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ABSTRACT This paper investigates a magnet-free, two-position electromagnetic gear-shifting actuator
designed for mobile machinery applications. Unlike conventional hydraulic, pneumatic, or electromechani-
cal systems, the proposed actuator employs tangential electromagnetic forces to engage and disengage gears
without permanent magnets, thereby eliminating concerns about cost, sustainability and supply chains of
the rare-earth materials. A systematic design methodology is presented, starting with simplified two-coil
configurations and progressing to multi-coil topologies with advanced flux-guiding strategies — resembling a
linear actuator. Axisymmetric finite-element simulations are used to evaluate force characteristics, transient
dynamics, and sensitivity to environmental variations. Particular emphasis is placed on the influence of
surrounding ferromagnetic structures, which are shown to significantly alter the magnetic flux distribution
and reduce actuation force if not properly accounted for. Case studies demonstrate that while two- and
three-coil designs suffer from force sags and premature flux leakage, a multi-coil (e.g. six-coil) topology
can sustain the required engagement forces in most environments, though performance degrades under full
ferromagnetic enclosure. Results indicate that actuator performance strongly depends on spatial clearance
from ferromagnetic components, rotor mass, and coil switching dynamics. The findings provide practical
design guidelines for integrating magnet-free electromagnetic shifters into electric vehicle drivetrains,
highlighting both the opportunities for sustainable materials and the challenges of flux management in
constrained environments.

INDEX TERMS Electromagnetic actuator, gear shifting, linear actuator, ferromagnetic proximity, finite
element analysis, automotive drivetrains, mobile drivetrains.

I. INTRODUCTION

The industry of mobile machinery is undergoing a trans-
formative shift toward electrification, driven by strin-
gent emission regulations and the growing demand for

The associate editor coordinating the review of this manuscript and

approving it for publication was Diego Bellan

sustainable, energy-efficient mobility solutions [1], [2], [3].
While significant progress has been made in advancing
electric drivetrains, particularly high-efficiency motors and
advanced battery systems, substantial opportunities remain
in optimizing auxiliary subsystems. One area of research
is the electrification of gear-shifting mechanisms, which
has been shown to affect drivetrain efficiency and system
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reliability [4], [5]. Despite advancements in electrification,
systems for shifting gears and engaging or disengaging
drivetrain components remain necessary.

Gear shifting mechanisms in conventional and electrified
vehicles have evolved over decades, yet they still face
inherent limitations in efficiency, durability, and integration
with modern powertrains [6], [7]. The most common
approaches include:

« Manual transmission, relying on a driver-operated clutch
and shift fork, is simple but suffers from high frictional
losses, slow response, and full dependence on driver
performance.

o Pneumatic systems, which employ compressed air, are
bulky, moisture-sensitive, and slow to respond.

o Hydraulic systems, based on pressurized fluid, are
energy-inefficient because of continuous pump opera-
tion, complex to maintain, and exhibit poor cold-start
performance.

« Electromechanical systems, using electric motors or
solenoids to actuate shift forks, reduce hydraulic depen-
dence but introduce cost, complexity, and long-term
wearability concerns.

To address these challenges, researchers have increasingly
explored electromagnetic actuators, where gear engagement
is achieved directly by magnetic forces rather than mechan-
ical linkages [8], [9], [10], [11]. Such actuators offer the
advantages of simplified structure, rapid dynamic response,
and enhanced durability [12], [13].

Among various approaches, the coaxial magnetic actuator
employing permanent magnets is the most studied. It benefits
from strong magnetic flux density, inherent self-holding
capability, and simple control requirements [14], [15].
However, dependence on rare-earth magnets raises concerns
of cost, resource scarcity, and sustainability. Although
alternative magnets such as SmCo have been investigated,
they require larger magnet volumes and compromise per-
formance [16], [17]. Non-rare-earth magnets also exhibit
reduced flux density and coercive force, necessitating careful
thermal and demagnetization management.

An alternative is the switched reluctance principle, which
eliminates permanent magnets and instead exploits variable
reluctance flux paths [18], [19], [20], [21]. While such
designs can achieve competitive performance, they are highly
sensitive to surrounding ferromagnetic structures, which
may disturb the magnetic circuit and complicate integration
into the drivetrain. Successful implementation therefore
requires careful flux path design at the system level. Without
this, integration becomes case-dependent and difficult to
generalize.

Although recent studies have introduced diverse
permanent-magnet and reluctance-difference-based shifter
concepts [22], [23], most ignore the influence of ferro-
magnetic surroundings, a factor critical for real industry
integration. This paper proposes a magnet-free, two-position
electromagnetic gear shifter capable of robust operation in
both ferromagnetic and non-ferromagnetic environments.
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Several industry prototypes have shown feasibility, includ-
ing Hoerbiger’s electromagnetic dog clutch, which employs
dual-coil actuation with spring-ball latching [24], Sigma
Powertrain’s disconnect clutch, which uses radial permanent
magnets for bidirectional flux and position holding [25],
and Dana’s electromagnetic actuator, which relies on dual-
coil excitation and normal magnetic force [26]. However,
these remain largely conceptual, with limited disclosure
on tolerance to ferromagnetic environments or dynamic
performance. This research therefore aims to bridge these
gaps, offering a solution that combines sustainable materials
and adaptability to geometrical constraints.

Il. GEAR SHIFTER CONCEPT

A. BASIC PRINCIPLES

Figure 1 illustrates the gear-shifting concept based on
switched-reluctance principle. With transfer ring (hereafter
referred to as the rotor) connection of two rotating shafts
can be controlled. Connection and disconnection happens
when external axial force is applied to the transfer ring
in order to move it between two shafts. The initial design
concept employs a tangential electromagnetic force to
achieve shifting. One of the two stator coils is energized at
a time to attract the rotor toward the corresponding side and
engage that gear position.

Stator

Coil

Transfer ring
(rotor)

Shaft 1

Shaft 2

FIGURE 1. The concept of gear shifting using tangential magnetic force.
The transfer ring (colored blue) is actuated by the forces from the
energized coils (colored orange) to connect or disconnect two shafts.

Torque transfers from driven shaft through transfer ring to
non-driven shaft. Transfer ring has involute splines at inner
surface that match involute splines at outer surfaces of shafts.
By shaping involute spline teeth tips to V-shape, transfer
ring can engage even when teeth are not aligned. To enable
engagement, shafts speeds must be at the same range and
drive torque should be low, hence, the device is primarily used
with electric drives, where the shaft speeds and torques can
be precisely controlled for smooth engagement. This allows
to have shifting force lower than in traditional gear boxes
coupled with combustion engines.

If the electric motor sets ~zero torque and speeds
are well matched, engagement needs only small force to
overcome friction in the case of spline teeth misalignment.
We, however, strive to retrieve maximum possible actuation
force out of the required size. Based on a simplified quasi-
static model that assumes uniform load sharing among the

6723



IEEE Access

D. Zadorozhniuk et al.: Two-Position Linear Electromagnetic Gear-Shifting Actuator

tooth flanks, pure Coulomb friction, and a constant flank
angle, we have calculated the minimum axial force needed
to overcome flank friction and enable continuous sliding
through the full engagement under the worst-case splined
teeth alignment. Possible alignment cases at the engagement
moment are shown in Figure 2. Electronic control can set
torque difference between transfer ring and shaft during
engagement to AT ~ 3 Nm, acting at a contact radius
¢ = 46 mm, which corresponds to a tangential load Fy:

AT

Fy =652 N N

Ie

With a tooth tip angle of o« = 30°, the flank angle to the
axial direction is 8 = 60°, so the normal force on the flanks
becomes:

Fr

N = —
sin 8

=753N 2)

Assuming a friction coefficient u = 0.15 for the lubricated
steel contact, the axial friction force resisting the ring motion
is:

F,=Nu=113N 3)

The friction force itself is not demanding. Nevertheless,
achieving a higher actuation force is desirable when compar-
ing this solution with devices of similar size and purpose [27].
A larger available force provides margin to cover for residual
torque (above 3 Nm), transient control delays, and driver-
induced disturbances, thereby improving robustness and
overall competitiveness of the design.

FIGURE 2. Relative spline teeth positions. (a) - starting point, (b), (c) and
(d) - spline teeth meshing cases. The worst case of friction scenario
happens at case (b), where splined tooth has to travel the whole tooth
width (from red dashed position into the black dashed position).

As shown in Figure 3, the electromagnetic actuator beats
conventional system in terms of compactness, therefore such
actuator is proposed for the systems with very limited space
allocated for the shifter. This naturally raises a question of
ferromagnetic surrounding influence on its performance.
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FIGURE 3. Drawing view of a) an electromagnetic actuator and
b)conventional motor driven fork shifter (dimensions are taken from [28]).

B. SIMULATION METHOD AND TECHNICAL
REQUIREMENTS

A full 3D finite-element model would provide the most
accurate electromagnetic simulation, but it requires a vast
amount of computational power and time due to the complex
surrounding geometries. Instead, by assuming the gear shifter
is symmetrical about its central axis (e.g., the Z-axis),
a 2D axisymmetric transient electromagnetic model can
be employed with acceptable engineering accuracy [29].
This approach assumes an even, symmetric environment
around the device in simulation. Notably, a fully enclosed
ferromagnetic surrounding is considered the worst-case
scenario for magnetic flux leakage, and this configuration is
used as a baseline scenario in the analysis.

In practice, the moving part of the gear shifter (the
rotor) experiences two types of motion: linear motion (along
the Z-axis) and rotational motion (around the Z-axis).
Rotational motion does not significantly affect electromag-
netic behavior; hence, only the linear motion is modeled
in the 2D axisymmetric simulations. Consequently, mover
and shaft splines meshing is not explicitly modeled (since
no actual rotation is simulated). The simulations assume
perfect rotational synchronization between the transfer ring
and the shaft, which in a real system would be ensured
by the electronic control of the electric drive. Stationary
ferromagnetic components (stator, and any enclosure) are
modeled as S355 structural electromagnetic steel, with
nonlinear B— H magnetization curves included to account for
magnetic saturation. S355 is chosen deliberately to represent
the worst case scenario of possible adjacent parts. The rotor
is assumed to be made of strong surface-hardened shaft steel
that still retains its soft magnetic properties close to the
properties of S355.

Several shifters with the same design will be used across
different vehicle subparts. This necessitates a design that is
insensitive to variations in its electromagnetic environment,
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since the placement and number of nearby ferromagnetic
components will differ for each certain shifter. For instance,
ferromagnetic components could be close to the rotor side or
stator side; or in extreme cases, the device could be partially
or fully enclosed by ferromagnetic materials. The shifter’s
geometrical dimensions were therefore determined based on
the most spatially constrained installation, to ensure it can
integrate seamlessly across different vehicle subsystems. This
space limitations define maximum stator width —27.5 mm
and device total height —20 mm. Figure 4 shows a 2D
axisymmetric representation of the spatial design constraints
for the fully enclosed ferromagnetic scenario. In this design,
a 1 mm air gap between rotor and stator is chosen as it is
a mechanically feasible gap, reflecting the common design
rule of using the minimum possible air gap that is still
mechanically realizable.

Each candidate design is assessed through a detailed
evaluation, in which the magnetic force is computed and
plotted as a function of the rotor position along its travel
path. For a design to be deemed acceptable, the actuator is
required to consistently generate a sufficiently large positive
force component in the Z-axis (axial) direction throughout the
entire range of motion. This ensures that the desired actuation
capability is maintained over the full travel distance without
any loss of functional performance.

| mm
20 mm
0.2 mm 11 mm
L |
0.2 mm 27.5 mm
47 mm
— ~12mm
1 mm
_ ._1 mm

FIGURE 4. Geometrical constraints (2D axisymmetric view) dictated by
the most spatially limited configuration for a two-coil tangential gear
shifter. Simulation assumes 2D model is symmetrical around Z axis, which
coincides with a centerline of the simulation.

The simulations allow two types of coils excitation: current
source or voltage source. In the current-source mode, the coil
current rises instantaneously (a step input), so no significant
electrical transient occurs. This scenario is simplified and
suitable only for designs where electromagnetic transient
phenomena (such as eddy currents) are negligible, system
time constants can be ignored, and a DC current is applied.
The voltage-source mode, by contrast, accounts for the
winding’s resistance and inductance, so the current cannot
rise instantaneously. This mode is appropriate for designs
where the current direction in the coils must change during
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the stroke (since coil inductance and induced eddy currents
will then affect the current response).

Regarding mechanical dynamics, in the current-source
simulations the rotor motion is prescribed: the rotor is
assumed to move at a constant speed of 0.22 m/s (covering an
11 mm stroke in 50 ms) regardless of the instantaneous force.
This simplifies the analysis by decoupling mechanics from
the electromagnetic simulation in the ideal current-driven
case. For the voltage-source simulations, however, the rotor’s
motion is dynamically coupled: a rotor mass of 0.3 kg is used
in the model to include inertia, and the resulting acceleration
and velocity of the rotor are determined by the net axial force.
Force of 12 N is used in all simulations as a load (opposing)
force.

Coil windings are modeled as solid copper regions
characterized by the number of winding turns. Rectangular
conductors are assumed to be used, and active copper area
occupies 80% of total slot space, corresponding to the
constant copper space factor 0.8. This is important in voltage
source excited simulations, where the resistance of the
winding should be calculated as a function of the number of
coil turns. The actual physical space factor varies with the slot
geometry, and the winding cross-section area was adjusted
in each design to account for the necessary insulation space.
Since the coil manufacturing process assumes conventional
winding without resin impregnation, small voids between
turns remain, and the resulting effective space factor is
slightly below 0.8 for narrow slots and approaches 0.8 for
wider ones.

The selected instantaneous current density of 50 A/mm?
corresponds to 50 ms single stroke. In agricultural machinery
and light EVs there is no need for fast consecutive shifts
from one shifter. The duty cycle therefore can be defined by
the electronic control system, which can enforce a minimum
reload interval between engagements for safety reasons.
Since the proposed actuator can be used for different purposes
(e.g. transmission or hydraulics engagement), minimum
reload level can be adjusted, resulting in different duty
cycles. Assuming harsh duty, where one single actuator has
to perform shifting every 2 seconds, duty cycle is 2.4 %.
This results in an RMS current density of approximately
7.9 A/mm?, ensuring thermal safety even without active
cooling [30]. In practice, the coil current is inductance-
limited and does not reach its steady-state value within
one stroke, so the effective current density during normal
operation remains below 7.9 A/mm?.

An ambient operating temperature of 80 °C, typical for a
vehicle drivetrain, is assumed, and the steel B-H curve and
copper resistivity are set accordingly.

Ill. CASE STUDIES

To investigate the performance and robustness of the magnet-
free shifter, several design iterations were simulated under
different environmental conditions. The following case
studies consider increasing levels of design complexity: from
a simple two-coil actuator to a three-coil design, and finally
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a six-coil (multi-coil) configuration. Each design is evaluated
in the presence of ferromagnetic material near the actuator,
to assess sensitivity to ferromagnetic surroundings.

A. TWO-COIL ACTUATOR
For the first case study, a two-coil tangential-force actuator is
evaluated. Winding has 20 turns and a 4 mm? cross-section
area, which corresponds to 0.8 copper space factor. A current-
source excitation is applied: one coil (Coil 1) is energized
with 200 A DC (yielding approximately 50 A/mm? in the
conductor), while the other coil remains off. Figure 5 shows
the magnetic flux distribution and basic operating principle
for two scenarios: (a) the actuator is located in an open
environment (surrounded by air), and (b) with ferromagnetic
shafts located on the rotor side of the device. Figure 6 plots
the axial force versus rotor position for these two scenarios.
When the device is in a non-ferromagnetic environment,
the majority of the magnetic flux flow tangentially between
the stator and rotor teeth, thus producing a strong positive
force along the Z-axis. However, when ferromagnetic shafts
are present on the rotor side, a huge share of flux flows around
the device via an alternate low-reluctance path formed via the
shafts. This diversion significantly reduces the portion of flux
that contributes to useful tangential force (along Z-axis) at the
beginning of the motion.

FIGURE 5. Magnetic flux distribution in the two-coil tangential actuator
for two environmental conditions: (a) surrounded by air, and (b) with
ferromagnetic shafts on the rotor side. Main dimensions mentioned in
Fig. 2 apply.

Air surrounding
Shafts on the rotor side

300

[S)

o

(=]
1

[newton]

o
=}
1

Force_z

—r T —— — — T
0 2 4 6 8 10 12

Position [mm]
FIGURE 6. Axial (Z-direction) force vs. position curves for the two-coil

tangential actuator, in an air environment (red line) and with
ferromagnetic shafts on the rotor side(green line).
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Due to the above described flux leakage effect, the simple
two-coil topology cannot maintain high force in the presence
of nearby ferromagnetic material on the rotor side: the
ferromagnetic shafts from rotor side will always be present
and will introduce an alternative path for the flux, reducing
the effective tangential flux between the rotor and stator’s
intended teeth. A way to mitigate this is to concentrate
the flux between desired rotor and stator teeth even in the
presence of alternate paths. This insight motivates exploring
designs with more stator teeth and coils, as well as more
advanced coil excitation strategies that can adapt with rotor
position.

B. THREE-COIL ACTUATOR

1) CONTROL STRATEGY

As a next step, a three-coil actuator is proposed to better
guide the flux through the intended path. With three coils,
it becomes possible to control the direction of current in
different coils to steer the magnetic flux towards a specific
stator tooth. Figure 7 illustrates the control strategy for the
three-coil actuator in the presence of ferromagnetic shafts on
the rotor side. The rotor’s motion is driven in three successive
excitation phases, labeled Case A, Case B, and Case C, which
correspond to different combinations of coil currents:

o Case A: Coil 1 carries +120 A (red), Coil 2 carries
—120 A (blue), and Coil 3 is off. This configuration
concentrates flux into the desired stator tooth and
produces a strong positive force over approximately the
first 2 mm of travel.

o Case B: Coil 1 is switched to —120 A, Coil 2 remains
at —120 A, and Coil 3 is energized with +120 A. This
creates a high positive force from about 2 mm to 8.5 mm
of travel.

e Case C: Only Coil 1 remains energized (at —120 A)
while the other coils are turned off, providing the force
required to complete the motion (from ~8.5 mm to the
end of stroke).

In this three-coil design, position sensing would be
required to determine when to switch currents (from Case A
to B to C), for example, external optical sensor can play this
role. Figure 8 shows the force profile if described control is
used.

2) TRANSIENT BEHAVIOR

The three-coil arrangement as described allows the flux to
be redirected dynamically, maintaining a favorable force
profile even when ferromagnetic shaft are present. However,
because the coils must be excited in different directions over
the course of a single stroke, the effects of coil inductance
and induced eddy currents become significant. In practice,
when currents are switched in this way, the current in each
coil cannot change instantaneously. The transient response
(current ramp-up and decay) will slow the growth of current
in coils that change polarity, which could reduce the available
force if not accounted for.

VOLUME 14, 2026
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. Optical sensor

FIGURE 7. Coil control patterns for the three-coil actuator. with
ferromagnetic shafts on the rotor side. Each control pattern (A, B and C) is
defined by the number of excited coils and their current direction. Red
color means positive current is applied, blue - negative current.
Uncolored coils are not charged. Control patterns are changed
consequently over the one stroke. Main dimensions mentioned in Fig. 2

apply.
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Switching point
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Switching point
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Force
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FIGURE 8. Force vs. position curves for the three-coil actuator at coil
control patterns A, B, and C. Red line indicates the force if only control
pattern A is used over the whole stroke, green line if pattern B is used,
blue line if pattern C. Points at which two adjacent lines intersect indicate
the best switching position (from A to B, and from B to C), at overall
giving black dotted line as a force behavior if transits between A - B and
B - C are done at indicated switching points.

To evaluate these effects, the three-coil design was
simulated under voltage-source excitation (rather than the
ideal current source) and including the rotor’s mechanical
dynamics. In the voltage-driven simulation, a supply of 8 V
was used per coil, which yields a steady-state current
corresponding to the target 50 A/mm?” current density (for
a coil of 20 turns with ~2.4 mm? conductor cross-section).
The optimal coil switching positions in Cases A/B/C under
this finite-voltage scenario occur slightly earlier than in the
ideal current-source case (to compensate for the lag in current
buildup). The rotor’s motion was computed by including its
inertia (0.3 kg mass) and 12 N load force, so the resulting
travel time is influenced by both the force profile and the
current dynamics.

With ferromagnetic material only on the rotor side, the
three-coil design maintains good positive force over the entire
11 mm stroke. A small dip into negative force occurs near
the very end of the motion, but the rotor’s momentum can
carry it through this region, making the effect negligible
in practice. However, the performance is markedly different
if the device is fully enclosed by ferromagnetic material.
Figure 9 compares the flux distribution for the two scenarios

VOLUME 14, 2026

(rotor-side ferromagnetic shaft vs. full ferromagnetic enclo-
sure) when the rotor is around 7 mm (near the end of the
Case B phase). Figure 10 shows the corresponding force-
position curves for these two cases under voltage excitation.

B [tesla)

FIGURE 9. Flux distribution for the three-coil actuator at the end of Case
B (rotor ~7 mm from start): (a) with a completely enclosing ferromagnetic
housing around the actuator, and (b) with ferromagnetic shafts on the
rotor side only.

250 7

Fully surrounded
Shafts on the rotor side
Switching point

200

lSwitching point

= T = |
0 2 4 6 8 10 12

Position [mm]

FIGURE 10. Axial force vs. position for the three-coil actuator under two
conditions: ferromagnetic shafts on the rotor side and a full
ferromagnetic enclosure, using voltage-source excitation.

It is evident in Figure 8 that the overall force magnitudes
achieved under voltage-source drive are lower than those in
an ideal current-driven case. This is expected: with a rapid
motion (with 0.3 kg rotor the whole stroke is completed
within 15 ms), the coil currents are limited by transient
inductance and do not reach their DC steady-state values,
so the peak forces are somewhat reduced compared to an ideal
instantaneous current scenario. Figure 11 shows current and
input voltages in the coils depending on time.

In the fully enclosed case, a large portion of the mag-
netic flux circulates through the surrounding ferromagnetic
material rather than through the intended rotor-stator path.
This reduces the flux linking the desired stator teeth to the
rotor, causing the axial force to drop off sooner. In fact,
the force tends to plateau and can even attempt to hold the
rotor at around 8 mm, preventing completion of the stroke
under ideal control timing. By contrast, with only a rotor-
side ferromagnetic shaft, more of the flux remains in the path
between rotor and stator, allowing the rotor to continue being
pulled through Case C without a premature drop in force.

Another issue with the three-coil results is a noticeable
force sag around the 2 mm position. This ~2 mm point is
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FIGURE 11. Input voltage and current in the coils in full surrounding case.
Currents do not grow to the steady-state level and affect each other.

a sensitive region where the shaft splines begin to mesh with
the mover splines, and a drop in force there is undesirable.
This sag appears to be an inherent consequence of the tooth
geometry and flux distribution. However, it can be attempted
to improve the force profile by optimizing rotor and stator
teeth.

12 mm
!
1 mmi
tZ bdr i
i bys 27.5mm
16.6 mm Tar ! 2mm
4
e » x ===

FIGURE 12. Dimensions of three-coil tangential actuator. Width is
measured along Z axis, height — along X axis.

3) GEOMETRY OPTIMIZATION
Figure 12 shows geometrical dimensions of three-coil
actuator. Rotor width, stator width, and their ratio (16.5/27.5)
are fixed and are dictated by mechanical requirements.
Stator and rotor teeth width were optimized using paramet-
ric sweep in order to find a combination matching to the best
force profile. Winding cross section changed together with
the stator tooth width. Number of winding turns was fixed to
20 per coil and voltage was adjusted according to the winding
cross section to match to the 50 A/mm? steady-state current
density. Stator tooth width by varied from 1.5 mm to 3.5 mm
with 0.25 mm step, while rotor tooth width by, varied from
2 mm to 4.5 mm with 0.5 mm step, in total 63 combinations.
There is no point in using smaller step because manufacturing
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tolerance is 0.25 mm. Since there are too many combinations,
Figure 14 shows forces of only combinations, which are most
interesting.

From the Figure 13 it is clear that designs with <1
teeth ratio have more dlsproportlonate force proﬁle On the
contrary, designs with d;' > 1 show smoother force profile.

bdr

200
bgs 3.5 mm, by, 4.5 mm

bgs 1.5 mm, by, 4.5 mm =
bys 3.5 mm, by 1.5 MM
bgs 1.5 mm, by, 2 MM —
bgs 2 mm, by 4 mm

bgs 2 mm, bygr 2 MM e
\ bgs 2 MM, by 3 MM ee
bgs 3 mm, by, 2 mm

150

=)
o
]

Force_z [newton)
an
o
l

o
|

5]
o
L

-100

Position [mm]

FIGURE 13. Some combinations of rotor and stator teeth width under
voltage source excitation.

With higher teeth-width ratio, force sag in the beginning
becomes smaller, but force in the end also deteriorates faster.
Too wide rotor teeth always result in faster force drop at the
end. To reach optimum force profile, it is recommended to
keep Z—g; = 1.5 and optimize teeth width keeping this ratio.

C. MULTI-COIL ACTUATOR

1) CONTROL STRATEGY

A multi-coil version of the actuator was developed to
overcome the drawbacks of the three-coil design — namely,
the low force in the latter part of the stroke and the force
sag at ~2...3 mm. Based on manufacturing constraints,
the minimum feasible stator tooth width is approximately
1.5 mm, which dictates the maximum number of coils that
can be placed around the circumference. In this prototype,
six coils are used with 1.5 mm teeth. Coils are connected
independently. Each coil has 20 turns with a conductor cross-
sectional area of 1 mm?. Rotor width is 2.25 mm to fit
to 5 dr = 1.5.

The coil control strategy for the six-coil design follows a
similar logical pattern to the three-coil case, with sequential
excitation patterns labeled (again) A, B, and C. However,
unlike the three-coil case, in the six-coil actuator all coils
are continuously energized (either with positive or negative
current) throughout the stroke — no coil is completely off,
which ensures maximum utilization of available coils at all
times. In summary:

o Case A: Coils 1, 2, and 6 carry +50 A, while coils 3, 4,
and 5 carry —50 A. (Three coils are magnetized in one
direction and three in the opposite, establishing a flux
concentration in the desired teeth).

o Case B: The currents in coil 2 and coil 5 are reversed
relative to Case A (coil 2 switches to —50 A, and
coil 5 switches to +50 A). The other coils retain
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their previous polarities. This shifts the flux pattern to
continue pulling the rotor from ~2 mm onward.

o Case C: The coil currents are arranged such that three

coils are at +50 A and the other three are at —50 A
(in practice, this means coils that were negative in Case
B might switch to positive, and vice versa, depending
on their position). This final configuration provides the
force for the last segment of travel. Importantly, the
switching sequence A—B—C is designed to minimize
how many coils change polarity at each step.

Figure 14 illustrates the flux distribution and coil polarities
in each case for the multi-coil actuator. Figure 15 shows
combined force profile of the multi-coil actuator under
current-source excitation.

l Optical sensor . l

FIGURE 14. Coil control patterns for the multi-coil actuator with
ferromagnetic shafts on the rotor side Each control pattern (A, B and C) is
defined by the number of excited coils and their current direction. Red
color means positive current is applied, blue -negative current. Control
patterns are changed consequently over the one stroke. Main dimensions
mentioned in Fig. 12 apply.
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FIGURE 15. Force vs. position curves for the multi-coil actuator at coil
control patterns A, B, and C. Red line indicates the force if only control
pattern A is used over the whole stroke, green line if pattern B is used,
blue line if pattern C. Points at which two adjacent lines intersect indicate
the best switching position (from A to B, and from B to C), at overall
giving black dotted line as a force behavior if transits between A - B and
B - C are done at indicated switching points.

2) TRANSIENT BEHAVIOR

As with the three-coil design, initial simulations for the
six-coil actuator used an ideal current source to identify
approximate switching regions. The design was then eval-
uated with a voltage source (7 V supply) and the rotor’s
mechanical inertia included, to capture transient effects.
Table 1 gives main facts about the six-coils design.
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TABLE 1. Main parameters of the six-coil actuator.

Parameter Value
Number of coils 6
Inner rotor radius 47 mm
Outer rotor radius 54 mm
Airgap 1 mm
Stator outer radius 67 mm
Stator width 27.5 mm
Stator tooth width 1.5 mm
Rotor tooth width 2.25 mm
Number of turns in coil 20
Conductor cross-section area 1 mm?
Single coil resistance 0.14 Ohm
Supply voltage A%
Steady-state DC current 50 A
Steady-state DC current density 50 A/mm?
Force at 2 mm (full surrounding) 90
Force at 4 mm (full surrounding) 60
Movement time (ideal) 18 ms
Device mass 1.16 kg
Specific force 70 N/kg
Envelope volume 225 mm’
Force density 310 N/L

Figure 16 shows the flux distribution at Case C under two
different ferromagnetic conditions (rotor-side ferromagnetic
parts vs. full enclosure) using the voltage-driven model.
Figure 17 presents the corresponding force-position curves
for these two conditions under voltage excitation. One
interesting note is that design rules retrieved from three-
coil actuator work also for six-coil actuator. To show this,
2.25 mm and 3 mm mover teeth width, corresponding to
bar/bgs = 1.5 and by, /bgs = 2, respectively, are compared
in Figure 18. For both surrounding cases the same pattern is
visible — wider mover teeth give better initial force (case A
control) but lower force at the end (case C control).

The multi-coil design successfully mitigates the 2 mm
force sag and maintains a positive force across the entire
stroke in the rotor-side-only ferromagnetic scenario. The
addition of more coils and teeth provides finer control over
the flux path, and in the case of ferromagnetic shafts on rotor
side, the overall flux linkage is strong enough that the actuator
achieves a relatively uniform and high force profile. However,
several challenges arise due to the very fast switching and flux
re-routing required:

o Flux Redirection Lag: Because the rotor travels 11 mm
in about 18 ms, the situation can occur where the coils
have switched to a new configuration (e.g., Case C) but
the magnetic flux has not fully transitioned to the new
path. In other words, there is a lag in flux redistribution.
For example, at the moment of switching to Case C,
some flux may still remain in the teeth that were carrying
flux in Case B. This is visible in the flux plots and
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contributes to a reduction in instantaneous force right
after each switch.

« Inductance-Limited Currents: The rapid sequence of
current reversals means that some coils do not have
time to build up current to the desired level before the
next switch. For instance, if Coil 3 maintains the same
polarity between cases, while Coil 4 reverses polarity,
Coil 3’s current will continue to rise and may reach
a higher magnitude than Coil 4’s (since Coil 4 had to
ramp down and back up in the opposite direction). This
imbalance leads to a disproportionate flux contribution
from e.g. Coil 3 versus Coil 4 until the currents settle.

o Inter-Coil Interference: When a coil’s magnetization
is reversed, the changing flux can induce voltages in
adjacent coils, momentarily affecting their currents. This
electromagnetic coupling further distorts the current
growth in neighboring coils. Figure 18 highlights these
effects by showing the transient current waveforms and
input voltages in three adjacent coils.

FIGURE 16. Magnetic flux distribution at Case C for the multi-coil
actuator (with 2.25 mm rotor tooth width) under two conditions: (a) a
completely enclosing ferromagnetic surrounding, and(b) ferromagnetic
shafts on the rotor side.

140

Fully surrounded, by, = 2.25 mm

Fully surrounded, by, =3 MM = = = = =

Shafts on the rotor side, by = 2.25 mm
Shafts on the rotor side, by =3 MM = = = = =
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FIGURE 17. Axial force vs. position curves for the multi-coil actuator with
voltage-source drive, comparing two environments: a full ferromagnetic
enclosure (green curves) vs. only rotor-side ferromagnetic shafts (red
curves). Solid lines correspond to the baseline mover with 2.25 mm teeth
width; dashed lines show the performance for the mover with 3 mm teeth
width.

With a ferromagnetic shaft on the rotor side only, the multi-
coil actuator’s force output is somewhat resilient to these
transient issues. The high overall flux linkage between the
rotor and stator teeth helps maintain a positive net force

throughout the stroke. In a fully enclosed ferromagnetic
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FIGURE 18. Currents and input voltages depending on time in three
representative coils (Coils 2, 3, and 4) during the multi-coil actuator’s
operation, illustrating transient effects and interactions when switching
coil polarities under voltage-source excitation.

environment, however, force is gradually deteriorating over
the whole stroke, even though it is possible to get smooth
force profile using correct design geometry. A large portion
of the flux in the multi-coil system can circulate in the
surrounding ferromagnetic material without linking the rotor
and stator teeth effectively, and the frequent switching means
the flux has even less time to settle in the desired path. This
results is a significant reduction in force compared to the
current source excitation.

3) SURROUNDING EFFECTS

The tangential-force actuator topology without permanent
magnets clearly shows performance degradation when fer-
romagnetic material is very close to the stator or rotor.
To quantify this, a parametric study was conducted to
determine how the force output changes with different
placements of ferromagnetic material around the device.
Figure 19 summarizes these results for the six-coil actuator:

o Figure 19 (a): The distance x from the stator back to
the ferromagnetic piece behind it (on the far side from
the rotor) is varied. Performance improves slightly as
this back iron is moved a small distance away from the
stator, and only when this piece is extremely close does it
significantly worsen performance. In general, beyond a
certain x distance, the presence of a back iron has limited
effect, unless it is nearly in contact with the stator.

o Figure 19 (b): The distance z as a clearance along the
stator sides is varied. Increasing z (moving these side
pieces away) has a more pronounced positive effect on
performance. With larger side clearance, less flux can
leak around the stator through these ferromagnetic side
paths, forcing more flux to stay between the rotor and
stator, thus improving the force.

« Figure 19 (c): Both the back distance x and side distance
z are increased together (maintaining symmetry). The
improvements from (a) and (b) are largely cumulative:
simultaneous clearance in both the back and sides further

VOLUME 14, 2026



D. Zadorozhniuk et al.: Two-Position Linear Electromagnetic Gear-Shifting Actuator

IEEE Access

120
100
=4
S 807
=
]
— X < 60
o Force at x =0 mm
S 404 Force at x=1mm
= Force at x =3 mm
20 4 Force at x =6 mm
Force at x =9 mm
Force at x = 12 mm
— 0 T T T T T
0 2 4 6 8 10 12
Position [mm]
a
120
100
S 804
< 60 S\ -
| ]
$ of Forceatz=2mm%
S 407 Force at z=5 mm
] Force at z=8 mm
zoi Force atz=11 mm
q Force at z=14 mm
0 T T T T T
0 2 4 6 8 10 12
b Position [mm]
120 —
100

§ 80 i
X § PP =
5 60 = —
g ——— Forceatx=0mm, z=2mm i
S 40 | ——— Forceatx=3mm, z=5mm
w ———— Force at x=6mm, z=8 mm
— Force atx=9mm, z= 11 mm
20 Force atx = 12mm, z= 14 mm

——— Force at x = 20 mm, z =22 mm
-------------- Force at only rotor side shafts
T T T

2 4 6
Position [mm]
c

Force at gap =1 mm
Force at gap =4 mm
Force at gap =7 mm
Force at gap = 10 mm
Force at gap = 13 mm

T T T T T
4 6 8 10 12

d Position [mm]

00
=)
N

!

@
o

=3
=3

N
=)
1

Force_z [newton]

I‘g [
= oo

N
=]
1

o

o
N

FIGURE 19. Parametric analysis of ferromagnetic material proximity
effects on the six-coil tangential actuator’s performance. Sub-figures
correspond to: (a) varying distance x of a back iron behind the stator,
(b) varying clearance z on the stator sides, (c)increasing both x and z
together, and (d) increasing the rotor-to-ferromagnetic side gap. The
force curves show how performance degrades as ferromagnetic material
comes closer to the stator, and conversely, how it improves with greater
clearance or air gaps.

improves performance. When both x and z are made
sufficiently large (20 mm or more clearance on all
sides of the stator), the force curve approaches what is
seen in the case of only rotor-side ferromagnetic shafts
(i.e. essentially an open environment from the stator’s
perspective).

o Figure 19 (d): An air gap (denoted gap) is introduced
between the rotor (shaft interface) and any ferromag-
netic material on both sides of the stator. Increasing gap
yields the most significant improvement of all the cases.
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FIGURE 20. Flux density distribution in Case C for the multi-coil actuator
moving forward vs. backward in an uneven ferromagnetic environment.
Backward motion is achieved by reversing the direction of currents in all
coils, resulting in a mirrored flux pattern.
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FIGURE 21. Force vs. position curves for forward (green line) and
backward (red line) motion of the six-coil actuator in an asymmetric
ferromagnetic surrounding. An imbalance in performance is observed due
to the uneven placement of ferromagnetic material around the stator.

Even a small air gap breaks the continuous flux path
that would otherwise wrap around from rotor to stator
through an enclosing material. The larger the air gap, the
more the leakage flux path is disrupted, which keeps the
magnetic flux concentrated between the rotor and stator

and greatly improves the actuator’s force output.
Another important observation is that an asymmetric
ferromagnetic environment can lead to different performance
for forward versus reverse actuation. In other words, if there
is more ferromagnetic material on one side of the stator than
the other, the actuator might produce different force profiles
depending on the direction of motion. In the context of the
multi-coil design, forward motion can be considered the
Case A—B—C sequence as described, whereas a backward
motion would reverse the sequence and the polarity of all
coil currents. Figure 20 shows an example flux distribution
for Case C in a scenario with an uneven surrounding
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(ferromagnetic material predominantly on one side of the
stator), comparing forward vs. backward excitation (forward
having coils energized as in Case C, backward having all
coil currents reversed in direction). Figure 21 compares the
force-position curves for forward and backward motion in
this uneven environment. It can be seen that one direction
(forward, in this example) achieves a slightly higher force
at the end of the stroke, whereas the reverse direction
develops higher initial force. Such a force imbalance between
directions must be taken into account if the device is to
be used in bidirectional shift applications under asymmetric
placement of ferromagnetic structures.

IV. CONCLUSION

Ferromagnetic environment does affect the performance
of tangential force electromagnetic actuator, ferromagnetic
parts close to the stator side deteriorate the performance,
especially if there is no permanent magnets concentrating the
field between stator and rotor. Following guidelines allow
to retrieve the best force profile and reduce the effect of
ferromagnetic surrounding:

o Flux can be concentrated in the airgap by consequent
control of coils.

o Using more stator teeth results in smoother force
profile, consider maximum amount of teeth depending
on manufacturing capabilities.

« In general, rotor to stator teeth width ratlo
results in the best force profile for these s1zes

« Force is most sensitive to the ferromagnetic parts close
to the stator axial ends (see Figure 19, d).

o For such small sizes, stator stops being influenced by
ferromagnetic parts when they are at least 20 mm away
from all sides.

o Uneven surrounding at different stator sides results in
differences between forward and backward motion.

« If available radial space is limited, consider to leave
at least 1 mm radial airgap distance outside the stator
magnetic core (between the stator and ferromagnetic
part) since even a small gap improves performance
noticeably (see Figure 19, a).

=15

In overall, the magnet-free tangential actuator appears
to be more suitable for larger or less spatially constrained
implementations: a larger mass rotor moving more slowly
would grant more time for current switching and flux re-
distribution, and a larger device offers more space for
coil windings (reducing required current density). In such
conditions, the design’s drawbacks are completely mitigated.
Future work will focus on developing a control circuit for
the device and a universal test bench capable of emulating
all environmental scenarios.
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