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Abstract

Electromagnetic levitation (EML) technology is an old concept and has been the target
of research for over three decades. Most research has been for high speed transporta-
tion but EML’s merits can also be applied for industrial use. Cutting edge research has
been applied for the field of active magnetic bearings, conveyor systems, precision ma-
chinery, EM launchers etc. But unfortunately, this technology has not become a widely
used phenomenon even after decades of academic contributions. It is attributed to the
complex, unstable and high cost nature of EML technology. This dissertation is focused
on development of a simple, robust and low cost EML system that can be employed for
translational motion conveyor system in industry.

Major cost contributing factors for any EML system include: 1) Requirement of con-
stant power to counter the force of gravity which constitutes operational cost. 2) Since
EML is inherently an unstable system, it requires constant feedback control. Unlike stable
systems, additional hardware is required to achieve stabilization constituting equipment
cost. The controlled physical quantity, air gap, monitored by displacement sensors form
the major portion of the control equipment cost. By removal of this sensor, drastic cost
reduction is achievable. This forms the motivation for sensorless/self-sensing EML sys-
tems.

Sensorless EML replaces the actual air gap sensor by terminal voltage and current
measurements as virtual sensor estimating the required air gap signal. There has been
considerable work in this field, the most noticeable being use of high frequency switching
noise. By using switching amplifiers, high frequency voltage is injected into the coils and
resulting triangular current waveform is measured. With ease of availability of low cost
and high processing digital computers, the current-ripple is sampled multiple times. These
samples are used to calculate the rising and falling ripple slope from which inductance and
hence air gap is estimated. The method of slope measurement is normally influenced by
variation of duty ratio of switching amplifier which affects the interval of rising/falling
current that can be sampled. More samples mean accurate estimation. However, such
is not the case since as a result of constant control law execution, duty ratio changes
and hence the corresponding rising and falling intervals of current-ripple. This causes
varying noise in air gap signal. To compensate it, we have proposed a method which
uses a weighted contribution from both slopes that translates to a constant and low noise
variance in the air gap signal.
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Noise variance in air gap signal is an important performance parameter to establish
an acceptable dynamic control for EML system. By combining the proposed sensorless
method with state observer and disturbance observer, a noise suppression strategy is also
proposed to attenuate the noise which propagates from current measurement all the way
to the air gap. Ease of use for industrial engineer is established by reducing the tuning
parameters for each observer to a single parameter, the corresponding time constant.

Steady state energy consumption by the levitating carrier is reduced by employing per-
manent magnets. An energy efficient method, known as zero power control that maintains
a zero average current is applied in conjunction with sensorless method to demonstrate
a truly cost effective EML system. This smart combination pair is claimed and verified
as complimentary since each enhanced other’s performance. Zero average current results
in duty ratio vicinity around 0.5 which is the optimal situation for sensorless method.
Furthermore, since zero power control is in fact a reference current tracking control and
not a position tracking one, the need for an exact air gap position is redundant. A suffi-
ciently low noise variance air gap signal with possible off set error obtain from low cost
sensorless method is a thought as a viable bargain.

Finally, the research is concluded by considering the higher degree of motion topolo-
gies for sensorless EML system and its coordination with linear actuators which shall be
pursued in future.
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Chapter 1

Introduction

1.1 Background

Magnetic levitation (MagLev) is a contact-less support technology which uses magnetic
force to counter the effects of gravity. Contact-less suspension comes with futuristic ben-
efits of zero friction allowing greater speeds, vibration isolation [1], low noise and zero
dust emissions. These factors have always been a driving force for continuous efforts
in academic and commercial research on Magnetic levitation. MagLev is conventionally
divided into two categories, 1) Electromagnetic suspension (EMS) which uses electro-
magnetic coils to generate attractive force and is inherently unstable system and 2) Elec-
trodynamic Suspension (EDS) which uses superconducting coils to generate repulsive
forces for levitation and is a stable system. A prominent commercial comparison between
these two categories is the Shanghai Maglev (Fig. 1.1(a)) based on EMS German technol-
ogy and SCMaglev (superconducting MagLev) based on EDS technology in Japan (Fig.
1.1(b)).

Electromagnetic Suspension/Levitation (EML) is the focus of our research. Maglev
is always associated with high speed transportation and it is true to some extent since its
commercial display is as high speed trains. But MagLev has also found its way in indus-
trial applications such a magnetic bearings [4], precision machinery [5], factory conveyor
systems [6, 7, 8] etc. Even though research is being conducted from two or three decades,
there are only few commercial products in industry. One of the main reason is attributed
to system cost, operational and initial. Efforts to reduce steady state electric power have
been extensively research upon. An efficient method called zero power control was in-
troduced by Morishita [9] which ensures zero steady state average coil current. Many
have furthered this concept in the past two decades [10, 6, 1], but industry engineers still
remain adamant to welcome EML technology owing to its cost and complex nature.

Electromagnetic Suspension/Levitation (EML) being an unstable system requires ac-
tive feedback and therefore the controlled physical quantity, air gap, is of utmost sig-
nificance for stabilization. But air gap sensors form major portion of the total cost of
any EML system. Removing them allows for drastic cost reduction. Not only this, but
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(a) (b)

Figure 1.1: (a) Shanghai Maglev based on German EMS Transrapid tech-
nology [2]. (b) Superconducting Maglev based on EDS technology in Japan

[3].

virtual
probe

Figure 1.2: Sensorless/self-sensing EML topology [11]

stabilization without gap sensors adds redundancy, reliability, allows operation in harsh
condition and simplifies wiring connections [11]. Therefore, a robust, simple and low
cost sensorless EML system could aid in magnetic levitation technology being used in
industrial applications.

1.1.1 Sensorless/Self-sensing Electromagnetic Levitation

Sensorless or self-sensing EML uses the current and voltage measurements as a virtual
displacement sensor as shown in Fig. 1.2. The basics of sensorless EML is to estimate the
system inductance by signal processing the current and voltage measurements and using
accurate system model to detect air gap from the estimated inductance. The sensorless
EML is divided into two types.

• Observer based estimation that considers the system as Linear Time Invariant (LTI)
and uses the conventional Luenberger observer to estimate the air gap using current
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Figure 1.3: Concept of demodulation of current-ripple. [16]

state as an output signal. The system is shown to be observable under such assump-
tion of LTI system [12]. However, it lacks robustness and is sensitive to system
parameter variations as theoretically shown in [13].

• A deliberate voltage perturbation is injected into the system and the resulting coil
current ripple is then measured and passed through signal processing filters to obtain
an estimate of air gap as shown in Fig. 1.3. It was first demonstrated by Okada [14].
This was later modeled as Linear Time Periodic (LTP) process and was shown to
have improved robustness in comparison to the Observer based method [15].

High frequency injection methods have been mostly researched upon owing to their
enhanced robustness. Also since industrially wide spread and energy efficient switch-
ing amplifiers (Inverters/H-bridges) allow injection of high frequency without additional
hardware. These methods are further categorized into two types.

One method is to use demodulation techniques to filter the current ripple and extract
out the air gap. An observer like method [17] was presented which estimates the air
gap using error between Band Pass Filtered (BPF) measured current and real time sim-
ulated BPF current. Relatively newer approach demonstrates the compensation of duty
cycle variation and magnetic non-linearity by utilizing BPF voltage and current measure-
ments[16]. A recent work demonstrated compensation of cross-coupling and saturation
collectively by using a non-linear MIMO estimator and implementation on an 8 pole Ac-
tive Magnetic Bearing (AMB)[18]. The demodulation approach has its demerits that it
induces phase delays inherent in the high pass filter (HPF) and low pass filter (LPF).
Furthermore, the duty cycle variation is compensated using additional voltage sensor.

The second category uses a simple approach of estimating the current-ripple slope
directly. This was first time presented in [19]. However, the method used additional
coil for detecting current change rate. Since then, as a consequence of the availability
of low cost and high speed processing hardware, research has been conducted in directly
measuring the coil current rate and estimating air gap as in [20, 21, 22, 23, 24, 25].
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In [25] high speed ADCs are used to obtain multiple current samples and calculate the
current slope. By using double slopes, the shift of resistance due to temperature change
is mathematically compensated by using both voltage and current measurements. Similar
results are presented in [23] by using only a current sensors. However, this is achieved at
the expense of division of switching period of the power amplifier into a dedicated sensing
period of a constant duty cycle. The same approach of division is also presented in [20].
The consequence of switching period division is the decrease in the available DC voltage
to 50%. As a result, the current control dynamics deteriorate. It also introduces a dead
time of 2 switching periods between estimation and control effort generation. This shows
that there still exists possibilities for further improvement in the sensorless methods.

1.2 Motivation for Sensorless Air gap Detection

Firstly, most of the work in sensorless EML is focused on implementation on Active Mag-
netic Bearings (AMB). The application of sensorless EML for large air gap translational
motion conveyors, to the best of author’s knowledge, is not explicitly present in litera-
ture. Large air gap EML systems have different conditions than the AMB. One obvious
difference is in the operating range of air gap which is x(t) < 1[mm] for AMB and
x(t) = 8∼10[mm] for translational motion conveyors. At large air gap, the sensitivity
of inductance to the change in air gap is drastically reduced due to the leakage flux and
fringing effects. This puts tighter constraints of noise on the air gap detection algorithm.
Furthermore, AMB being relatively small scale than translational motion conveyors has
the luxury of using high quality material for cores which have less eddy current losses.
Whereas large eddy currents are induced in non-laminated iron rails, which leaves the
portion of sampled current-ripple useless for slope estimation [26].

Secondly, in relation to the sensorless method itself, air gap detection relies strongly
on current sensor measurement, significant amount of noise degrades accuracy of the de-
tection algorithm. Furthermore, an effective estimate of current-ripple slope requires a
threshold on the minimum number of current samples. This was done by fixing the duty
cycle range in [25] or by having a dedicated sensing cycle in[23]. Limiting duty ratio
range reduces the overall available DC voltage and consequently control performance.
Furthermore, the varying duty ratio directly influences the noise in estimated air gap sig-
nal.

With the above reasons in mind and the fact that there is almost no commendable
work in sensorless EML for translational conveyors, this research focuses on improving
the short comings of the sensorless methods and take up the necessary steps to implement
the proposed improved methods for large air gap translational motion conveyors. Further-
more, an additional step is taken to ensure minimum operational cost of EML systems by
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employing the well matured concept of zero power control [9]. This reduction of both
system and operational cost provides possibilities for EML to become wide spread for
industrial use.

1.3 Outline of Research

The research outline is shown in Fig. 1.4. In the second chapter a comprehensive analysis
of a simple C-core electromagnet is conducted. The relevant equations are derived analyt-
ically. Followed by a numerical simulation carried out in JMAG CAD software. Finally in
chapter 2 the experimental test bench is introduced on which all of the proposed methods
of this research are experimentally verified. The Chapter is concluded with experimental
identification of plant parameters.

In Chapter 3, conventional control techniques are introduced. Since EML is unstable,
any kind of performance analysis cannot be performed. Therefore at first a stable EML
system is obtained. A simple Proportional-Derivative (PD) controller is designed using
Manabe’s coefficient method [27]. The designed controller is numerically and experimen-
tally verified. Following PD control, state feedback controller is designed which forms
the basis of zero power control which is introduced later in Chapter 5.

The core part of this research lies in Chapter 4 which is the sensorless EML methods.
A novel method named single slope detection is introduced first which ensures a mini-
mum error threshold on slope calculation by using either rising part of current-ripple or
falling part. This division is decided based on prior calculation of duty ratio for successive
time periods. Single slope detection is found to be susceptible to resistance change. To
counter that, a resistance estimation formula is derived. Proceeding forward, weighted
current-ripple slope measurement method is introduced which has low noise variance of
double slope method and has robustness of single slope detection towards variation of
duty ratio. A comprehensive statistical analysis is also carried out to show the goodness
of the proposed method. The chapter is concluded with a noise suppression strategy by
using a combination of state observer and disturbance observer along with the proposed
sensorless method. All proposed methods and strategies are experimentally verified on
the test bench.

In chapter 5, a smart combination of sensorless EML with zero power control is intro-
duced. The author’s claim that zero power control and proposed sensorless method are a
complimentary pair which enhance each other’s performances is verified by experimen-
tal demonstration. The chapter ends at analyzing some improvements to the PM assisted
EML systems. The results are promising and show good prospects for future industrial
use. The research is concluded in chapter 6 and future works are discussed.
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Chapter 2

Analysis of EML Plant and
Experimental Parameters Identification

2.1 Simplified Electromagnetic Modeling
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Figure 2.1: Electromagnetic Levitation (EML) plant

An accurate model of the Electromagnetic levitation system is essential for design of
control and the air gap detection algorithm. Figure 2.1 shows a typical EML system in
which the upper part is fixed and the lower one can move vertically. Table 2.1 shows the
description of the parameters used in the mathematical model of EML. Using Newton’s
second law and Faraday’s law, we define the dynamic relations of the EML system as:

mẍ(t) = −fmag +mg (2.1)

v(t) = i(t)R +
dλ

dt
(2.2)

The above two equations represent the electrical and mechanical domains linked via the
magnetic quantity, flux φ. This link is expressed using the following two equations ([28]
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Figure 2.2: Magnetic reluctance network.

Table 2.1: Physical parameter’s description

Parameters Description
m [kg] Mass of the mover
N Number of coil turns
A [mm2] Area of pole
lc [m] Magnetic length
µr Relative permeability
x(t) [m] air gap

fmag [N]
Magnetic force (Reluc-
tance force)

i(t) [A] Coil current
v(t) [V] Applied voltage
L(x) [H] Coil inductance
λ [Wb] Flux linkage

[29]).

fmag =
φ2

µ0A
= −1

2

∂L(x)

∂x
i(t)2 (2.3)

λ = Nφ = L(x)i(t) (2.4)

It should be noted that the inductance L(x) is vital for accurate modeling. A simplified
magnetic circuit of EML is shown in Fig. 2.2 where Rc,Rg,Rf ,Rl are reluctance asso-
ciated with magnetic core, air gap, fringing effects and leakage flux respectively. Using
the reluctance network, under the assumption of linear magnetic material or a dominant
air gap, inductance is expressed as [29].

L(x) =
N2

Rtot

(2.5)
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Where, Rtot is the total reluctance of Fig. 2.2. By solving the network, Rtot is expressed
in terms of individual reluctances. Compared to the overall geometry of the EML, if the
air gap is sufficiently small,Rf andRl are ignored. The inductance is thus defined as:

L(x) =
N2µ0A

2x(t) + lc
µr

(2.6)

WithRg =
x(t)

µ0A
andRc =

lc
2µ0µrA

From (2.6), it is observed that inductance is a function of the air gap. This information
is later on utilized in Chapter 4 to estimate air gap from inductance.

2.1.1 Approximate Linearized Model

For stabilization of the EML plant, active control is necessary. EML is a non-linear sys-
tem, however, to apply linear controllers it is linearized about a nominal operating point
(x0, i0, φ0) as follows. From (2.1),

mẍ(t) = −fmag(x(t), i(t)) +mg (2.7)

Taking x(t) = x0 + ∆x(t) , i(t) = i0 + ∆i(t), the magnetic force being a nonlinear
relation can be linearly approximated as:

fmag

(
x(t), i(t)

)
= fmag

∣∣∣
(x0,i0)

+
∂fmag
∂x(t)

∣∣∣
(x0,i0)

∆x(t) +
∂fmag
∂i(t)

∣∣∣
(x0,i0)

∆i(t) (2.8)

fmag

(
x(t), i(t)

)
= fmag

∣∣∣
(x0,i0)

+ kx∆x(t) + ki∆i(t) (2.9)

Where

kx =
∂fmag
∂x(t)

∣∣
(x0,i0)

= −1

2
i20
∂2L(x)

∂x(t)2

∣∣∣
x0,i0

= − 4i20N
2µ0A

(2x(t) + lc
µr

)3
(2.10)

ki =
∂fmag
∂i(t)

∣∣
(x0,i0)

= −i0
∂L(x)

∂x(t)

∣∣∣
(x0,i0)

=
2i0N

2µ0A

(2x(t) + lc
µr

)2
(2.11)

kx and kx are called gap coefficient and current coefficient respectively. Putting (2.9) in
(2.7)

mẍ(t) = −fmag
∣∣∣
(x0,i0)

+−kx∆x(t) +−ki∆i(t) +mg (2.12)

m∆̈x(t) = −fmag
∣∣∣
(x0,i0)

+−kx∆x(t) +−ki∆i(t) +mg (2.13)

m∆̈x(t) = −kx∆x(t)− ki∆i(t) (2.14)
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Where fmag
∣∣
(x0,i0)

= mg. Using Laplace transform, approximate linear plant model is
obtained:

Gp(s) =
∆X(s)

∆I(s)
=

−ki
ms2 + kx

(2.15)

To model the electrical dynamics, using (2.2) and (2.4):

v(t) = i(t)R +
dL(x)i(t)

dt
(2.16)

Letting L(x) = L0 +∆L(x) and v(t) = v0 +∆v(t). L(x)i(t), which is a non-linear term,
can be approximated by a linear term as:

L(x)i(t) = (L0 + ∆L(x))(i0 + ∆i(t)) (2.17)

L(x)i(t) = L0i0 + L0∆i(t) + ∆L(x)i0 + ∆L(x)∆i(t) (2.18)

The fourth term, which is too small relatively, can be neglected. Putting (2.18) in (2.16)
and substituting v(t), i(t).

v0 + ∆v(t) = i0R + ∆i(t)R +
d

dt

(
L0i0 + L0∆i(t) + ∆L(x)i0

)
v0 + ∆v(t) = i0R + ∆i(t)R + L0

d

dt

(
∆i(t)

)
+ i0

d

dt

(
∆L(x)

)
∆v(t) = ∆i(t)R + L0

d

dt

(
∆i(t)

)
+ i0

∂∆L(x)

∂x(t)

∂∆x(t)

∂t

∆v(t) = ∆i(t)R + L0∆i̇(t)− ki∆ẋ(t) (2.19)

Where v0 = i0R and L0 = N2µ0A

2x0+ lc
µr

is nominal inductance. Using Laplace transform, the
electrical dynamics are represented as:

∆I(s) =
1

sL0 +R
∆V (s) +

ski
sL0 +R

∆X(s) (2.20)

Using (2.15) and (2.20), complete plant dynamics are represented as a block diagram in
Fig. 2.3. In order to apply modern control theories, it is suitable to obtain state space
representations of the linearized plant model. If ∆i(t) is assumed as an input, the second
order state space representation of the EML plant by taking ∆x(t) and ∆ẋ(t) as states is
shown below: [

∆ẋ(t)

∆ẍ(t)

]
=

[
0 1

−kx
m

0

][
∆x(t)

∆ẋ(t)

]
+

[
0

−ki
m

]
∆i(t) (2.21)
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Figure 2.3: Linearized EML plant model.

Where A2 =

[
0 1

−kx
m

0

]
, X2 =

[
∆x(t)

∆ẋ(t)

]
and B2 =

[
0

−ki
m

]
.

The output matrix is determined based on the how many states sensors can measure. The
second order state space representation is used later on in Chapter 3 for controller design
and in Chapter 4 for observer design. Furthermore, third order state space representation
is next given since it shall be used for design of zero power control in Chapter 5. In this
case, the electrical dynamics are included in the model. Using (2.14) and (2.19), and
using ∆x(t), ∆ẋ(t) and ∆i(t) as states, we have:∆ẋ(t)

∆ẍ(t)

∆i̇(t)

 =

 0 1 0

−kx
m

0 −ki
m

0 ki
L0
− R
L0


∆x(t)

∆ẋ(t)

∆i(t)

+

 0

0
1
L0

∆v(t) (2.22)

Where A3 =

 0 1 0

−kx
m

0 −ki
m

0 ki
L0
− R
L0

, x3 =

∆x(t)

∆ẋ(t)

∆i(t)

 and B2 =

 0

0
1
L0

.

2.2 Numerical Model using CAD

A numerical simulation is carried out for the electromagnet shown in Fig. 2.4. Corre-
sponding core and winding dimensions are given in Fig. 2.5. Number of approximate
winding turns are 200 each side, so total turns N ≈ 400. The software used is JMAG.
The simulation includes sweeping the air gap length from 0.1[mm] to 12[mm] at a con-
stant dc current of 0.2[A]. The purpose is to obtain flux linkage of coils at different gap
lengths and calculate inductance.

The inductance profile obtained via numerical simulation is shown in Fig. 2.6. For gap
length till 1[mm], the analytical model and numerical model inductances coincide since
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Figure 2.4: Electromagnetic levitation module used for numerical simula-
tion.

Figure 2.5: Core dimensions of the electromagnetic levitation plant.
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Figure 2.6: Inductance vs air gap profile: Comparison between numerical
simulation and simplified analytical model.

the approximation of constant flux in air gap and negligible fringing and leakage is satis-
fied. But for case when gap length increases, the simplified analytical model assumption
fails and the inductance profiles deviate from one another, with numerical model being
the real case. The above claim is further supported by flux line illustrations shown in Fig.
2.7. For similar conditions in both cases, the one with gap length 8 [mm] has significant
leakage flux lines. This exercise is a proof that the magnetic circuit relations derived in
previous section become invalid at large air gap range. For this reason, the experimental
model is used for modeling the magnetic link as explained in next section.

(a) (b)

Figure 2.7: Fringing and leakage represented by flux lines for 2D simula-
tion: (a) At 1[mm], negligible. (b) At 8[mm], significantly large.
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Figure 2.8: Experimental Setup.

2.3 Modeling of Experimental Test Bench

A test bench has been designed for experimental verification of the concepts and methods
proposed in successive chapters. The entire setup is shown in Fig. 2.8. The EML system
consists of two C-cores. The upper one is fixed while the lower one moves in only vertical
direction. Other degrees of freedom (pitch and yaw) are restricted by linear bearings. The
fixed core has windings on both of its poles connected in series. Current sensor used is
LEM LTSR 6-NP with a sensitivity of 206 [mV/A]. Air gap sensor, Omron Z4W-V25R
LED Displacement Sensor, is also used to log measured air gap for comparison purposes.
Detailed specifications of the sensors can be found in respective data sheets (1)(2). The con-
troller, sensorless methods etc are all implemented in Texas Instrument’s micro-controller
TMS320F28377S. The Micro-controller outputs four gate signals T1, T2, T3, T4 used to
drive the switching power amplifier that drives the electromagnetic coil of the plant.

The electrical and mechanical parameters such as coil resistance R and carrier mass
m are easily measured by relevant instruments. A significant problem is the modeling of
the magnetic circuit. Linear approximation in magnetic circuit (Fig. 2.2) is valid for small
values of air gap, where leakage and fringing effects are negligible. Since our operation is
around 8∼10[mm], it was shown in previous section that linear magnetic circuit cannot be
used. Parameters such coil turnsN , core magnetic path lc can still be measured. But exact
effective pole area at large air gap is difficult to measure remains problematic. Therefore,
author is of the view that inductance L(x) profile has the answers to all modeling issues.
If L(x) profile can be obtained experimentally (or by numerical simulation as was done in
previous section), all modeling requirements of magnetic domain are fulfilled. This evi-
dent from the use of L(x), ∂L(x)

∂x
and ∂2L(x)

∂x2
in calculation of force fmag, current coefficient

1http://www.lem.com/docs/products/ltsr%206-np.pdf
2http://www.ia.omron.com/data_pdf/cat/z4w-v_e217-e1_3_1_csm1402.pdf

http://www.lem.com/docs/products/ltsr%206-np.pdf
http://www.ia.omron.com/data_pdf/cat/z4w-v_e217-e1_3_1_csm1402.pdf
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Figure 2.10: Inductance profile high order derivatives. (a) ∂L(x)
∂x . (b)
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∂x2

.

With the above discussion in mind, a data base of inductance at different air gap
lengths ranging from 0 to 12[mm] is collected by first fixing the gap length at known
position, exiting the coil by switching voltage and using sensorless method (Chapter 4)
to calculate inductance. Simultaneously, an LCR meter is used to verify the calculated
inductance. A curve fitting tool in Matlab is used to represent the data base as a rational
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Figure 2.11: Electromagnetic levitation plant schematic used in numerical
case studies.

polynomial as:

L(x) =
p1x+ q2

x+ q1

(2.23)

Where p1 = 0.0151, p2 = 9.267 × 10−3 and q1 = 0.0008391. A manipulated form
xest = f(Lest) of same expression is used in Chapter 4 to calculate air gap xest from
estimated inductance Lest in the proposed sensorless method. Since (2.23) is continuous
and rational, ∂L(x)

∂x
and ∂2L(x)

∂x2
are easily calculated for a particular air gap length. Figure

2.9 shows the inductance profile. As stated before, it is evident that linear magnetic circuit
modeling fails are large air gap. Higher order derivatives for inductance profile used for
calculation of ki and kx are also shown in Fig. 2.10.

For all control related calculations in the following chapters, the magnetic domain
related parameters used are obtained from these profiles and the EML plant used is shown
in Fig. 2.11. It can be observed that the magnetic link between electrical and mechanical
domain is represented by just inductance and its derivative profiles.
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Chapter 3

Design of Controllers for
Electromagnetic Levitation

Electromagnetic Levitation (EML) is inherently an unstable system. This can be observed
from the characteristic equation of the plant expressed in (2.15). The characteristic equa-
tion in this case has one pole in the right hand side (RHS) of the imaginary axis as shown
below:

P (s) = ms2 + kx (3.1)

Since kx < 0, the poles are real with one being unstable. This requires active control
at all times. A simple control system for EML is shown in Fig. . Gap sensor measures
the air gap and feeds it to the controller, which according to control law generates output
voltage. Voltage is feed to the coil via power amplifier. The resulting current in the coil
generates magnetic force and is accordingly controlled to maintain a stable levitation. In
this chapter, starting from the simple and conventional control, different control laws are
designed and experimentally verified on our system.

3.1 Proportional-Derivative(PD) Gap Control

The first objective in designing control system for EML is stabilization. Once stabilization
is achieved, performance characteristics can be dealt with later on. In EML system, since
it is a contact less suspension, there is no damping in the system. In order to add artificial
damping, derivative (D) term is used. Proportional (P) term is added to control the speed
of step response. The controller transfer function used is:

PD(s) = kP +
kDs

τDs+ 1
(3.2)

Since the air gap sensor output is noisy, approximate derivative is used. The PD controlled
EML system schematic is shown in Fig. 3.1. The PD gains are placed in the feedback
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Figure 3.1: Proportional-Derivative (PD) control loop

path so that later on a second degree of freedom (Integral (I) term) can be added without
considerably changing stabilizing PD gains. The closed loop transfer function is then
calculated as:

GCL(s) =
−kikref

mτDs3 +ms2 + (kxτD − kikP τD − kikD)s+ kx − kikP
(3.3)

Equating the characteristic equation to a third order polynomial given in (3.4) , the gains
are calculated as shown below:

Xtic3(s) = a3s
3 + a2s

2 + a1s+ a0 (3.4)

kP =
a0mτD − kx
−ki

kD =
a1mτD − kxτD + kikP τD

−ki
(3.5)

τD =
1

a2

The kref is chosen to be inverse of the dc gain for feedback loop.

3.1.1 Manabe’s Coefficient Diagram Method

We use Manabe’s coefficient method [27] to decide coefficients of the desired charac-
teristic polynomial. According to this method, the coefficient are decided based on the
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following conditions:

γi =
a2
i

ai+1ai−1

for i = 1, 2, . . . n− 1 (3.6)

τ =
a1

a0

(3.7)

γ∗i =
1

γi+1

+
1

γi−1

Where γn, γ0 =∞ (3.8)

Where γi is the stability index, γ∗i is the stability limit and τ is use to specify the desired
time response. According to Manabe’s work in [27], the polynomial results in a stable
response whose stability indexes are given as:

γ1 = 2.5

γi = 2 for i >= 2

Using Manabe’s method, the coefficients are calculated as:

a1 = a0τ (3.9)

a2 =
a0τ

2

γ1

(3.10)

a3 =
a0τ

3

γ2
1γ2

(3.11)

Thus for an nth order polynomial, all coefficients are expressed in terms of a0, γi and τ as
shown below:

ai =
a0τ

i

(γi−1γ2
i−2 . . . γ

i−1
1 )

Where i = 2 . . . n (3.12)

In general case, an = 1 allowing us to evaluate a0 as well. The remaining tuning parame-
ters are reduced to just τ .

3.1.2 PD Control: Simulation verification

In order to verify the designed gains, numerical simulation is carried out in Simulink/Matlab.
Table 3.1 shows the numerical values of the parameters used. It should be noted here, that
the experimental values, obtained in Chapter 1, of plant characteristic coefficients ki and
kx are used in controller design. For τ = 0.05[sec], the controller gains calculated using
(3.5) are:

kP = −773[A/m] kD = −9.68[As/m] τD = 0.01[sec]
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Table 3.1: Parameter values in simulations/experiments for PD control

Parameters Value Parameters Value
m [kg] 1.165 N 400
Vdc [V] 45 Tpwm [sec] 2× 10−3

R [Ω] 1.7 x0 [m] 8× 10−3

i0 [A] 4.7 L0 [H] 24.1× 10−3

ki [N/A] 4.84 kx [N/m] −2.59× 103
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Figure 3.2: PD control block diagram used in simulation.

The schematic for simulation is shown in Fig. 3.2. An inner PI current control is also
applied since input to the plant is voltage. It is important to note that the closed loop band-
width fc for current controller is kept significantly larger than the closed loop bandwidth
fg for gap controller. In design, this is achieved by keeping τ ≈ 10τc. Simulation results
for PD gap controller are shown in Fig 3.3. The step response for the specified τ = 0.05
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Figure 3.3: PD controller simulation results for step command: (a) Posi-
tion. (b) Time period average Current.

and stability indexes is as expected. To analyze the effect of changing design parameters,
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Figure 3.4: PD controller step response with different γ2

the step responses for different values of γ2 are given in Fig. 3.4. This is expected since by
increasing the stability index, the system moves towards stability. Physical interpretation
of this trend it given to the fact that by varying γ2, the τD changes from 0.02 ∼ 0.0044.
That means, the derivative filter’s added delay gets reduced and consequently the system
response has increased damping. For values γ2 > 2.5, kP and kD do not vary much. Us-
ing (3.8), stability limit for γ2 given as γ∗2 = 1

∞ + 1
2.5

= 0.4 corresponds to τD = 0.05 and
kD = 0 which physically mean no artificial damping. For values slightly larger than γ∗2 ,
for instance γ2 = 1, the results is oscillatory with τD = 0.02. It is important to determine
the maximum value of τD that can be used without going into instability since later in
chapter 4, it is an important parameter in reducing noise in velocity signal obtained from
estimated air gap.

3.1.3 PD control: Experimental Verification

In experimental verification, switching amplifier is used to convert voltage output signal
of controller into pulses of time period Tpwm = 2 × 10−3[sec]. This puts a limitation on
the minimum control period that can be used. Although, our hardware supports smaller
Tpwm, but the choice of Tpwm depends on the sensorless gap detection algorithm which
is described later in Chapter 4. In order to maintain consistency with the control laws
applied for sensorless air gap detection, we choose to keep Tpwm = 2 × 10−3[sec] in
this Chapter. The current controller is designed while maintaining that Tpwm = 10%Trc,
and Trc = 2.2τc where Trc is the rise time for the current response. The gains for current
controller are tuned to beKP = 5 andKI = 500. With inner current control designed, the
gap control gains used are the same as one designed in this section, with slight additional
tuning. The experimental results for PD controller are given in Fig. 3.5.
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Figure 3.5: PD controller experimental results (a) Position. (b) Inner loop
current tracking.

Since the experimental test bench has linear guides that limit the motion in only z-
direction, they add slight additional damping. As a result, the step response shown in
3.5(a) shows no overshoot. Furthermore, Fig. 3.5(b) shows that current follows the ref-
erence current accurately, thus it can be inferred that closed loop current control does
not significantly affect the outer gap loop. These results only depict stabilization which
is the first step in EML control. The designed controller in this section is used later on
with sensorless air gap detection methods in chapter 4. It should be noted that there is no
exact position control. The kref is set by trial and error until a suitable step of 1[mm] is
obtained.

3.2 Three-States Feedback Control

The motivation behind design of state feedback control is that it forms the basis of the
more advanced control techniques that can be applied. For instance, in chapter 5, zero
power control is introduced, which is in fact state feedback control with additional integral
gain for current. Similarly, for position tracking, prior to position integral control, an inner
state feedback is necessary to achieve stabilization. With the above in mind, this step is
vital for moving forward in control application for EML system.

A three state representation of EML plant was derived in chapter 2. The expression is
repeated here for convenience:∆ẋ(t)

∆ẍ(t)

∆i̇(t)

 =

 0 1 0

−kx
m

0 −ki
m

0 ki
L0
− R
L0


∆x(t)

∆ẋ(t)

∆i(t)

+

 0

0
1
L0

∆v(t) (3.13)
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Figure 3.6: State feedback schematic diagram.

Where A3 =

 0 1 0

−kx
m

0 −ki
m

0 ki
L0
− R
L0

, x3 =

∆x(t)

∆ẋ(t)

∆i(t)

 and B2 =

 0

0
1
L0

.

The state feedback schematic is shown in Fig. 3.6. Proceeding forward with state
feedback controller, the input to the plant is given as:

∆v(t) = −Kx3 + krefxref (3.14)

Where K =
[
k1 k2 k3

]
and kref is used to adjust dc gain. The closed loop system thus

obtained is:

∆ẋ(t)

∆ẍ(t)

∆i̇(t)

 =


0 1 0

−kx
m

0 −ki
m

− k1

L0

ki
L0

− k2

L0

− R
L0

− k3

L0


∆x(t)

∆ẋ(t)

∆i(t)

+

 0

0
kref
L0

xref (3.15)

The characteristic equation of (3.15) is calculated as:

s3 +
( R
L0

+
k3

L0

)
s2 +

( k2
i

mL0

− kik2

mL0

+
kx
m

)
s+

( kxR
mL0

+
kxk3

mL0

− kiK1

mL0

)
= 0 (3.16)

Manabe’s 3rd order polynomial is used to calculate the controller gains, represented as:

s3 +
γ1γ2

τ3

s2 +
γ2

1γ2

τ 2
3

s+
γ2

1γ2

τ 3
3

= 0 (3.17)
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Where τ3 is the time constant used to tune controller speed, γ1 = 2.5 and γ2 = 2. The
state feedback gains are thus calculated by equating (3.16) and (3.17):

k1 =
1

ki

(
kxR + kxk3 −

γ2
1γ2

τ 3
3

mL0

)
(3.18)

k2 =
mL0

ki

( k2
i

mL0

+
kx
m
− γ2

1γ2

τ 2
3

)
(3.19)

k3 = L0

(γ1γ2

τ3

− R

L0

)
(3.20)

Since this is centralized control, bandwidth separation of air gap control and current con-
trol need not to be cared for. The controller time constant is set to τ3 = 0.035[sec] by
tuning. The resulting gains are:

k1 = −3539[V/m] k2 = −67.3[Vs/m] k3 = 1.75[V/A]

In calculation of gains, the plant parameters ki and kx used are the same as in previous
section shown in Table. 3.1. Simulation on non-linear plant is carried out and the results
are shown in Fig. 3.7. Also experimental results are shown in Fig. 3.8. The results are
similar to our expectations. However, velocity signal has considerable noise since it was
generated by first order derivative. Careful design of state observer can produce a noise
free velocity signal. This is done in chapter 4 in case when estimated air gap signal from
sensorless method is used as feedback. Later, in chapter 5, design of zero power control
is also facilitated by using similar procedure for gain calculation of an inner loop state
feedback controller.
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Figure 3.7: Experimental results for state feedback controller: (a) Position.
(b) Velocity. (c) Time period average current.
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Figure 3.8: Experimental results for state feedback controller: (a) Position.
(b) Velocity. (c) Time period average Current.
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Chapter 4

Sensorless Air Gap Detection Algorithm
for Electromagnetic Levitation

Sensorless or self-sensing EML uses the current and voltage measurements as a virtual
displacement sensor. The basics of sensorless EML is to estimate the system inductance
by signal processing the current and voltage measurements and using accurate system
model to detect air gap from the estimated inductance. A comprehensive background is
given in Chapter 1 about the types of sensorless methods. Here, we shall discuss the
method in which a deliberate voltage perturbation is injected into the system and the
resulting coil current ripple is measured and passed through signal processing filters to
obtain an estimate of air gap. It was first demonstrated by Okada [14]. This perturbation
method has been researched for the past two decades. Instead of employing Band Pass
Filters (BFP), recent advances in the power electronics and low cost high speed Analog
to Digital Converters (ADCs) allow us to directly measure the current-ripple slope and
use it to output an air gap signal. Unlike previous works in current-ripple slope methods,
we have proposed a method that overcomes the dependence of detection accuracy on duty
ratio variation.

4.1 Proposed Air Gap Detection Method

Due to the industrial wide spread of switching amplifiers, they are used as source of
high frequency injection as well. Figure 4.1 shows a typical switching amplifier which
is employed in our experiments. The switching amplifier generates a pulsating voltage
given as:

v(t) =

{
Vdc 0 < t < αTpwm

−Vdc αTpwm < t < Tpwm
(4.1)

In response to (4.1), electromagnetic coil current response is shown in Fig. 4.2. In-
formation about inductance is embedded in the current-ripple which is exploited to detect
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Figure 4.2: Timing diagram for single slope detection

the air gap. Using (2.2) and (2.4) we proceed as:

v(t) = i(t)R +
dL(x)i(t)

dt
(4.2)

v(t) = i(t)R + L(x)
di(t)

dt
+ i(t)

∂L(x)

∂x

dx(t)

dt
(4.3)

The dynamic frequency range of a levitating vehicle is much less than the switching
frequency of the amplifier. In magnetic bearings the operational range is 0.1 ∼ 1mm and
sensitivity of inductance ∂L(x)

∂x
is high. Unlike that, at 8 ∼ 10mm ∂L(x)

∂x
is quite low as

shown in Fig. 2.10(a). Furthermore dx(t)
dt

is around |0.05|m/s in our experiment. Thus,
third term in (4.3) is negligible and is ignored. Integrating modified (4.3) from t1 to tN1
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(Fig. 4.2) gives: ∫ tN1

t1

v(t)dt =

∫ tN1

t1

i(t)Rdt+

∫ tN1

t1

L(x)di(t) (4.4)

L(x)
i(tN1)− i(t1)

tN1 − t1
= Vdc −

1

tN1 − t1

∫ tN1

t1

i(t)Rdt (4.5)

Let ∆i+

∆t
=

i(tN1
)−i(t1)

tN1
−t1 and ī+ = 1

tN1
−t1

∫ tN1

t1
i(t)dt.

L+
est =

Vdc − ī+R
∆i+

∆t

(4.6)

Where, L(x) is replaced by estimated inductance L+
est. Within a switching period,

only two measurements of the rising part of current-ripple are sufficient to calculate its
approximate slope ∆i+

∆t
. But due to measurement noise, the slope calculation has large

variance. To provide sufficient accuracy, multiple current samples are used and current-
ripple is modeled as a straight line by employing the Least Squares Method (LSM). This
approximation of the current-ripple as a straight line is valid only if the time constant of
LR circuit is sufficiently larger than the switching period Tpwm so that the slope remains
nearly constant. The sampled data and the estimated current-ripple slope using LMS is
given as:

i+ = [i+1 , i
+
2 , i

+
3 , · · · i+N1

] t+ = [t+1 , t
+
2 , t

+
3 · · · t+N1

]

∆i+

∆t
=

∑N1

k=1(i+k − ī+)(t+k − t̄)∑N1

k=1(t+k − t̄)2
(4.7)

Where t̄ is the mean of the array t+.The same procedure can be applied to obtain the
inductance by negative slope calculation.

L−est =
−Vdc − ī−R

∆i−

∆t

(4.8)

Once the inductance is correctly calculated, an experimentally obtained data set, fitted to
a rational polynomial xest = f(L), between air gap and inductance is used to obtain the
estimated air gap signal.

4.1.1 Single Slope Detection Algorithm

Since the duty ratio α continuously varies when the control law is being executed, the
time duration of positive and negative slope changes. Consequently, the number of corre-
sponding current samples (N1 and N2) vary as well. To ensure a threshold on maximum



30 Chapter 4. Sensorless Air Gap Detection Algorithm for Electromagnetic Levitation

No

Start

Yes

Calculate α(Duty 
ratio)

𝑖𝑖  store in 𝐢+ 

Yes

𝑇3, 𝑇4 → 𝑂𝑁 
𝑇1, 𝑇2 → 𝑂𝐹𝐹 

𝑇3, 𝑇4 → 𝑂𝐹𝐹 

𝑇1, 𝑇2 → 𝑂𝑁 

𝑖𝑖  store in 𝐢− 

𝛼𝑇𝑝𝑤𝑚 < 𝑡𝑐𝑜𝑢𝑛𝑡 < 𝑇𝑝𝑤𝑚  0 < 𝑡𝑐𝑜𝑢𝑛𝑡 < 𝛼𝑇𝑝𝑤𝑚  

Calculate L(x)
Estimate air gap

Execute control law

No

No

𝛼 ≥ 0.5 

Yes

Use 𝐢+ Use 𝐢− 

Figure 4.3: Flow of single slope detection algorithm

error in slope calculation, number of current samples should not be reduced below a spe-
cific number. Otherwise slope estimation is be erroneous. To prevent that, in previous
works α is restricted to 0.25 ∼ 0.75, limiting the available DC voltage. Having 100%

of the DC bus voltage allows for a larger range of control effort and improved current
control.

The total number of current samples remain constant in a switching period. For
α > 0.5, rising duration of current-ripple is more than the falling duration and vice
versa for α < 0.5 as shown in Fig. 4.2. Therefore exploiting the fact that it depends
on geometrical parameters, inductance is estimated using either positive slope or negative
slope, whichever has higher number of current samples. This ensures that there are always
enough samples to obtain an estimation within desired error bounds.

Lastly, current samples are categorized into rising or falling at real time. Instead of
using a voltage sensor, the algorithm makes use of the fact that the successive switch-
ing period’s duty ratio is known once the control law is executed. The successive α is
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calculated by (4.9), where Vavg is the output of the control law.

α =
Vav
2Vdc

+ 0.5 (4.9)

The firing instants of gate signals T1, T2, T3, T4 in Fig. 4.1 are decided for the successive
period. A counter tcount emulates the time steps of the switching period. By this, the
digital computer is at all times aware of the output voltage sign (Vdc or −Vdc) and hence
the slope direction, and accordingly stores the current samples in corresponding category
(i+ or i−). Systematic flow of the algorithm is given in Fig. 4.3.

4.1.2 Resistance Estimation

The single slope detection is susceptible to resistance change. The estimated value from
positive and negative slope is equal only if the resistance is accurately known. In practical
systems, the resistance changes due to temperature drifts. Therefore, for proper working
of single slope detection algorithm, accurate resistance value is required. In this section,
resistance estimation is proposed by using both positive and negative slopes within one
switching period. But since the time constant for resistance change due to temperature is
much larger than the EML time constant, a deliberate cycle of fixed duty ratio (0.45 ∼
0.55) to allow for sufficient time (samples) for rising and falling interval (double slope
cycle) is injected at intermittent instants with time period TR as shown in Fig. 4.4. The
EML control and air gap estimation proceeds unaffected and the available DC voltage
also does not decrease.

Equating (4.6) and (4.8), and with some algebraic manipulation estimated resistance
is expressed as:

Rest =
Vdc(

∆i−

∆t
+ ∆i+

∆t
)

ī+ ∆i−

∆t
− ī−∆i+

∆t

(4.10)

Where R is replaced by Rest. It is observed, later in experiments, that resistance
update after every TR causes sudden changes in air gap estimation. This is associated
to the fact that inductance changes suddenly once resistance updates, causing a sudden
change in detected air gap due to its low sensitivity. To compensate it, estimated resistance
is passed through a simple first order low pass filter with a high time constant τR. This
smooths the detected resistance value. In addition, (4.10) is invalid for cases when the
denominator is zero. Physically, it is equivalent to saying iavg = 0, where iavg is the
average current of one switching period. Practically, it has no fatal effects since, when
iavg = 0, the effect of the term ī+R in (4.6) is minimal. This is avoided by a coding
routine which uses nominal R at iavg = 0.
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Figure 4.4: Resistance detection by intermittent double slope cycles with
time period TR

4.1.3 Numerical Case Study: Single Slope Detection Method

The proposed algorithm is verified first by a numerical case study. Matlab/Simulink is
used for simulations. EML plant is modeled in Simulink by (2.1) and (4.2). The exper-
imentally obtained relation between L(x) and x(t) is used, and consequently ∂L(x)

∂x
for

fmag model, thus all un-modeled dynamics such as leakage flux, fringing etc in the mag-
netic circuit are accounted for. Table 4.1 shows the parameter values used in numerical
case study as well as experiment. Two feedback control loops are employed. Outer loop
constitutes the Proportional-Derivative (PD) control law, used to stabilize air gap. Inner
Proportional-Integral (PI) control law is used to control coil current. The controller gains
are obtained by polynomial design approach using Manabe’s Canonical form solved for
the respective plant’s transfer functions as shown in Chapter 3. Finally the estimation al-
gorithm is implemented in S-function block of Simulink. The schematic of the feedback
loop and the proposed estimated algorithm is shown Fig. 4.5.

The plant is stabilized at nominal point (i0, x0). Simulation results for the proposed
algorithm are shown in Fig. 4.6 with clean and a noisy current signal. In both cases, the
estimated signal stabilizes the plant. However, it is observed that xest estimation error is
strongly susceptible to current measurement noise. Furthermore, a resistance change by
0.1[Ω] causes the L+

est and L−est to drift apart, consequently, detected signals also change.
This is as shown in Fig. 4.7. Therefore, resistance estimation is essential for single slope
detection method.

4.1.4 Experimental Verification: Single Slope Detection Method

Experimental verification of the proposed method is carried on an indigenously built test
bench in our laboratory. Since accurate current information is vital for good estimation, it
is important to employ a good current sensor with sufficient sensitivity to detect current-
ripple and adequate bandwidth. Also, in design of the current sensor PCB, care should be
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Figure 4.5: Schematic of the feedback control loop and proposed estima-
tion method.

Table 4.1: Numerical values used in simulations/experiments

Parameters Value
m [kg] 0.965
N 400

Vdc [V] 45
Tpwm [sec] 2× 10−3

Ts [sec] 1.25× 10−6

TR [sec] 0.4
τR [sec] 5
R [Ω] 1.7
x0 [m] 8× 10−3

i0 [A] 4.04
L0 [H] 24.1× 10−3
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Figure 4.6: Simulation results of air gap estimation with and without cur-
rent noise: (a) With clean current signal. (b) With noisy(σ2=10−3) current

signal.
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Figure 4.8: Measured current-ripple for 1 Tpwm

taken to reduce measurement noise. The current sensor used in our experiment is LEM
LTSR 6-NP with a sensitivity of 206 [mV/A]. Air gap sensor, Omron Z4W-V25R LED
Displacement Sensor, is only used to log measured air gap for comparison purposes.

Figure 4.8 shows the measured current ripple for one switching period. The noise
in the measurement causes the slope estimation to have large variance which does not
produce air gap signal within acceptable error bounds. Furthermore, rail core used for
translation motion vehicle has significant amount of eddy currents. In our system alike,
the instants right after switching are influenced greatly by the eddy currents, dying out
after approx 150[µsec]. Thus, rendering those instants useless in slope calculation. Re-
maining current-ripple region produces accurate slope estimation only if noise is small
enough or there are sufficiently large number of current samples.
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Figure 4.9: Stable levitation with xest as feedback: (a) Stable levitation.
(b) Step response.

In experiment, the noise from current sensor, though not obviously visible, causes
poor estimation and therefore to allow for good estimation, a switching period Tpwm of
2 × 10−3[sec] is used. With ADC sampling time Ts = 1.25 × 10−6[sec], it allows 1600
samples in one period with minimum samples of 800 for each slope calculation. This
choice for Tpwm and Ts produces acceptable error for stable levitation.

Using the controller gains from numerical case study (with slight tuning), the results
are shown in Fig. 4.9. Figure 4.9(a) shows that at stand still, the levitating object is sta-
bilized at the nominal gap length. Though vibrations of amplitude 0.1[mm] are observed.
These will be dealt in the next section. A small offset in the estimated and measured
signal is present. Since around 8[mm], the sensitivity is low, therefore a small mismatch
between actual value and the experimental curve xest = f(L(x)) results in an offset er-
ror. The aim is to achieve stable levitation and not reference tracking, thus we choose to
ignore this offset.

Experimental verification of resistance detection algorithm is shown in Fig. 4.10.
By levitating at 9.5[mm], increased current causes temperature rise and consequently
resistance change. Fig. 4.10(a) shows the estimated resistance. With a change of 0.3[Ω],
xest, without R compensation, drifts down to 8[mm] from 9.3[mm] as shown in Fig.
4.10(b). On the contrary, by using the proposed R detection algorithm, xest remains
around the nominal value demonstrating the practical goodness of this method.

4.1.5 Statistical analysis of current-ripple: Deciding switching time
period Tpwm

An important parameter in the proposed sensorless method is the switching period Tpwm.
It affects the applied control performance as well as estimated air gap quality in terms
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Figure 4.10: Resistance estimation algorithm: (a) Estimated resistance. (b)
Comparision of air gap estimation with and without R compensation.

of noise variance. Therefore, care should be taken while setting such a vital parameter.
A statistical analysis is carried out to determine an acceptable switching period which
provides sufficiently fast actuation for stabilization as well as enough time interval for
current sampling to estimate air gap. Levitating carrier is mechanical fixed at a known
gap length of 8 [mm]. Coil is exited by a switching voltage of α = 0.5. The resulting
coil current is sampled at Ts = 1.25× 10−6[sec] and 1000 switching periods are logged.
This step is repeated for three switching periods Tpwm = 1, 1.5, 2[ms]. All 1000 periods
for each case are represented overlapped in Fig. 4.11. The presence of noise in current

(a) (b) (c)

Figure 4.11: Current-ripple and its straight line approximation for 1000
switching periods Tpwm overlapped: (a) 1[ms] (b) 1.5[ms] (c) 2[ms]

measurement is observed in each case. Furthermore, the instants right after switching
are unusable since they are influenced by eddy currents [26]. Therefore, those current
samples are dropped out of slope calculation. The ratio of length of usable interval to
the noise width for Tpwm = 1[ms] is minimum. Higher this ratio, lower is the variance
of calculated slope. This is illustrated by plotting the calculated slope for each of 1000
periods as a distribution expressed in Fig. 4.12. Since the noise in current measurement
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Table 4.2: Results for statistical analysis of current-ripple at different
switching periods

Tpwm[ms] 1 1.5 2
slopeavg[A/s] 1861 1832 1813
σslope[A/s] 10.4268 5.0670 3.2584
xavg[m] 0.0083 0.0079 0.0076
σx [m] 1.3993× 10−04 4.7512× 10−05 3.9861× 10−05

is white, an approximate normal distribution is expected. Proceeding forward with single
slope detection algorithm, the air gap distribution for the three cases is also illustrated in
Fig. 4.13 with third case (Tpwm = 2[ms]) having least variance σ2

x and being the most
suitable out of the three for low noise sensorless gap estimation. Respective mean values
and standard deviation σ of slope and air gap are calculated and shown in table 4.2.

(a) (b) (c)

Figure 4.12: Statistical distribution of slope calculation for 1000 switching
periods Tpwm: (a) 1[ms] (b) 1.5[ms] (c) 2[ms]

(a) (b) (c)

Figure 4.13: Statistical distribution of estimated air gap for 1000 switching
periods Tpwm: (a) 1[ms] (b) 1.5[ms] (c) 2[ms]

For the same mechanical air gap, the average gap length is observed to be different in
each case. This is attributed to the fact that the actual ripple is not linear, but rather an
exponential curve with decreasing slope and for large Tpwm this fact cannot be ignored.
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It is also evident in the table 4.2 with slight decrease in slopes from Tpwm = 1[ms] to
Tpwm = 2[ms]. Further increase in Tpwm to obtain better estimation performance is fatal
since it will limit allowable dynamic frequency range for control. Other ways to achieve
this is of course to decrease the current sampling Ts which in our current hardware setup
is not possible and may be considered in future.

4.1.6 Weighted Current-Ripple Slopes Detection Method

It is observed that the single slope detection method works well, however, during tran-
sients when the duty ratio changes from α < 0.5 to α > 0.5, the input data for inductance
estimation changes from falling current-ripple to rising one. As a result, the detected air
gap signal has a discontinuity at that instant. Since later in Chapter 5, zero power control
is applied to the EML system, which forces the duty ratio to around 0.5, it is relevant to
deal with this discontinuity here. Furthermore, in situations when duty ratio is around 0.5,
as in zero power, it is natural and optimal case to extract air gap information from both
rising and falling current-ripples. But such double slope detection methods ([25],[23])
cannot be applied for duty ratio variation to extremes (0.2 or 0.8). In such cases, the
detection should shift to single slope detection which provides a better dynamic accuracy.

With respect to the above discussion, we have proposed a method to use single slope
as well as double slope information in air gap estimation. However, their respective oper-
ating regions are decided based on weights which are functions of duty ratio α.

Under this approach, the estimated inductance Lest is expressed as follows:

Lest = w1(α)L+
est + w2(α)L−est (4.11)

Where w1 and w2 are respective weight functions of duty ratio. The weights have a
constraint that their sum never exceeds one:

w1(α) + w2(α) = 1 (4.12)

This allows for analyzing and choosing just a single weight. Figure 4.14 shows differ-
ent types of functions that can be used as weights. Figure. 4.14(a) represents the behavior
of previous single slope detection method presented in section 4.1.1. Figure. 4.14(b)
shows the sigmoid function that translates the duty ratio input to weights. This function
represents good mathematical properties, but for extreme values of duty ratio, one weight
approaches 1 and other reaches 0, but neither are exactly 1 or 0. This causes slight inter-
ference from low accuracy slope information to the better one, resulting in dynamic noise
in the detected air gap signal.



4.1. Proposed Air Gap Detection Method 39

0 0.5 1

0

0.2

0.4

0.6

0.8

1

Duty Ratio (α)

w
i(α

)

 

 

w
1
(α)

w
2
(α)

(a)

0 0.5 1

0

0.2

0.4

0.6

0.8

1

Duty Ratio (α)

w
i(α

)

 

 

w
1
(α)

w
2
(α)

,
(b)

Figure 4.14: Types of allowable weight functions: (a) Step like function
used for single slope method. (b) Sigmoid function.
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Figure 4.15: Piece wise linear weight function

It is better to reject the noisy slope information explicitly. That is done by employing
the piece wise linear function shown in Fig. 4.15 and given as:

w1(α) =


0 0 ≤ α < (0.5− δD

2
)

1
δD

(α− 0.5) + 0.5 (0.5− δD
2

) ≤ α ≤ (0.5 + δD
2

)

1 (0.5 + δD
2

) < α ≤ 1

(4.13)

Where δD is the width of linear range. This maintains a linear contribution from both
slopes till either one has samples below a pre-determined threshold. After which only
one slope information is used. Furthermore, from hardware’s perspective, it is also lighter
and faster in implementation compared to complex functions such as sigmoid function.
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Figure 4.16: Possible shapes of Piece wise weight function (0.1 < ∆D <
0.6)

Figure 4.16 shows piece wise weight functions with varying linear range δD. Choice
of δD depends on a statistical analysis of double slope and single slope methods and
choosing an appropriate range based on least dynamic error.

4.1.7 Statistical Comparison between Double Slope, Single Slope and
Weighted Slopes Methods

Statistical advantage of the prosed weighted slopes method over double slope and single
slope method is experimentally verified by comparing the quality of estimated inductance
Lest in each case. Position of levitated object is fixed at about 8[mm] which corresponds
to L(x) = 24.1×10−3[H]. Electromagnetic coil is excited with simultaneous execution of
double , single and weighted slopes detection methods, outputs of which are L∗est,L

+
est,Lest

respectively. The duty ratio α is varied from 0.5 to 0.82 and estimated inductances are
logged. At each value of α, inductance is calculated 1000 times. This allows calculation
of noise spread at each value of α.

Since with Vdc = 45[V] and α = 0.82, the steady state current exceeds the maximum
allowable coil current, therefore for this analysis Vdc = 15[V]. The consequence of such
change results in increased estimation noise. But since it is a comparison analysis, all
three cases are equally affected. The spread of normalized estimated inductance is
shown in Fig. 4.17. It is evident from Fig. 4.17(b) that double slope method has least
noise around α = 0.5. But it increases exponentially as α approaches its extreme value.
This is due to the decrease in number of current-ripple samples for the falling interval.
The single slope method shows robustness towards α change. However, its noise spread is
larger than double slope method for α near 0.5. Secondly, single slope is also susceptible
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Figure 4.17: Normalized estimated inductance noise: (a) Weighted slopes
method. (b) Double slope method. (c) Single slope method.

to resistance change which we have not considered in this analysis. Weighted slopes
method combines the advantages of both as shown in Fig. 4.17(a). Weights depending on
α are calculated using the piece-wise function (Fig. 4.16) which exploits the low noise
characteristic of double slope method at α ≈ 0.5 and robustness of single slope method
for large values of α. The above information can be represented in a more compact form
by calculating the standard deviation σ for each case as shown in Fig. 4.18. The piece
wise function’s paramter δD is set by choosing the value of α where L∗est and L+

est’s trend
intersect each other which in this case is 0.7 resulting in δD = 0.4.
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noise

4.2 Noise Suppression Strategy for Sensorless Air Gap
Detection Algorithm using State Observer

Output of the proposed air gap detector as previously shown in experimental results (Fig.
4.9) has considerable noise. Although, it is sufficient to achieve stabilization, but quality
of the control response is not acceptable. The levitating carrier displays minute oscilla-
tions about its operating point.

This noise, in fact, originates from current signal and propagates all the way to de-
tected air gap signal. The noise can be reduced by using a high quality data acquisition
hardware as well as a good current sensor. In our experimental test bench, the ADC input
range is only 3[V] and current sensor measuring range is from -2[A] to 9[A] with a sen-
sitivity of 206[mV/A]. That means , for example, a current change of 50[mA] produces
10.8[mV] which in our case is in the range of electrical noise. By using better hardware,
the Signal to Noise Ratio (SNR) of current signal can be improved and ,consequently, the
detected air gap signal as well. But in case when changes in hardware is not possible,
signal processing techniques much be employed for the said purpose.

Furthermore, since velocity signal adds artificial damping for EML systems, its signal
quality must be good. Noise in the air gap signal puts an upper limit on the proportional
gain and in velocity signal it adds an upper limit to the value of derivative gain. Even, if
hardware can provide high power for an improved control performance, because of noise
the available hardware potential cannot be fully tapped. Therefore, in order to achieve
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Figure 4.19: Schematic of a state observer.

an acceptable signal for air gap and velocity, we propose to treat the air gap detection
algorithm as a noisy sensor, and combine it with a state observer. This outputs conditioned
signals with high Signal to Noise Ratio (SNR).

4.2.1 State Observer Design

For a dynamical system represented by a standard state space model as shown in (4.14) ,
a schematic of the state observer is shown in Fig. 4.19.

ẋ = Ax + Bu (4.14)

y = Cx

The state observer’s (Luenberger observer) dynamic equation is given as:

˙̂x = Ax̂ + Bu + L(y −Cx̂) (4.15)
˙̂x = (A− LC)x̂ + Bu + Ly (4.16)

Where x̂ is the estimated state vector and L is the observer gain vector. The design
procedure involves choosing appropriate gains so that observer system converges to the
actual plant states. For the second order system define by 2.21, the observer equation is
written as:[

∆ ˙̂x(t)

∆¨̂x(t)

]
=

([
0 1

−kx
m

0

]
−

[
l1

l2

] [
1 0

])[∆x̂(t)

∆ ˙̂x(t)

]
+

[
0

−ki
m

]
∆i(t) +

[
l1

l2

]
y(t)

(4.17)
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In order to calculate observer gains, characteristic equation for the above system is derived
and equated to a desired polynomial as shown below:

|sI− (A− LC)| = s2 + l1s+
kx
m

+ l2 (4.18)

Equating it to a desired polynomial 1 + τ0s +
τ20
2.5
s2=0 which is calculated by using the
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Figure 4.20: Observer results for nominal plant

Manabe’s coefficient method as was shown in Chapter 3, the gains are calculated. τO is
the tuning parameter with which the speed of convergence for the observer is controlled.
Since the our sensorless estimation signal is noisy, a high τO would be better so that noise
can be smoothed out. But care must be taken so as to not let it exceed to the point that
it disrupts controller performance. For controller with τ = 0.05, we choose τO = 0.01.
The simulation results for nominal plant are shown in Fig. 4.20. But this is an ideal case,
in reality there are bound to be differences between nominal plant and real plant. The
effect of such differences can be observed when the same observer is simulated with non
linear plant as shown in Fig. 4.21. A fatal effect is seen in the estimation of velocity
term, which does not converge to zero. An offset is always present. This offset is related
to the nonlinearity and unmodelled dynamics at positions other than nominal one. Since
velocity is not zero, a stable feedback system cannot be established. There are different
methods to deal with this problem. We deal with it by using a disturbance observer [30].

4.2.2 Disturbance Observer Design

A conceptual diagram for a disturbance observer (DOB) is shown in Fig. 4.22, where
Gp(s) is the actual plant, Gpo is the nominal plant, Q(s) is a low pass filter, d(s) is a
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Figure 4.21: Obsever results for non linear plant.

disturbance, N(s) is the sensor noise and d̂(s) is the estimated disturbance. The relation
between inputs I(s), d(s), N(s) to output X(s) is given as:

X(s) =
GpGpo

Gpo +Q(Gp −Gpo)
I(s)+

(1−Q)GpGpo

Gpo +Q(Gp −Gpo)
d(s) (4.19)

+
QGp

Gpo +Q(Gp −Gpo)
N(s)

For Q(s) = 1, X(s) = GpoI(s) + N(s) meaning that the differences between real and
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Figure 4.22: Disturbance observer conceptual diagram.

nominal plant, which are taken as lumped disturbance are compensated. This feature
of DOB is called nominal plant following. However, for cases when G−1

po is non-causal
system, implementation is impossible. Therefore, a slight alteration is done in the block
diagram as shown in Fig. 4.23 such that the relative degree (difference between the order
of denominator and numerator) of termQ(s)G−1

po is zero or positive rendering it realizable.
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Q(s) is usually designed as a low pass filter. This is because the external disturbance and
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Figure 4.23: Disturbance observer for compensating uncausal inverse sys-
tem.

parameter uncertainty, practically lie in the low frequency region. Furthermore, by proper
adjustment of cut off frequency of Q(s), sensor noise is attenuated. Since, EML nominal
plant given in (2.15) is second order, theQ(s) filter’s form taken in our simulation is given
as:

Q(s) =
1

τ2Q
2.5
s2 + τQs+ 1

(4.20)

Here, τQ is the time coefficient used to adjust filter’s cut off frequency. In designing the
state observer and DOB, only τO and τQ are tuned to achieve desired performance. But
these have a limited range. The upper limit is restricted by τ (tuning parameter for air
gap controller) so as to not cause sufficiently large delays and compromise stability. The
allowable range for τ0 is given as:

τ0 < 0.2τ∼0.4τ (4.21)

The choice of τQ effects the speed of disturbance estimation. Since nominal plant fol-
lowing involves estimating the nonlinearity and adding a constant feed forward bias to
compensate it, its speed should be faster than the air gap controller. Thus similar con-
straints as in (4.21) are valid for τQ too. Selecting τQ = 0.01 and τO = 0.01, observer
gains are calculated and a simulation is carried out to test the working of state observer
estimation with DOB nominal plant following. The result for a step command at 0.5[sec]
is shown in Fig. 4.24. Comparing this with the previous simulation (Fig. 4.21), due to
the disturbance compensation, the state observer estimates the actual air gap and velocity
with no offset. In both cases, the controller parameters used are same. However, due to
the difference between actual and nominal plant, the step response in Fig. 4.21 is not
the designed one. Since with DOB, the actual plant follows nominal plant, along with
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correctness of state estimation, the designed control action is also achieved. This is in-
ferred by comparing it .Fig. 4.20. Furthermore, it should be noted that though there is no
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Figure 4.24: State obsever output with DOB nominal plant following

external disturbance but the DOB still outputs a value as shown in Fig. 4.25. This output
represents the parameter uncertainty of the actual plant from the nominal values. A step
command moves the levitating object by 1[mm] resulting in change in plant parameters
which is then estimated by the DOB.
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Figure 4.25: Plant parameter uncertainty/non-linearity as lumped estimated
disturbance.

4.2.3 Numerical Case Study

A numerical case study is conducted for verifying the noise suppression strategy as shown
in Fig. 4.26 in Matlab/Simulink. The parameters used are given in Table 4.3. The air gap
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Figure 4.26: Noise suppression strategy by state observer.

Table 4.3: Parameter values for numerical case study of state observer with
dob plant following

Parameters Value Parameters Value
m [kg] 1.165 Ts[sec] 1.25× 10−6

Vdc [V] 45 Tpwm [sec] 2× 10−3

R [Ω] 1.7 x0 [m] 8× 10−3

i0 [A] 4.4 L0 [H] 24.1× 10−3

ki [N/A] 4.50 kx [N/m] −2.24× 103

τ [sec] 0.05 τc[sec] 0.01
kP [A/m] −756 kD[As/m] −10.34
KP [V/A] 4.33 KI[V/As] 6.037
τQ[sec] 0.01 τ0[sec] 0.012
δD 0.4

and current controller are designed as shown in Chapter 3. The parameters for response
time of respective controllers are τ and τc. The inner current loop time constant τc is kept
10%∼30% of the outer air gap loop time constant τ .

Simulation results are shown in Fig. 4.27. For case when the current has no noise, the
estimated air gap xest and observer output ∆x̂ accurately follow the measured signal. But
as noise variance in current signal is increased to σ2 = 10−3, noise starts to appear in xest.
However due to the noise suppression strategy, the observer outputs relatively less noisy
signals (∆x̂,∆ ˙̂x) which are used to achieve stable levitation as shown in Fig. 4.28. Figure
4.27(c) shows the estimated non-linearity during step response as a lumped disturbance
which is feed forwarded to attain nominal plant following.
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Figure 4.27: Simulation Results: (a) Position. (b) Velocity. (c) Estimated
nonlinearity as lumped disturbance.
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Figure 4.28: Simulation Results with current noise (σ2 = 10−3): (a) Posi-
tion. (b) Velocity.
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4.2.4 Experimental Results

Experiments are carried out to verify the proposed strategy on the EML experimental test
bench. Most of the parameters in the experiment are the same as used in numerical case
study shown in Table 4.3. However, slight tuning is done for current controller and DOB
(KP=5, KI=500, τQ=0.02) to obtain suitable levitation profile.
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Figure 4.29: Step response using air gap sensor as feedback: (a) Position.
(b) Velocity. (c) Estimated nonlinearity as disturbance

At first, to verify the working of the proposed strategy, air gap signal from the sensor is
used to stabilize the EML plant. Simultaneously, weighted slopes measurement method,
state observer and DOB are also implemented. The position and velocity profile for a
step command are shown in Fig. 4.29. The dynamic noise in the estimated air gap xest
and its corresponding approximate derivative ẋest is the highest. It is noted that this
estimated gap signal after being processed by the state observer gains increased SNR.
The offset between measured air gap and estimated one is due to the modeling error in
the inductance to air gap data base (xest = f(L)). Since the objective is to obtain stable
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levitation and not position tracking, we choose to ignore this. Figure 4.29(c) shows the
estimated nonlinearity when the levitated object moves from 7∼8[mm] as a disturbance.
Finally, the schematic in Fig. 4.26 is completely implemented. The stabilization of EML
plant is achieved without air gap sensor. The results are shown in Fig. 4.30. The magnified
position and velocity profile is displayed to show clear improvement in the SNR of gap
signal by the proposed noise suppression strategy. Furthermore, statistical analysis on the
experimental results shows the decreases in standard deviation as shown below: These

Signal Standard deviation σ
xest 9.78× 10−5[m]
∆x̂ 5.24× 10−5[m]

results are promising with good prospects in industrial environment.



52 Chapter 4. Sensorless Air Gap Detection Algorithm for Electromagnetic Levitation

0 0.5 1 1.5 2
6.5

7

7.5

8

8.5

x 10
−3

 Time [sec]

P
o
si

ti
o
n
 [

m
]

 

 
xest

∆x̂+ x0

x(t)

(a)

0.2 0.3 0.4
6.5

7

7.5

8

8.5

x 10
−3

 Time [sec]

P
o
si

ti
o
n
 [

m
]

 

 

xest

∆x̂+ x0

x(t)

(b)

0 0.5 1 1.5 2
−0.05

0

0.05

 Time [sec]

V
el

o
ci

ty
 [

m
/s

]
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Figure 4.30: Step response using detected air gap signal as feedback: (a)
Position. (b) Magnified position. (c) Velocity. (d) Magnified velocity. (e)

Average current.
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Chapter 5

Smart Combination of Sensorless
Electromagnetic Levitation and Zero
Power Control

5.1 Motivation

Of all the control methods applied for stabilization of EML systems, zero power control
[9, 6, 10] stands out as the best possible control law to be combined with sensorless
methods. This ensures that the average steady stage current is zero and the net weight
of the levitated carrier is compensated by the force due to permanent magnet only. Zero
power control not only minimizes power consumption but also enhances certain features
of our proposed sensorless method. The requirement of 0.5 duty ratio for least dynamic
noise is for most part fulfilled as zero power maintains a constant zero average coil current
i.e both positive and negative slopes can be estimated with sufficiently large accuracy and
consequently the detected air gap has low noise. Furthermore, due to slight modeling
error in inductance vs air gap profile which is used to calculate air gap, an error offset is
present. Zero power being a reference current tracking control does not need absolute and
exact air gap signal. A gap signal with error offset and low noise variance is sufficient to
achieve stable levitation. Since exact position depends on the total weight of the levitating
object, we are of opinion that to give up exact position for gaining low cost device using
sensorless method is an efficient bargain. Therefore, in this chapter we introduce this
smart combination and experimentally verify the claim. This has the potential of being a
robust and low cost solution for magnetically levitated carriers in industrial applications.

5.2 Permanent Magnet Assisted EML Model

In order to apply zero power control, the experimental test bench is modified by attaching
NdFeB permanent magnets to each pole as shown in Fig. 5.1. Due to the non-availability
of PMs matching pole area, we proceeded with improvisation of the available sizes in
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Figure 5.1: NdFeB magnets attached on each pole.
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Figure 5.2: Magnetic field distribution due to three parallel placed perma-
nent magnets.

the market. A set of three rectangular permanent magnets are attached parallel on each
pole face. For large air gaps, this configuration has negligible effect on the magnetic field
distribution, verified by numerical simulation as shown in Fig. 5.2. Next, permanent mag-
net assisted EML model is derived. The dynamic equations for electrical and mechanical
domains are similar to the ones used in Chapter 2. The only change is in the magnetic
circuit and its relevant equations. The modified free body diagram and its corresponding
magnetic circuit is shown in Fig. 5.3. In Fig. 5.3(b), permanent magnet is modeled as
source of magnetomotive force Hclm with inherent reluctanceRm given as:

Rm =
lm

µmAm
(5.1)
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Figure 5.3: (a) Electromagnetic Levitation (EML) Model. (b) Magnetic
circuit with permanent magnets.

Where lm is the thickness of magnet, Am is its area which is equal to pole area in this
case and µm is recoil permeability of PM which approximately equal to u0. Solving the
magnetic circuit:

Ni(t) + 2Hclm = φ(t)
(
2Rc + 2Rg + 2Rm

)
Ni(t) + 2Hclm = BgA

(
2

lc
2µrµ0A

+ 2
x(t)

µ0A
+ 2

lm
µ0A

)
Bg =

µ0

(
Ni(t) + 2Hclm

)
2x(t) + 2lm + lc

µr

(5.2)

Where we have ignored leakage and fringing effects, and used same pole area for all three
reluctances. Using principle of virtual displacement [28], total magnetic force fmag is
calculated as:

fmag =
∂Wg

∂x
=
µ0A

(
Ni(t) + 2Hclm

)2

(
2x(t) + 2lm + lc

µr

)2 (5.3)

Where Wg is the energy stored within the gap given as:

Wg =
1

2

B2
g

µ0

2Ax(t)
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By using definition of inductance, fmag can be expressed as:

fmag = −1

2

∂L(x)

∂x
(i(t) + im)2 (5.4)

Where the effect of PM has been represented as constant equivalent current im = 2Hclc
N

.
This facilitates identification of plant parameters by reducing experimental requirements
to just L(x) profile and im =

√
2mg

− ∂L
∂x

. im is experimentally measured by keeping i(t) = 0

and varying the gap length from small to large values until the levitating object falls down.
Air gap value at such instant is noted down from which ∂L

∂x
is calculated. Remaining

required parameter is mg only. Thus im’s experimental value is known.
In order to design zero power control, the dynamic equations (2.1) and (2.2) are

linearized at operating point (x0, v0, i0) = (x0, 0, 0). Assuming x(t) = x0 + ∆x(t),
i(t) = i0 + ∆i(t), v(t) = v0 + ∆v(t), linearized plant is given as:∆ẋ(t)

∆ẍ(t)
˙∆i(t)

 =

 0 1 0

−kx
m

0 −ki
m

0 ki
L0
− R
L0


∆x(t)

∆ẋ(t)

∆i(t)

+

 0

0
1
L0

∆v(t) (5.5)

Where

kx = −1

2

∂2L

∂x2
(im)2 ki = −∂L

∂x
(im) L0 =

µ0AN
2

2x0 + 2lm + lc
µr

fmag

∣∣∣
(x0,v0,i0)

=mg

5.3 Sensorless EML with zero power control

The proposed combination is shown in Fig. 5.4. The only input to the digital computer
using sensor is coil current. Furthermore, due to zero power control the power consump-
tion is minimal. Hence this combination produces a cost effect EML system with low
initial and operating cost. In the design of the controller, air gap detector is taken as
a noisy sensor and conventional method of designing state feedback controller is used.
Pole placement is done by using the Manabe’s canonical form to ensure stable closed
loop system.

For zero power control the input to the plant is:

∆v(t) = −Kx + kexe (5.6)
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Figure 5.4: Sensorless EML with zero power control.

Where ẋe = iref − ∆i(t), K = [k1, k2, k3] and ke is the integral gain. The closed loop
system is derived as :

[
ẋ

ẋe

]
=


0 1 0 0

−kx
m

0 −ki
m

0

− k1

L0

ki
L0

− k2

L0

− R
L0

− k3

L0

ke
L0

0 0 −1 0


[
x

xe

]
+


0

0

0

1

 iref (5.7)

A′

Solving sI−A′ = 0, the characteristic polynomial obtained is:

s4 +

(
R

L0

+
k3

L0

)
s3 +

(
k2
i

mL0

− kik2

mL0

+
kx
m

+
ke
L0

)
s2

+

(
kxR

mL0

+
kxk3

mL0

− kik1

mL0

)
s+

kekx
mL0

= 0 (5.8)

Using Manabe’s method [27], for a 4th order polynomial

s4 +
(2.5)(2)(2)

τz
s3+

(2.52)(22)(2)

τ 2
z

s2 +
(2.53)(22)(2)

τ 3
z

s+
(2.53)(22)(2)

τ 4
z

= 0 (5.9)
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Figure 5.5: Experimental test bench with permanent magnets.

Where τz is the time constant for tuning controller’s speed. The gain matrix K and ke are
calculated using (5.8) and (5.9) as:

k1 =
(
kxR + kxk3 −

(2.53)(22)(2)

τ 3
z

mL0

) 1

ki

k2 =
( k2

i

mL0

+
kx
m

+
ke
L0

− (2.52)(22)(2)

τ 2
z

)mL0

ki

k3 =
(2.5)(2)(2)

τz
L0 −R

ke =
(2.53)(22)(2)mL0

τ 4
z kx

Table 5.1: Parameter Values used in Experiments

Parameters Value Parameters Value
m [kg] 1.165 Ts[sec] 1.25× 10−6

Vdc [V] 45 Tpwm [sec] 2× 10−3

R [Ω] 1.7 x0 [m] 5.5× 10−3

i0 [A] 0 im[A] 4.24
lm[m] 2× 10−3 L0 [H] 25.2× 10−3

ki [N/A] 5.35 kx [N/m] −2.85× 103

τz [sec] 0.075 k1 [A/m] −3407
k2[As/m] −65.5 k3 [V/A] 1.65
ke[V/As] −5 δD 0.4
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5.4 Experimental Verification

The benefits of this smart combination are experimentally verified on a test bench shown
in Fig. 5.5. The parameters of experimental test bench and controller are given in Table
5.1.

The experimental results for the proposed smart pair are presented in Fig. 5.6. At
first, an additional weight of 0.88[kg] is added (Fig. 5.6(a)) and removed (Fig. 5.6(b)) to
demonstrate the change of position for a zero average coil current. Results show that there
remains a constant offset error between x(t) and xest, attributed to the modeling error of
inductance profile which is almost impossible to remove due to the low sensitivity nature
of inductance at the large air gap. But since the objective of zero power control is to
maintain zero average current i.e reference current tracking, exact and absolute air gap
signal seems redundant. It is emphasized here, that a signal having an error offset
with low noise variance such as xest is sufficient to maintain stable levitation. Since
exact position depends on the total weight of the levitating object, the author feels
that it is an efficient bargain to give up exact position for gaining low cost device
using sensorless method. Furthermore, Fig. 5.6(c) and Fig. 5.6(d) show that for most
part, α≈0.5 which ensures minimal noise variance for our air gap detection method.

However, addition of PM into magnetic path results in increase of total magnetic path
reluctance. PM consumes the available physical gap length between fixed core and mover.
For instance, previously for just EML system the mechanical gap length was 8[mm], but
since lm = 2[mm], now the available gap length reduces to 6[mm]. This shifts the L(x)

vs x(t) profile towards left as shown in Fig. 5.7. Since sensorless method’s output noise
strongly depends on sensitivity of inductance to air gap ∂L

∂x
, the decrease in ∂L

∂x

∣∣∣
B

for the
operating point x0 in zero power control produces high variance noise, compared to the
case (∂L

∂x

∣∣∣
A

) when there is no PM.
Stable levitation time profile for two cases (x0 = 5.5[mm], x0 = 8[mm]) is shown in

Fig. 5.8. The levitation profile for x0 = 8[mm] is oscillatory owing to the aforementioned
reasons. Furthermore, loading and unloading results for x0 = 8[mm] are also shown in
Fig. 5.9. In Fig. 5.9(a) it can be seen that at time of loading, the air gap increases beyond
air gap sensor’s range which is shown as a horizontal line. But since sensorless method
has no such limitation, it allows successful levitation. To obtain i(t) = 0 at large air gap
requires a new design of PM and modification to the test bench accordingly. Therefore, for
testing purpose only, x0 = 8[mm] is achieved by setting iref = 2[A]. This step emulates
a stronger PM with increased im=(4.24 + 2)[A].
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Figure 5.6: Weight loading: (a) Position. (c) Duty ratio α. (e) Average coil
current. Weight unloading: (b) Position. (d) Duty ratio α. (f) Average coil

current.
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Figure 5.8: Stable levitation profile: (a) At iref = 0[A] , x(t) ≈ 5.5[mm].
(b) At iref = 2[A] , x(t) ≈ 8[mm].

5.4.1 Possible Improvements for sensorless EML with zero power
control

To achieve low noise variance at large air gap as was the case without PM, magnetic path
should be optimized. One possible way to achieve it is shown in Fig. 5.10. This kind
of topology was proposed by [31]. A thin slice of permanent magnet is buried inside the
core. Moreover, instead of a constant core area, area of PM is maximized and length is
minimized to achieve same bias flux for supporting load. This way PM consumes less
mechanical air gap. Consequently, decrease in ∂L

∂x
is reduced, allowing oscillation free

levitation at large gap lengths.
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Figure 5.9: Weight loading: (a) Position. (c) Average coil current. Weight
unloading: (b) Position. (d) Average coil current.
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Chapter 6

Conclusion

In conclusion, this research has demonstrated two novel ideas. The first one is the im-
provement in the sensorless methods as well as their implementations for large air gap
translation motion application. Sequentially, novel methods for air gap detection have
been proposed and verified experimentally. Single slope detection method, which has
good robustness to duty ratio variation has been demonstrated first. Identification of its
shortcomings has resulted to resistance estimation algorithm. Following that, weighted
current-ripple slope measurement method which is an amalgam of double slopes and sin-
gle slope methods has been proposed. It has been statistically shown to posses low noise
variance as well as good robustness to variation of duty ratio. Rational steps have been
taken to decide the parameters for weights. Apart from the method itself, a noise sup-
pression strategy has been proposed. The strategy is a combination of the conventional
concepts of state observer and disturbance observer to suppress the propagated noise from
current sensor to the air gap. Tuning parameters of state observer have been reduced down
to just one. This allows ease of use for engineer in practical environment.

The second novelty is more of an opinion related, which includes a smart combination
of our sensorless method with zero power control. We have claimed and experimentally
proved that zero power control is the best control law to be combined with sensorless
EML since each enhances other’s performances. Since zero power control is a reference
current tracking control, absolute air gap information which is usually obtained by ex-
pensive displacement sensors has been shown to be redundant and is a viable trade off
for a low noise variance signal obtain via sensorless method with possible error offset.
Furthermore, it has been shown that for zero power control duty ratio remains around 0.5
which is the optimal case for sensorless EML. This also minimized operational cost for
EML system producing a cost effective EML solution for industrial conveyor systems.
These ideas have contributed in advancing the EML technology to provide simple, robust
and low cost applications for industry use.
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6.1 Future Works

The present work has been demonstrated for a single degree of freedom EML system.
Whereas in practical application, complex topologies for EML are used. Therefore, in
future suitable higher degree of motion EML topologies shall be designed with ease of
sensorless method’s application in mind. For magnetically levitated conveyor systems, a
thrust mechanism is also required which is usually provided by a linear machine. Integrat-
ing EML plant with linear machine can have unfavorable effects on sensorless detection.
Therefore, analysis of such integration shall also be studied. Some explicit steps for future
are given below:

• Expand research scope to complex electromagnetic topologies.

• Increase ease of application.(Using ONLY numerical modeling, without obtaining
experimental database beforehand). From the view point of industrial manufactur-
ing and testing, this can be an efficient method to save production cost.

• Improve hardware specifications.

– Sensorless method using current-ripple slope measurement requires strict noise
limitations on sensed current signal. By using good quality current sensors
and data acquisition hardware, it is possible to allow for shorter Tpwm, conse-
quently a better dynamic response can be achieved.

• Proposal of a new EML structure which can provide higher degree of motion free-
dom. In order to remove linear guides, the proposed structure must have adequate
stiffness in suspension and guidance.

• Sensorless method can also be used to obtain signals for guidance clearance.

• Design of a linear actuator.

– Optimization of the designed linear actuator structure for sensorless EML.

• Integrate EML with linear actuator.

– Design of decoupled control.

– Maintaining a simple, robust and low cost structure.

• Additional prospective steps.

– Looking for further cost reduction by linear encoder-less drive.

∗ A crude idea: Use of the already existing sensorless levitation to detect
linear motion.
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