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Abstract

The development of alternative transportation methods has become paramount in the
context of sustainable urban population connectivity. The promise of hyperloop as a
high-speed, low-emission travel means motivates both academic and industrial interests.
The present work centers on the design of hyperloop levitation systems. A component-
level optimization is outlined for the appropriate selection of levitation module geometric
parameters, followed by an integration into a capsule and bogie system. Two heteropolar
levitation module types are numerically studied in realistic operating conditions: a hybrid
electromagnet configuration with permanent magnets and a fully active one. To give means
for comparison, both configurations are designed with the aid of a general multi-objective
optimization approach. For the hybrid case, a position controller is synthesized with a zero-
power policy and a specific frequency response function. The active configuration features
comparable behavior. Two main power consumption streams are considered: gap control
and magnetic drag. While the former depends on the position control effort, the latter
depends on the losses of ferromagnetic elements. The two systems are compared in smooth
and irregular track conditions over the studied speed range of 400-700 km/h. This study
demonstrates that the hybrid heteropolar case achieves a minimum of 97.6% in specific
power consumption reduction at the maximum speed of 700 km/h under smooth track
conditions. Under irregular track conditions, a benefit in average specific consumption
reduction is noted up to 662 km/h for the hybrid case. The maximum reduction in specific
consumption is 57.2% at the minimum speed of 400 km/h.

Keywords: hyperloop; magnetic levitation; magnetic drag; zero-power control; road
disturbances

1. Introduction

Contactless levitation in maglev vehicles ensures null power dissipated due to me-
chanical friction. Despite this advantage, maglev systems experience power dissipation
due to the static or dynamic losses in their electromagnetic actuators. Nonetheless, ma-
glev transportation exhibits potential for low-emission travel, particularly through the
hyperloop concept. Characterized by speeds exceeding those reached by conventional
high-speed rail, the hyperloop system also promises a reduction in aerodynamic drag with
the use of a low-pressure tube. The feasibility of this transportation system depends in part
on the appropriate design of its levitation system.
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1.1. Previous Work

Levitation systems may be classified into two categories according to power consump-
tion: active and passive. In the passive levitation branch, Halbach arrays of permanent
magnets (PMs) are exploited to produce lift when a relative track speed is present, giving
rise to an electrodynamic phenomenon. Previous work on electrodynamic suspension
(EDS) involves the numerical modeling and treatment of instability [1], with models vali-
dated on a dedicated test bench, both passively [2] and actively [3]. In the realm of active
electromagnetic suspensions (EMSs), electromagnets are used to produce the magnetic
field, allowing for the possibility of null-speed levitation. The addition of PMs to electro-
magnets produces a hybrid variant, where bias force is provided by passive means and
variations can be controlled actively. Zhang et al. addressed the selection of component-
level parameters, concluding with a significant reduction in power consumption compared
to active electromagnets [4]. The architecture is evaluated in the context of medium-to-
low-speed maglev systems operating at atmospheric pressure. Hybrid levitation was
also studied in [5], where rotary magnets and a developed control strategy were used
to ensure zero-power conditions under eccentric loads. A recent study has investigated
PM-assisted EMS regarding an associated zero-power control strategy [6]. Several studies
regarding conventional EMS architectures have focused on controller design within the
scope of vibration attenuation [7-10]. The work in [11] focused on controller development,
aiming to manage track irregularities for a half-bogie system up to 430 km/h. An EMS
system was analytically modeled and experimentally validated in [12], combining both
lateral guidance and levitation functions. Levitation was achieved cryogenically with a
homopolar magnet configuration. Moreover, nonlinear modeling using a magnetic circuit
approach is performed in [13] and experimentally verified, offering advantages in design
and optimization.

Previous work at the system level by Tudor and Paolone focused on an optimiza-
tion methodology for hyperloop system sizing regarding battery and power electronics
technology [14]. An assumption of null magnetic drag was adopted. The same authors con-
sidered the infrastructure, capsule kinematics, and system propulsion, optimizing energy
consumption [15]. Energy consumption regarding propulsion and levitation was addressed
in [16], with speed profile optimization for medium-low-speed systems. Other studies
present experimental implementations of PM-assisted electromagnets in existing maglev
vehicles [17,18]. Finite-element models are exploited in a multi-objective optimization,
aiming to facilitate electromagnet integration in a maglev system [19].

1.2. Research Gap

Past work has seen extensive development and analysis of controllers targeting ride
comfort and gap control for magnetic levitation. However their effects regarding power
consumption related to track irregularities and iron losses at the system level remain
largely unexplored. When track irregularities are included, they largely serve to evaluate
controller performance. Furthermore, studied systems mainly fall under medium-low-
speed applications in atmospheric conditions. Previous system-level work has studied
power requests due to pressurization, propulsion, and capsule kinematics. A dedicated
analysis of magnetic drag and control power for varying levitation topologies has not been
conducted. Where levitation and propulsion power are included, the focus pertains to
commercial operation rather than design. Where PM-assisted electromagnets have been
tested, no focus is given to development from the component to the system level.
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1.3. Objective and Novelty

The aim of the study is to optimize levitation systems, analyzing the power request
for gap control and sustaining magnetic drag at the system level. The following main
contributions can be identified:

1. A comprehensive approach to component design by means of multi-objective function
optimization and subsequent system integration for active and hybrid heteropolar
EMS topologies is presented. System integration includes identification of mechanical
features such as mass, stiffness, and natural frequency values. Synthesis of levitation
gap control policy is also included.

2. The benefit of lower overall power consumption associated with the hybrid con-
figuration is quantified at the levitation system level, compared to that of the
active configuration.

The proposed approach is general and applicable to both configurations, allowing
for a direct and fair comparison. In addition, both configurations are studied under the
same assumptions, which include the track profile and the longitudinal speed range. This
study focuses on a hyperloop application; however, the approach may be extended to other
levitation architectures and applications for maglev transportation. The goal remains to
compare the two systems regarding their features and overall performance.

1.4. Methodology

When approaching the design of a maglev system, component-level features such
as adequate lift capability, positive stiffness, and added mass are important. Appropriate
geometric and operational parameter selection targeting these features enables further
system-level integration. Two heteropolar cases are studied and compared regarding
their power consumption: hybrid and active. The hybrid case is characterized by coils
wound around PMs arranged with alternating poles. The active case consists of active coils
wound on an iron core. The works by Tomczuk and Wajnert on active and hybrid magnetic
bearings regarding modeling and simulation are used as a reference [20,21]. Moreover,
further studies used as references in the field of active magnetic bearings incorporate PMs
to impose passive force biases [22-24]. A schematic of the overall system is reported in
Figure 1, where both configurations are depicted. Note that the track used for levitation in
both cases is laminated to mitigate losses.

Capsule

Track gé Track
k. [N
:
~ A - 7™
é| 8 Bogie 8 E
(a) (b)

Figure 1. (a) Active maglev system consisting of an iron core, windings (not visible), and end-
windings (E). (b) Hybrid maglev system consisting of permanent magnets (PM), windings (not
visible), and end-windings (E). A back-iron is included. The capsule and bogie are connected with
a secondary suspension characterized by stiffness ks and viscous damping cs. Lateral guidance
electromagnets (LGS) ensure lateral stability. The track is laminated and longitudinal speed is out of
plane. The tube is omitted for simplicity.
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The remainder of this paper is organized as follows. Section 2 discusses the levitation
system design approach, outlining key stages starting with optimization and moving to
controller synthesis and system-level integration. Section 3 reports the overall maglev
system power consumption with respect to smooth and irregular track conditions. Finally,
Section 4 concludes this work.

2. Design Methodology

For each configuration, adequate geometry is obtained in a multi-objective genetic
algorithm optimization using MATLAB R2024b coupled with COMSOL Multiphysics 6.2
by means of COMSOL LiveLink. This geometry is then studied to characterize the drag
force. Drag force evaluation is based on the Bertotti iron loss model, computed for a certain
number of harmonics. The study and optimization of these configurations are performed
in two dimensions to reduce computational cost. Gap control synthesis is then outlined
and expected track perturbations are discussed.

2.1. Multi-Objective Optimization

The levitation system—active or hybrid—is represented by an elementary module,
which represents the most basic actuation unit for levitation purposes. This modular
reduction allows for fast computations during the optimization process. Subsequently, the
full levitation system can be constituted by multiple modules in parallel, according to the
force requirements. The layout of both levitation module configurations is depicted in
Figure 2. At the system level, bogies are installed with multiple levitation modules. For
the hybrid case, the use of PMs with alternating polarity provides a force bias. For the
active case, the back-iron is extended in place of the PMs to form the core. A bias current
ensures levitation.

v

Velocity
X"
Track h,
Y
Y-
: W w2
Gap — ey | A
i i v
&
g Iron g g PM g Ny,
Y.
A
Back-iron hy,
Y..
(a) (b)

Figure 2. (a) Active levitation module geometry in the xz plane consisting of iron core and coils.
(b) Hybrid levitation module geometry in the xz plane. Boundaries marked in red represent periodic-
ity conditions for the magnetic pole pair. Track height /it and back-iron height hy, are selected within
the optimization. Gap height kg is constant. Total coil width w., magnet width wn,, and magnet
height Iy, are degrees of freedom in the optimization.

Physical and operational constraints such as overall system length and achievable
positive stiffness of levitation magnets demand the definition of a suitable magnet geometry.
Width wr, and height hy, are two crucial parameters for the magnets in the hybrid case and
for the core in the active case. The total coil width w, strongly affects the positive stiffness.
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These parameters are set as optimization variables. Additionally, the out-of-plane thickness
(or module length) Ly, is a variable parameter in the optimization.
The three objective functions defined for the optimization are

81 = 1/Pmod (1)
82 = My + Miey )
83 = 1/kmod (3)

where F,,oq denotes the module force in the vertical axis. The terms m and m)e, refer
to the mass of the track and the mass of levitated bodies, respectively. ko4 denotes the
positive magnetic stiffness of the module, computed as

F—-F
21 — 22

kmod = 4)
where F; and F, refer to lift forces in extremum operating conditions (p; and p», respec-
tively), reported in Table 1 for the two modules. The total gap deviation, z; — z», is used.
For the hybrid case, control current density varies from J; = 9A/ mm? to J, = —9 A/mm?
when the gap ranges from maximum to minimum. A flux-weakening action is imposed
when the gap decreases. The bias current density for the active case is set at J, = 4 A/mm?
to prevent thermal energy accumulation given a near-vacuum environment. Control cur-
rent density varies from J; = 8 A/mm? to [, = —4 A/mm? when the gap ranges from
maximum to minimum, adopting a differential driving scheme [25]. It is worth noting
that these current density and air gap values represent extremum working points rather
than stationary conditions. Nonetheless, the operation of the levitation system—even if
transient—must be satisfied through all possible working points.

The cost function g; in Equation (1) targets the force capability of the module. The
inverse of the force facilitates its minimization in the optimization. g, in Equation (2) aims
at solutions that minimize overall module mass. g3 in Equation (3) maximizes the positive
stiffness of the module. As in Equation (1), the inversion allows for formulating a function
to minimize it.

The optimized design of the modules requires several constraints, outlined in the
following. The total length of the bogie Ly, is restricted to Limax = 30 m when in nominal
operating conditions. The force per module F,,.q is used to estimate the length of the bogie,
knowing the mass to be levitated. An initial selection phase of back-iron height /i, and track
height h; is carried out at operating point p; in Table 1. The height is chosen such that the
flux density in the track B; and flux density in the back-iron By, are limited to By, = 1.6 T.
The flux density magnitude is computed and compared to the same threshold value By, in
the core of the active case. The module stiffness is required to be strictly positive.

The flow diagram in Figure 3 summarizes the computation of the cost functions. Each
optimization iteration involves a stationary finite-element simulation lasting approximately
five seconds. Two-dimensional models were discretized with a triangular mesh of approxi-
mately five thousand elements, where the magnetic vector potential was represented with
linear shape functions. The quality of the mesh was measured by an average skewness
of 0.91. Mesh independence tests were carried out with a refinement criterion of output
force variation below 5%. This configuration proved to be lightweight but accurate from a
computational perspective.
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Table 1. Operating conditions for hybrid and active modules used for optimization.

Current Density [A/mm?]

Operating Point Gap [mm] Hybrid Active *
p1 (extremum point 1) 23 9 8
p2 (extremum point 2) 17 -9 —4

* Bias current density in the active module is J, = 4 A/mm?.

—>| Select wy,, A, We, and L, |<—

81~

Compute nominal conditions
Foq and Ly,

Compute cost functions
81,82, 83

Figure 3. Levitation module optimization procedure. In the active case, the core magnetic flux density
must satisfy By, < 1.6 T. Involved variables: magnet width wp,, height I, and out-of-plane thickness
Lm; coil width we, back-iron height hy,, and track height h; flux densities in the track By and back-iron
By,; and module force Fy,,q, total bogie length Ly,, threshold bogie length Lnax, and module magnetic
stiffness ky,0q. Cost functions: g targets module force capability, g» represents overall module mass,
and g3 is the positive magnetic stiffness.

Pareto fronts of non-dominating solutions are extracted for the two cases, indicated in
Figure 4. Blue points refer to hybrid module solutions, whereas red points refer to active
module solutions. For the hybrid module, a solution is chosen prioritizing g; (levitation
force) and g, (mass), keeping the value of g3 (magnetic stiffness) to a minimum between
possible selections. The choice is made observing that g1 (levitation force) does not decrease
significantly as desired when g» (mass) increases. The inverse is observed when reducing
g» (mass), where g1 (levitation force) increases undesirably. For the active case, the solution
is chosen prioritizing g, (mass) to limit the size of the module. Levitation force (g1) is noted
to be comparable with the hybrid case; however the range of externally applied current
densities results in larger values of k;,,q compared to the hybrid module. Table 2 reports
the dimensional bounds and selected configurations for both studied cases. Note that it
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is the designer’s choice to prioritize the cost functions for the selection of a configuration.
Additionally, the results obtained highlight an out-of-plane thickness of the module (L)
that is at least three times larger than the magnet height (/). These results confirm that
the selection of a two-dimensional finite-element solution is sufficient for the purposes of
this research, as the role of end effects can be neglected.

1
Act.
08| it 1
C|e 3.89
s =
E 3.
= 0.6 -‘ 2 Hyb ]
i) ‘ T 2%
53 =214
04r =
‘ 2 168
1.23
0.2 r 0.78
& °
0 [ [ ¢ - v 10— 90— 00— @—
0 0.5 1 1.5
g1 [V/kN]

Figure 4. Two-dimensional Pareto fronts for both modules. Points in blue refer to solutions for the
hybrid module. Points in red refer to solutions for the active module. Cost functions relate to the

inverse of the module force (g7), its mass (g2), and the inverse of its positive magnetic stiffness (g3).
Selected solutions are circled for each case.

Table 2. Parameters obtained in multi-objective optimization of levitation module.

Dimension * Symbol Hybrid Active
Lower Upper Optimal Lower Upper Optimal

Magnet height hm 20 100 39.7 20 400 46.1
Magnet/tooth width Wm 20 100 66.4 20 100 141.6
Total coil width We 10 50 46 10 200 122.4
Out-of-plane thickness Lm 10 300 121.7 10 300 147
Back-iron height hy, 5 65 23 7 420 55.2
Track height h 5 65 23 7 420 55.2

* All dimensions in mm.

Considering a copper fill factor of 0.5, the optimization produces a large geometry that
satisfies the levitation requirement for the active case, limiting saturation under maximum
gap conditions. The size difference between modules is indicated in Figure 5. The hybrid
case benefits from the use of PMs, allowing for a comparatively compact solution. The
magnitude of the magnetic flux density and distribution of the final configurations are
reported in Figure 6 for the hybrid module and Figure 7 for the active module under
nominal levitation conditions. Magnetic flux density magnitude affects eddy current and
hysteresis losses. Adequate current density in the hybrid case is needed to account for a
large magnetic flux density.

H 10 mm

(a) (b)

Figure 5. (a) Hybrid module section view. Orange sections denote PMs. Grey sections denote the
back-iron or track. (b) Active module section view. Blue sections denote the core (iron). Grey sections
denote the back-iron or track.
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Figure 6. Magnetic flux density magnitude and distribution for hybrid case in nominal levitation
conditions.
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Figure 7. Magnetic flux density magnitude and distribution for active case in nominal levitation
conditions.

2.2. Losses and Magnetic Drag

A 2D COMSOL finite-element model is used in stationary conditions to output the
magnetic flux distribution necessary for loss computation. The Bertotti iron loss model is
used [26]. Specific losses are computed on the basis of three contributions: hysteresis, eddy
currents, and anomalous terms. The track is discretized, and the magnetic flux density
is computed along the coordinates of each segment. The Fast Fourier Transform (FFT) is
applied to the magnetic flux density. The magnetic flux distribution is assumed to be the
same along the depth of the module. The computation of these losses is outlined by

Ns [ N
Ploss = Mstrip E 2 KhnBz,nf + Ka(nBX,nf)l'S + Ke(an,nf)z (5)
q=1[n=1 q

where K}, is the hysteresis loss coefficient, K. the eddy current loss coefficient, and Kj the
anomalous loss coefficient. The hysteresis loss exponent is «. The mass of the discretized
strip msyip Scales the losses. The frequency f is dependent on the speed v and length of
the module:

0

- 2(wm + we) ©)

f

The FFT of the magnetic flux density in the longitudinal direction (x) for each har-
monic 7 is denoted as 3)(,". A total of N harmonics are evaluated for each segment. The
contribution of each strip g is summed over a total of N; strips to give the total loss in
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the track Pjss. Coefficients refer to M210-35A electrical steel. Table 3 summarizes the loss
coefficients and computation data.

Table 3. Bertotti loss model data and material coefficients for M210-35A electrical steel.

Parameter Symbol Value Unit
Hysteresis loss coefficient Ky 4.7 mWskg 1T *
Eddy current loss coefficient Ke 2 mWs?kg T2
Anomalous loss coefficient Ka 2.28 pWs!okg=1T-15
Hysteresis loss exponent o 3.701 —
Number of harmonics N 10 —
Number of strips Ns 100 —

2.3. System-Level Integration

Magnetic drag losses represent a portion of the power consumption in this maglev
system type. Gap control effort requires further power consumption due to the presence of
disturbances. Control algorithm design requires a knowledge of overall mechanical system
properties. The solution obtained at the component level is iteratively integrated into a
complete capsule and bogie system, schematized in Figure 8. Additional magnet mass
Mm is computed based on the total number of levitation magnets Nmag. Total mass m and
secondary suspension stiffness ks are evaluated. Frequency-domain behavior for vertical
dynamics is subject to constraints. The sprung mass natural frequency f; and unsprung
mass natural frequency f, are limited by upper and lower bounds, f;y and fi 1, with
k = s, u. These bounds ensure that fs < f,,, guaranteeing proper decoupling of dynamics
for both masses. Bogie length L;, must satisfy a total length constraint Lmax = 30m. Active
lateral guidance electromagnets are assumed for both cases. Lateral guidance module
number is computed assuming a banking condition with a static centrifugal force F;
incident on the system. The banking angle is assumed to be 6°, with a turn radius of
3 km and speed of 400 km/h. The additional mass mg due to the required number of
lateral guidance modules is computed and m; is updated for the next iteration of levitation
magnet mass computation. An exit condition for the integration loop is included, where
the number of levitation magnets in the current iteration Ny,g; is compared to that of
the previous iteration Nmag,i,l against a predefined error Nmagerr- Once complete, a
suspension damping value cs is selected for adequate passive attenuation in the frequency
domain. Note that auxiliary components, such as the onboard battery and propulsion
system, are neglected.

Table 4 summarizes the main mechanical parameters at the system level for the
two cases. Note that the additional mass introduced differs significantly between the
two configurations. Larger active levitation modules augment the mass of the bogie.
Available data in the literature is consulted regarding the sensibility of obtained mechanical
features for the two cases. The percentage of levitation actuator mass with respect to total
levitated mass is used as a comparison indicator. For the present active case, 16.8% of
the total levitated mass is composed of the levitation system. In [27], the system studied
is based on the Shanghai Maglev, with 15.4% of the levitated mass represented by the
levitation system. Another study on a similar maglev vehicle indicates 20% of the levitated
mass reserved for the levitation system [28]. These metrics confirm that the obtained active
case falls within reasonable mechanical limits. However, it is noted that constraints on
capsule and bogie natural frequencies result in larger secondary suspension stiffness.
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Update m, and k;
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N
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Select ¢,
Extract m,, mg, f;, fu, and k;

Figure 8. Integration procedure of levitation and guidance modules into maglev system. Involved
variables: levitation system mass 1mn, total number of magnets Nmag, total mass m;, secondary sus-
pension stiffness ks, capsule natural frequency fs, bogie natural frequency f,,, and natural frequency
upper bound f; iy and lower bound f; 1, with k = s, u; static centrifugal force F,;, guidance system
mass Mg, and number of levitation magnets in the current iteration Np,g; and previous iteration
Nmag,i—1; and exit condition error Ney;,; and secondary suspension damping cs.

Table 4. Parameters obtained during the sizing of heteropolar maglev systems.

Parameter Symbol Hybri dValue Active Unit
Total number of magnets Nmag 216 200 —
Levitation system mass Mm 1272 5578 kg
Guidance system mass Mg 1711 2631 kg
Capsule mass M 20 20 ton
Bogie mass my, 5 5 ton
Capsule nat. freq. fs 1 1.45 Hz
Bogie nat. freq. fu 4.4 12.8 Hz
Capsule nat. freq. lower bound fsL 0.85 0.85 Hz
Capsule nat. freq. upper bound fsu 2 2 Hz
Bogie nat. freq. lower bound fuL 4 4 Hz
Bogie nat. freq. upper bound fuu 8.2 15 Hz
Secondary susp. stiffness ks 0.99 1.69 MN/m
Secondary susp. damping Cs 150 600 kNs/m

2.4. Control Strategy

The position controller is defined with proportional-integral-derivative (PID) control.
The choice of parameters is made with the use of linear coefficients characterizing the
actuators [25]. The coefficients are
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Ky = — 7
= 5 @)
oF
K = (—T (8)
1 ZdZO

where the force—displacement factor Ky and force—current factor K; depend on the actuator
force F. The behavior of force with respect to displacement at null control current (ic = 0)
is described in Equation (7). The behavior of the force with respect to the control current
at null vertical displacement (zq = 0) is described in Equation (8). Ky is included in the
state-space representation of the two-degree-of-freedom system, isolating vertical dynamics.
It is also termed negative stiffness: force increases for a decreasing gap. The schematic in
Figure 1 is used as a reference. A single input, single output system is defined, and the
position controller is expressed as

I DN
Gprp =P+ -+

s 1+ N/s ©)

where P is the proportional gain, I the integral gain, and D the derivative gain. A closure
pole factor N is included for the derivative term. The Laplace operator is denoted by s.
The proportional gain is defined by

(271fu)? (M + Mm + mg) + KxNmag /2

P pr—
KiNmag/2

(10)

where the added levitation magnet mass 1y, and lateral guidance magnet mass mg are
summed with the bogie mass my,. The expression refers to an equivalent stiffness identified
in the equation of motion of the bogie. A compensation of the negative stiffness Ky is
necessary to ensure stability. The proportional gain is tuned to attain the desired undamped
bogie natural frequency in Table 4. The derivative and integral gains are tuned for an
adequate attenuation of sprung and unsprung mass natural frequencies. Controller gains
are summarized in Table 5.
The closed loop transfer function is

Ger — GPIDKi]\]mag Gsys /2
ot 1+ GPIDKiNmagGsys /2

(11)

where Nmag is the levitation magnet number and Gsys the mechanical system state space.
The magnet number is halved, as each module is modeled with one magnet pole pair and
Ky and K; are calculated per module. Although the position controller should be cascaded
with a current controller, the dynamics of the latter are not included in the closed-loop
transfer function, assuming a sufficiently large bandwidth for current compensation.

The corresponding frequency responses are shown in Figure 9. Although gains differ,
closed-loop behavior in the frequency domain remains comparable. Controller parameters
are selected on the basis of ensuring stable operation and suitable frequency-domain
behavior. The use of PID control serves to outline a key aspect of maglev system design. A
variation in capsule mass by +25% forms an envelope delimiting the nominal response.
It is estimated based on the upper bounds of passenger weight and a consideration of
possible mass overestimation. In both hybrid and active cases, capsule mass variation is
expected to have minimal impact on system dynamic behavior.
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Table 5. PID gains for hybrid and active systems.

Value .
Parameter Symbol Hybrid Active Unit
Proportional gain P 35.99 541 kA/m
Integral gain I 50 20 kA /ms
Derivative gain D 900 300 As/m
Closure pole factor N 103 103 -
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Figure 9. Closed-loop transfer function G¢p, for hybrid (blue) and active (red) cases. An envelope for
each transfer function is included based on a variation of +25% in the capsule mass.

The position controller is implemented with a zero-power law. For quasi-static loads
applied to the capsule or bogie, constant power dissipation is present if a fixed reference gap
is imposed. This is mitigated by setting a variable gap reference. This is achieved by means
of a proportional gain dependent on the linear coefficients of the actuators. Equation (12)
indicates this modification as

Pi = ai% (12)
where P, is the gain that converts a constant current consumption value to a constant
displacement. The coefficient 4; is used as a tuning factor.

The synthesized controller is implemented in a Simulink model that exploits force,
inductance, and induced back-EMF look-up tables as functions of gap and control current.
Additional look-up tables characterizing the drag losses are functions of longitudinal speed,
gap, and control current. They are populated with data from the already presented simu-
lations in COMSOL Multiphysics. In this step, a current controller is included, featuring
a relatively wide bandwidth of 1 kHz, preserving the assumption made during position
controller synthesis. The current controller was tuned to compensate for the dynamics of
the electromagnet impedance through zero-pole cancellation. Figure 10 indicates the full
control scheme.

The coordinate zi represents the track displacement profile, and the relative velocity
is z;. Bogie displacement is zy and the term zg,p, is the gap compared to the reference
displacement z.¢. The displacement error z¢, is fed into the position controller to produce
the reference current i, that is compared with the coil current i.,;. The current error is
ierr and is fed into the current controller Gp; to produce the voltage command V. The
actuator model outputs the net force on the bogie Fet. The variable position reference
depends on the coil current passing through a low-pass filter Gy pr to isolate the steady-state
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current consumption iss, which is compared with the null current setpoint 7y. Finally, the
steady-state current error igs orr is scaled with the proportional gain in Equation (12).

Zy

Grpr [«
— 0

Figure 10. Control logic of the maglev system. Involved variables: track displacement zi, and relative
velocity Zy; bogie displacement zy, gap zgap, reference displacement z,¢, displacement error zerr,
reference current iy, coil current iy, current error ierr, current controller Gpy, voltage V, net force on
the bogie Fnet, low-pass filter Gy pg, steady-state current igs, null current setpoint iy, and steady-state
current error isserr.

2.5. Track Irregularities

Track irregularities are a potential disturbance type expected by the system. To
investigate the control effort at certain longitudinal velocities, a track irregularity profile is
computed from the power spectral density (PSD) in Figure 11, based on a characterization
in the literature [29]. The computation of the random track profile is carried out with
a harmonic approach. Sinusoidal signals with amplitudes derived from the PSD are
summed [30]. The PSD is scaled by a factor of 0.05, giving a root-mean-square (RMS)
displacement of z, rj1s = 0.6 mm, assuming tighter track machining tolerances.
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Figure 11. Power spectral density (PSD) of track irregularities. Track irregularity profile over a 2 km
length is generated by summing sinusoidal signals with amplitudes computed from the PSD.
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3. Numerical Results

Power consumption due to magnetic drag and track irregularities is evaluated for
the system with integrated levitation and guidance modules. Power consumption due to
aerodynamic drag is assumed to be identical for both cases. The mechanical system state
space, controllers, and actuator model are assembled in a Simulink time-domain model.
Firstly, smooth track conditions are simulated to assess power offsetting magnetic drag. The
steady-state levitation power in the active case is included. Secondly, control power due
to track irregularities is studied. Although eddy current losses refer to propulsion power,
and gap control effort refers to levitation power, the combination of the two contributions
remains of interest assuming a unique onboard power source.

Simulations were run using an ode23t solver for stiff problems and an integration
time step of 10 us. Figure 12 indicates the average specific consumption—power drawn
per levitated kilogram—of one capsule for a speed range of 400-700 km/h in smooth track
conditions. Magnetic drag power consumption is minimal due to the use of a laminated
track, evidenced in the hybrid case. In the active case, much of the power is associated with
levitation; however the request per kilogram is agreeable due to the large electromagnet size.

e
()]
T

Hybrid | -
Active

o
~
T
1

I
[\
T
1

Specific consumption [W/kg]
o o
[ w

O T T T T 1
400 450 500 550 600 650 700

Longitudinal speed [km/h]

Figure 12. Average specific consumption (power drawn per levitated kilogram) in smooth track
conditions over a speed range. An increase in specific consumption is noted for increasing speed due
to increasing magnetic losses. An offset for the active case accounts for the bias coil current.

The presence of track irregularities demands a control effort due to a constant gap
policy. The average specific consumption for both cases is reported in Figure 13 for the same
speed range. Power request increases with speed as the temporal frequency of perturbations
increases. The specific consumption of the hybrid case is noted to surpass that of the active
case beyond a speed of 662 km /h. At a speed of 400 km /h, the specific consumption of the
active case is approximately 2.3 times greater than in the hybrid case. Figure 14 outlines the
RMS and peak current densities for both cases. The peak current density in the hybrid case
is almost 3.1 times greater than in the active case for the maximum speed of 700 km/h. The
duration of current peaks is sufficiently short, posing no threat of Joule loss damage. The
RMS current density in the active case shows a slight linearly proportional variation across
different speeds, with values ranging from 4.2 A/mm? to 4.4 A/mm?. Conversely, the
hybrid setup starts with 4.5 A/mm? at 400 km/h and increases linearly up to 7.9 A /mm? at
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700 km/h. Given vacuum conditions, accumulation of thermal energy may be critical. This
drawback highlights the need for active cooling at high speed. The design and inclusion of a
thermal management system go beyond the scope of this work; however, there exist several
potential solutions. Cooling methods explored for rotating machines can be considered,
such as coolant-carrying channels introduced at hotspots [31]. A dedicated heat exchange
system is also needed on board to ensure adequate inlet coolant temperature.

0.55 - . . . :

0.25

Specific consumption [W/kg]
o
W
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2
0 Active

0.15 - - - - -
400 450 500 550 600 650 700

Longitudinal speed [km/h]

Figure 13. Average specific consumption (power drawn per levitated kilogram) due to magnetic drag

and random track irregularities over a speed range. Specific consumption increases for both modules
as irregularity frequency increases. The hybrid case requires more specific consumption than the
active case beyond a speed of 662 km/h.
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Figure 14. Coil current density in irregular track conditions over a speed range. Peak and RMS

quantities are reported. A steeper increase in both peak and RMS current densities for the hybrid
case indicates a greater control effort in managing PM negative stiffness.
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Figure 15 indicates the specific consumption savings for the hybrid case with respect
to the active case. A negative value refers to a saving (reduction with respect to the active
case). For smooth track conditions, a minimum specific consumption reduction of 97.6%
is achieved for the hybrid system when traveling at 700 km/h. The percentage reduction
decreases with increasing speed as the hybrid case features a higher nominal magnetic
flux density magnitude in the track, yielding greater losses. When track irregularities are
included, the hybrid case consumes more power per kilogram beyond a speed of 662 km/h,
requiring 5.6% more specific consumption than the active case at a speed of 685km/h. The
maximum power reduction is achieved at 400 km/h with 57.2%. Power reduction for the
hybrid case with respect to the active case decreases when speed increases under irregular
track conditions. This is attributed to the control effort required to manage the negative
stiffness of the PMs in the hybrid case at higher-frequency perturbations.
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Figure 15. Specific consumption reduction for hybrid case with respect to active case over a speed
range. Significant power savings shown for smooth track conditions. Savings decrease for increasing
speed in irregular track conditions due to greater control effort.

4. Conclusions

The design approach for a heteropolar magnetic levitation system has been presented
in the cases of hybrid and active configurations. The methodology can be extended to other
levitation architectures. Component-level parameter selection for both module types is
based on a Pareto front obtained through a multi-objective genetic algorithm optimization.
Levitation modules are integrated into a capsule and bogie system, with adequate position
controller design with respect to desired frequency-domain behavior. Power consumption
due to eddy current losses is computed with the Bertotti approximation. The power
to generate and control the magnetic field is considered in smooth and irregular track
conditions for the two-degree-of-freedom system in a numerical validation.

The hybrid case outperforms the fully active case in specific consumption for a large
part of the speed range. Average specific consumption in smooth track conditions is 97.6%
lower in the hybrid case compared to the active case for the maximum speed of 700 km/h.
For lower speeds power savings are greater. In irregular track conditions, a benefit in
specific consumption is observed up to a speed of 662 km/h. The maximum percentage
reduction is 57.2% at the minimum speed of 400 km/h.
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Smaller hybrid levitation modules favor practical system-level integration. However,
the hybrid system presents several drawbacks: magnets are at risk of adhering to the track
in the case of control failure, and thermal management must be addressed to prevent PM
demagnetization. These issues can be solved with further design considerations such as
cooling system development and flux weakening to prevent or reverse PM—track adherence.

Further work involves the characterization of hybrid homopolar levitation modules
where the magnetic circuit is transverse to the track. Moreover, the optimization approach
may be extended to the lateral guidance system. A comparison can be made between
homopolar and heteropolar magnet systems with regard to magnetic drag. Indeed, a
homopolar arrangement does not require a laminated track as the magnetic flux density
variation is minimal along the length of the pad. An experimental validation of the drag
loss modeling approach is necessary for both heteropolar and homopolar arrangements.
The development of a thermal management system remains an important aspect to ensure
the technology’s feasibility. Addressing the risk of PM—track adherence in the hybrid case
is also a focus of future work. Indeed, independent control and actuation of levitation
modules guarantee lift compensation in the event of module failure. The inclusion of
skids on PMs also allows for smaller flux-weakening current densities in the event of
PM-track adherence.
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Abbreviations

The following abbreviations are used in this manuscript:

E End-winding

EDS  Electrodynamic suspension
EMF  Electromotive force

EMS  Electromagnetic suspension
FFT  Fast Fourier transform

LGE Lateral guidance electromagnet
PM Permanent magnet

PID  Proportional integral derivative
PSD  Power spectral density

RMS Root-mean-square
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