current induces stronger magnetic force so the
flotor position follows the new reference. When the MAS
reaches steady state #2, the actuator inductance increases to a
new value, L2, leading to a smaller current change rate, Vin/L2.
The voltage across sense inductor voltage is again a square
wave yet with different amplitude, representing displacement
change.

, (20)

B. Practical issues

A key factor to assist the design of accurate and reliable
displacement sensor is the consideration of the common-mode
voltage at the terminals of the sense inductor and the filter
capacitor. Instrumentation amplifiers with higher CMRR are
required to overcome this issue. Since the magnitude of the
voltage at the sensing unit terminals is Vin, which might be
beyond the absolute maximum rating of the instrumentation
amps, and in order to reduce the common-mode interference, a
voltage divider is added to obtain a lower voltage
measurement referenced to ground. In addition, protection
clamps should be used to cut off switching noise spikes, as
shown in Fig. 12. An outcome of adding voltage dividers is dc
offset error at the dc signal amplifier negative terminal. This is

due to the current flowing path from Rs to ground. The dc error
can be attenuated by selecting significantly larger resistors for
the voltage dividers than the filter resistor (Ra1,Rd2 >> Ry).
Another approach is by using amplifier with reference pin.
The output voltage of amplifier such as AD8428 is developed
with respect to the potential at the reference terminal, so dc
signal may be calibrated.

Another practical issue that should be taken into account is
the influence of the sense inductor on the current change rate,
di/dt. In case the sense inductance is significantly smaller than
the actuator inductance, input voltage Vi, is fully applied on
the actuator. However, actuator and sense inductances
effectively create an inductance voltage divider, i.e. the
voltage across the sense inductor is actually given by

Vool Ve
sense Lsense L+
Lsense

Measurement error for | < I is then given by

, L=f(1,X). 1)

2
Verror ~ KVin -V ‘sense :Vin & . (22)
L ( L+ Lsense )

Therefore, minimum actuator inductance should remain much
larger than Lsense t0 reduce measurement error.
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Fig. 11. Power stage and the sensor waveforms during steady state and
transients.
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Fig. 12. Practical impfementation of the sensor, consist of voltage dividers and
clamping diodes.
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V. VERIFICATION

In order to demonstrate the combined current and non-
invasive displacement sensor, simulation and experimental
setups were established. The electro-magnet and the power
stage parameters are summarized in Table II.

A. Simulations

Simulation setup (SPICE software) consisted of an H-
bridge power stage and actuator realization model described
by Figs. 3, 4, and 7. Two simulations were carried out for
demonstration of current and displacement sensing. Fig. 13
presents the results of displacement measurement simulation.
Trapezoid wave represents the flotor position and serves as the
input to the inductance calculation block. As can be noticed,
flotor displacement variations change the actuator inductance.
The simulation verifies linear relation between the output
amplitude, which amplifies the sensed voltage by a factor of
40, and flotor displacement.

TABLE Il: VERIFICATION SETUP PARAMETERS
Electro-magnet parameters

Parameter Symbol  Value
Core material 3F3
Effective length le 130 mm
Effective area A 540 mm?
Winding number n 100
Displacement and current sensor
Parameter Symbol  Value/Model
Input voltage Vin 20V
Frequency fow 100 kHz
Micro-controller dsPIC33fj15gs502
Voltage dividers 16.5 kQ, 150 kQ
Filter capacitor Cs 10 uF 0805
Filter resistor R¢ 500 Q 0805
Clamping diodes 1SS384
Instrumentation amplifiers ADB8428
Boot-strap drivers ISL6700
H-bridge transistors S1-Sy Si4190ADY
Xdisphcement
2 mmj- e

1 mm

Time [ms]
Fig. 13. Flotor displacement, actuator inductance and displacement sensor
output voltage (envelope) upon independent trapezoidal shaped displacement
change.

Fig. 14 demonstrates actuator current and filter capacitor
voltage (multiplied by 100 without offset calibration) upon
duty cycle variation from 60% to 40%. Apparently, DC
current sensor 70mV/1A resolution measurements.

Iactua&or

-15A
-200mV/|
400 MV | b ——
1 2 3 4 5 6
Time [ms]

Fig. 14. DC current sensor output voltage compared to the actuator current.

In order to validate the whole MAS model, as well as the
displacement sensing in closed-loop, simulation results were
obtained for both the inner and outer loop operation. Fig. 15
presents the step response to a change in the displacement
reference and the system (and model) reaction in both the
actual displacement signal and actuator current.

21 .Acutatof curren} [A]+
Ul :
0 5
51 Flotor displacement -
375

275}
251
225

04 05
Time[s]
Fig. 15. Actuator current, displacement and inductance obtained by simulation
in response to a step in the displacement reference.

B. Experiments

To validate the MAS model using the combined sensor
concept, expression (12) derived based on theoretical analysis
and manufacturer data has been compared with several
experimental inductance curves as a function of the current
[13], for several air-gap settings (15 pm, 100 um, 130 pm).
The actuator parameters were le = 68 mm, Ac = 69 mm?, n =
17, Hpole = 30 A/m, j = 1.5757, Wini = 3000. The results are
summarized in Fig. 16. Good matching is evident.

0.5
0.4 | Measured inductance: | \e-----+- cee
Gap=15pum e e
. 0.35 Gap=100pum o o i \eneaa i B
JE: Gap=130um e e
— 0.3 Predicted inductance: |:-i---Nerioidelile 1
8 Gap =15 pm Do
& 0.25 || Gap =100 ym —— o d
3 Gap = 130 pm —— -
£ 02 ZEEE
015 P RS EET ) TR N
0.1
005 ....... ................
0
0.01 0.1 1

lo [A]
Fig. 16. Experimental results and the model simulation results.
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Then, an experimental setup comprising the power stage
and actuator was built, as shown in Fig. 17 in which the drive
stage, input capacitors, sensor voltage dividers etc. were
omitted for simplicity. The prototype is pictured in Fig. 18.
The controller has been implemented digitally on a
microcontroller  platform  (dsPIC33FJ16GS502)  which
includes an internal ADC, with sampling synced to the PWM
output. The actuator was constructed by half-E-core while an
I-core element was used for the flotor. Core magnetic
parameters as well as power stage and sensors parameters
matched the ones in Table Il. The controller coefficients have
been extracted based on a modified Ragazinni method [19] in
similar to [40,41].

unit sensing Current QI—'

Vin ‘S;,'J Q: Ry Lsense i Ii'
T €

Stator ' Instrumentation

Electro-mechanic force

o N

Gravity force

MICRO-
CONTROLLER

lge Xair-gap
Ierr Iref [ Displacement Xiret
controller | x,

Fig. 17. Experimental setup schematic.

s,-+— Current
S| Cont. +

—-—]
S:t—_ PWM

Fig. 18. Actuator prototype pictured. The power stage is located on the buttom
side of the PCB.

Fig. 19 presents the output of the DC current sensor
compare to measurements taken by an external active sensor,
validating the proposed sensor current proportionality to the
actuator dc current in steady-state operation and during a
transient. The experiment was carried out by closing the inner
loop only, i.e. the dc current references were manually set to
validate the inner closed-loop design.

To validate the performance of the displacement sensor,
air-gaps between 0.05-1 c¢cm have been set in open-loop
manner first. The results are shown in Fig. 20, presenting the
displacement sensor output (blue) and the current obtained by
an external active current sensor (green). The sample and hold
signal (red) shows that A/D samples the signals when no noise
is present. In this experimental setup, at the sensing range
mentioned, the measurement sensitivity is found to be 25
mV/mm minimum. Fig. 21 presents the step response to a
change in the displacement reference and the system reaction
in both the actual displacement signal and actuator current. A

very good agreement with the simulation (cf. Fig. 15) may be
observed, validating the model prediction capability and
controller design.
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i
(b)
Fig. 19. Experimental results of the actuator's current by Hall-effect external
sensor and the DCR current sensor for: (a) steady performances (1 sec/div)
and (b) dynamic performances (100 psec/dev).

VI. CONCLUSION

In this paper, a novel sensor for displacement and current
for multidisciplinary MAGLEYV applications such as MAS has
been developed and verified by simulations and experiments.
Association between current change rate, power stage
structure, variations of inductance due to the displacement and
the inductor geometry were exploited as the foundation to the
sensing technic and explained by the relevant mathematical
expressions. The proposed sensing technique has a number of
advantages: no dependence on the environment, simple
calibration and design, high linearity, small volume, fast
response, small power losses and low price. The established
sensing technic may be applied to MAGLEV application and
to any other power circuits consisting inductive component
and require current measurement.
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