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Abstract
A hybrid suspension system is proposed for maglev

transport that utilizes electromagnets (EM) in combi-
nation with permanent magnets (PM). Several design
schemes are compared searching for optimum perfor-
mance. Sufficient reduction of power consumption and
stray field is achieved on the hybrid configuration as
compared to conventional EM suspension systems.
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1 Introduction
The maglev transportation technology utilizes mag-

netic suspension to provide propulsion of a levitated ve-
hicle along the track without mechanical contact. The
vehicle is suspended with the force produced by elec-
tromagnets or permanent magnets [Bocharov, Nagorsky,
1991; Dzenzersky et.al., 2001; Kim, 2007; Zaitzev et.al,
2010]. This eliminates contact friction, and the train mo-
tion is only affected by air and magnetic drag. A linear
motor can propel a maglev vehicle with the speed much
higher than achievable for conventional wheel-rail trains.

Design schemes for the electromagnetic suspension
(EMS) are discussed. EMS uses an attraction force gen-
erated by interaction of the electromagnets on the vehi-
cle and ferromagnetic guideways. A constant air gap is
kept between the suspended vehicle and the track. The
gravitational force acting on the vehicle is equal to the
attraction force that depends on the current of EM coils
and the size of the levitation gap. The EMS system is in-
herently unstable, and the active suspension control must
be applied to ensure the constant levitation gap and the
train stability. The control strategy is in general relies
on the continuous and fast adjustment of the EM coil
current [Zhuravlyov, 2003; Balandin, Kogan, Biryukov,
2017].

The EMS levitation is cost- and power-consuming as
the attraction force is proportional to the coil current. In
addition to heavy power sources, cooling systems are re-
quired to prevent overheating of the electromagnets due
to high currents.

To reduce power consumption, a hybrid suspension is
utilized with a combination of EM coils and permanent
magnets [Amoskov et.al., 2018a; Andreev et.al., 2019].
The force generated by the permanent magnet adds to
the electromagnetic attraction, and therefore reduces the
coil current required to suspend the vehicle. The hybrid
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Figure 2. Modified designs of hybrid PM-EM system shown in
Fig.1e: (a) – original configuration, (b, doubled magnet configurations;
(d) single-coil configuration. Notation: (1) – PM, (2) – magnetic core,
(3) – ferromagnetic guideway. (4) – EM.

Figure 1. Hybrid suspension systems: [Tzeng and Wang, 1994] (a),
[Onuki and Toda, 1993] (b), [Kim et.al., 2013] (c), [Kim et.al., 2010]
(d), [Safaei et.al., 2015] (e), [Erkan et.al., 2011] (f).

suspension makes it possible to increase payload without
increase in power consumption.

To ensure a constant air gap between the vehicle and
the track at varying load, a change of attraction force
generated by PM can be employed. A possible solution
is described in the US patent [Patent 7533616]. The Rus-
sian patent [Patent 2573524] proposes to adjust the air
gap with a pair of electromagnets located above and be-
low the ferromagnetic guideway.

Both conventional EMS and hybrid PM-EMS enable
two principal functionalities: (1) suspension owing to
attraction force between the magnet and ferromagnetic
guideways and (2) dynamic adjustment of the air gap.
The suspension control algorithm utilizes a feedback of
the EM coil current. A rated coil current should provide
suspension of the load with the desired air gap. The cur-
rent deviations are regulated so that to keep the air gap
constant.

Typically, the rated current in a conventional EMS is
ten(s) times higher than deviation amplitudes. This im-
plies high power consumption. In a hybrid suspension
(e.g. [Patent 2611858]), the rated current is comparable
to an average current deviation that results in low-power
performance.

2 Hybrid suspension
There are various configurations to add PM in the

magetic circuit of a hybrid suspension. Fig.1 illustrates
several implementations.

High-coercivity PM (NdFeB) provides main load ca-
pacity, while EM coils are used for dynamic control and
levitation stability. The attraction force generated by PM
neutralizes the gravitational force and enables levitation
of the vehicle with a certain air gap. With variable load
during loading or unloading only a low coil current is
used to adjust the air gap. The Ohmic power consump-
tion is minimized as the load is levitated even at zero cur-
rent in the EM coils. This is called the zero-power con-
trol [Morishita et.al., 1989]. Another advantage of the
hybrid suspension is its lower size and weight as com-
pared to EMS [Wang and Tzeng, 1994].

The hybrid suspensions presented in Figs.1c and 1d
are most studied. One of the latest design solutions
[Safaei et.al., 2015] shown in Fig.1e offers lower energy
cost and higher lifting force. However, this configura-
tion suffers from a rather high stray field outside the air
gap between the PM polar area and the ferromagnetic
guideways. This may lead to sticking of foreign objects
and worsened maintainability, electromagnetic compati-
bility, and environmental safety.

A new design concept with improved performance is
considered in this paper. The hybrid suspension from
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Figure 4. Hybrid suspension with V-shaped PM.

Figure 3. Magnetic flux in hybrid suspension system: hybrid PM-
EM system shown in Fig.2a (a) modified PM-EM system shown in Fig
2d (b). Notation: (1) – PM, (2) – magnetic core, (3) – ferromagnetic
guideway, (4) – EM, (5) – stray field.

Fig.1e has been modified as shown in Fig.2. Fig.2a is
the original magnetic scheme. The magnetic flux di-
rection is indicated with arrows. Figs.2b,c present two
configurations employing a pair of the Fig.2a magnets
in different arrangements. The doubled magnets pro-
vide better concentration of the magnetic flux at the mid-
dle pole, and the total magnetic force rises more than
twice. This yields to a 20-30% increase in the spe-
cific magnetic force as compared to the original config-
uration. The doubled configurations, Fig.2c in the first
place, also provide substantial decrease of magnetic mo-
ment due to subtractive polarity of PMs, thus resulting
in low stray field. The scheme in Fig.2d utilizes a sin-
gle horizontal EM coil instead of the vertical coil used
in the original configuration. This reduces the conductor

mass by twofold while the magnetic characteristics re-
main unchanged. The single-coil configuration has been
patented [Patent 2739939].

3 Hybrid suspension with V-shaped PM
The modified hybrid suspension [Patent 2739939] has

the same drawback as the original scheme [Safaei et.al.,
2015]. Stray field outside the working zone reaches up to
15-20% of the generated magnetic flux as illustrated in
Fig.3 In the plot pale areas indicate stray field associated
with lower sides of PM.

The concept proposed in [Patent 2743753] enables suf-
ficient improvement of the field distribution. This con-
figuration employs a V-shaped PM assembly as shown
in Fig.4. The permanent magnets are tilted symmetri-
cally around the vertical axis. The magnetic circuit has a
horizontal bridge at its lower side near the V-joint. The
bridge is separated with an air gap from the joint thus
preventing the magnetic flux closure. Such configura-
tion ensures high mechanical strength and low stray field
without deteriorating dynamic performance. For com-
parison, a similar bridge introduced in the single-coil
structure (Fig.2d) would bypass the generated magnetic
flux almost entirely so that the levitation force falls to
zero.

Performance of the V-shaped hybrid system has been
studied in a series of parametric simulations with de-
tailed numerical models. Well-proven codes created
for EM computations of accelerators and tokamak mag-
nets were adapted to the simulations. The applied soft-
ware tools are protected by national patents and certifi-
cates [Amoskov et.al., 2014a; Amoskov et.al., 2015a;
Amoskov et.al., 2015b; Amoskov et.al., 2016; Amoskov
et.al., 2018b; Amoskov et.al., 2014b; Amoskov et.al.,
2008]. Virtual prototyping was supported by measure-
ments on a test setup to validate the models and optimize
the hybrid suspension design.

Figs.5 and 6 present a simulated field map of the V-
shaped configuration in a comparison with the field from
the vertical PM. The plots demonstrate that the V-shaped
PM design is capable to reduce sufficiently stray field of
the hybrid suspension system.

As compared to the previous configurations (Figs.2a
and 2d), the hybrid suspension with V-shaped PM has
improved suspension force characteristics. The force
characteristics of a suspension system may be assessed
through the parameter k:

k = (F × h)/P,

where F [N] is the attraction force generated by PM at
the air gap h and zero current in EM coils; P [N] is the
weight of the suspension system.
k reflects the magnetic circuit efficiency and rises with

reduction in the weight. The proposed hybrid suspension
system has k twice higher than that of previous configu-
rations, therefore offering an advantage of a lesser mass.
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Figure 5. Simulated field map for hybrid suspension system with ver-
tical arrangement of PM (Fig. 3b). Coil current I = 4 kA, air gap
h = 5 mm

Figure 6. Simulated field map for symmetrical half of hybrid suspen-
sion system with V-shaped PM (Fig. 4). Coil currnt I = 10 kA, air
gap h = 10 mm.

4 Conclusions
A promising design solution is described for a hybrid

PM-EM suspension system for maglev transport. The
proposed configuration ensures low stray field and re-
duced power consumption. Established computational
techniques enable generation of extensive parametric
databases as well as synthesis and optimization of mag-
netic levitation systems for practical implementation.
The analysis shows that the hybrid suspension systems
have the potential of a compact design with a low power
consumption and increased load capacity as compared to
conventional EMS.
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