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Abstract: Earlier, we have proposed a novel linear-rotary reluctance actuator for application in directly
actuated electromagnetic dog clutches. The actuator capability to generate not only axial force to
couple or decouple two rotating elements mechanically but also reluctance torque to reduce their speed
difference represents its big advantage comparing to common systems used for this purpose. However,
its operation principle requires the use of at least two angular encoders. The system complexity and
manufacturing costs can be significantly reduced if the relative angular position and speed between the
rotating counterparts of the actuator are estimated sensorless. The main challenge is that methods of
sensorless position estimation proposed for reluctance machines in the past are not (directly) applicable
due to the much higher influence of eddy currents caused by the unlaminated magnetic circuit. In this
work, we develop two different algorithms for sensorless estimation of the relative angular position
and speed between the rotating parts of the actuator for lower and higher relative speeds. United,
they can make the rotary operation of the actuator possible without angular encoders. Both operation
types (idle operation and active torque generation) are considered. The algorithms have been verified
experimentally by manufacturing an actuator prototype and creating supposed operation conditions
on the developed testrig.

Keywords: reluctance actuator; dog clutch; sensorless position estimation; switched reluctance motor;
Eddy currents

1. Introduction

Recently, we have proposed a novel type of electromagnetically actuated electromagnetic dog
clutches [1], which can be implemented both for one-sided [2,3] and double-sided [4,5] operation.
The double-sided clutch (shown in Figure 1) is represented by a linear-rotary reluctance actuator
(LRRA) integrated between two gearwheels of a gearbox. The topology and operation principle of
the LRRA have been firstly developed by B. Miroschnitschenko in [2], and its design is optimized
using the method presented later in [3]. The actuator requires two angular encoders, but its design has
primordially laid the foundation for the possibilities of sensorless position and speed estimation [1].
Finally, this work discloses in detail how the operation without angular encoders can be realized.

The clutch can operate in two different modes, namely linear and rotary. In linear operation, the
required gear can be selected by exciting the coil placed in the stator on the side of the corresponding
gearwheel. Since the shift sleeve, the stators and the complementary rings are made of magnetic steel,
the shift sleeve moves axially under the influence of the arisen reluctance force, so that its teeth interlock
with the slots of the complementary ring forming a mechanical coupling between the parts. The direct
actuation of the clutch by the integrated LRRA has a big advantage comparing to common actuation
systems, which require an electric motor placed outside the gearbox and several intermediate parts to
transform the rotation of the motor to linear displacement of the clutch sleeve [6]. In the double sided
clutch, shifting the neutral gear requires the information about the axial position of the sleeve. A linear
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encoder must be placed inside the gearbox and exposed to the aggressive environment of transmission
oil mixed with metal particles. To increase the reliability of the clutch significantly, a sensorless control
algorithm is developed in [7]. However, the main novelty of the system is represented by the additional
possibility of rotary operation, where the actuator synchronizes the rotation speed of the gearwheel with
the shift sleeve speed electromagnetically. This represents an alternative way of speed synchronization in
automotive gearboxes, which commonly require an external torque source [6] or synchromesh units [8] to
reduce the speed difference before the gear is shifted.

In the proposed actuator, the sleeve teeth overlap radially with the teeth of the complementary
rings, forming a topology of a homopolar switched reluctance motor (SRM) [9], where both ”stator”
and “rotor” rotate at different speeds, and the reluctance torque can be generated with the same
principle as in rotary SRMs [10]. However, there are three significant differences between the proposed
LRRA and common SRMs. Firstly, each actuator side can be considered separately as a single-phase
homopolar SRM with the same number of teeth on the ”stator” and “rotor” [5]. Secondly, both sides
have different relative speeds and generate torques and axial forces simultaneously, so a special control
algorithm is developed in [4] to generate the desired torque without a significant axial displacement of
the shift sleeve from the neutral gear position. Thirdly, comparing to common SRMs, the eddy currents
in the steel parts are much higher since the magnetic circuit is unlaminated.

The possibilities of sensorless control have been well studied for common SRMs in the past.
Usually, a sliding mode flux observer (SMFO) is applied at medium and high rotation speeds [11,12].
At low speeds, methods that use a high-frequency signal injection [13] or estimation of the incremental
inductance [14] are applied. These methods are based on the high-frequency change of the phase
current. However, significant eddy currents in the steel parts of the proposed actuator work as a
low-pass filter and make the methods common for SRMs inapplicable at lower relative speeds. The
SMFO is a model-based method, and eddy currents are not considered in the magnetostatic finite
element analysis (FEA) used to model the actuator characteristics.

Thus, we develop two different algorithms for sensorless rotary operation of the LRRA in the next
section. They are suitable both for one-sided and double-sided actuators, but are described using a
double-sided example. A method based on the application of a DC-voltage is proposed for lower speed
differences. A simple model for the estimation of the eddy current influence is added to the SMFO
used for sensorless estimation of the relative angular position and speed at higher speed differences.
The algorithms are verified experimentally in Section III. Results are concluded in Section IV.

Figure 1. The LRRA integrated between two gearwheels of a gearbox represents a double-sided electromagnetic
dog clutch [4].
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2. Algorithms for Rotary Operation Without Angular Encoders
2.1. Sensorless Estimation of the Relative Angular Position and Speed at Lower Speed Differences

Unlike SRMs, which are designed for the use as an independent drive and must be suitable for
self-sustained start up and operation at low rotation speeds, the function of the presented actuator
in rotary operation is reducing the relative rotation speed ,,;; between the gearwheel on the side 7 (i
becomes left or right in the double-sided LRRA) and the output shaft :

Nyel i = Nj — Ngleeves (1)

where n; is the rotation speed of the gearwheel and 7, is the rotation speed of the output shaft.
In linear operation, the shift sleeve can be successfully engaged with the complementary ring at
absolute values of 71, ; less than 150 rpm with a sufficient shifting comfort. Thus, a complete speed
synchronization to #,,;; = 0 is not required.

However, continuous monitoring of the difference(s) between the rotation speed of the gear-
wheel(s) and the rotation speed of the output shaft is necessary for two reasons. Firstly, this provides
information for optimal gear shifting [5]. Secondly, 1,,;; is required to start the synchronization and
shift the gear properly [4]. If the gearwheel on the opposite side (or any gearwheel in the case of
gearbox with gear number higher than two) is engaged, its rotation speed is equal to 715y, and 11,
can be calculated solely from the rotation speed of the countershaft 7,:

Myeli = Ni — Nsleeve = Nc (1 - ! >/ 2)
Ui Ueng
where i,y is the gear ratio between the counter shaft and the engaged gearwheel.

In neutral gear, n; and 714, change independently on each other, so that #,,;; can change both its
absolute value and sign. For this case, we present a method of sensorless estimation of the relative
angular position and speed at lower speed differences including zero-crossing detection in this chapter.

In our previous work, we developed a method for design and optimization of the actuator
geometry [3], where one of the main optimization goals is obtaining an inductance characteristic
with a good suitability for sensorless estimation of the relative angular position. Figure 2 shows the
inductance characteristic of the optimized actuator for the central axial position x = 0 (neutral gear
position), where L; is the coil inductance, 6,;; is the relative angular position between the teeth [2] and
I; the coil current on the side of gear i. Since the magnetic circuits on both sides are symmetrical if x =
0, L; (8,1, I;)-characteristic is valid for both coils. Moreover, it can be seen in Figure 2 that L; always
decreases with the increase of |6,,;;|, and |dL;/d6,,;| is especially explicit at lower currents.

38

_Ii=4A
361 —L=8A
1=12A
34 !
—Ii=16A
32F ——L=20A
1.=24A
T 30 !
g —L=28A

0 o

rel i’

Figure 2. Inductance characteristic of the coils in the neutral gear (the shift sleeve is at the central axial position x = 0).
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If the coil is excited on the side i at non-zero n,,;;, the voltage induced in the coil Uj,;; can be
calculated as
dl; dL;

61—yl - (3)

U. ., = —L,—t—
indi Zdt ldereli

If the voltage applied to the coil has some constant value U; and #,,;; = 0, U;;,4; is zero, and the coil
current I; is equal to U; divided by the coil resistance R;. Once the gearwheel starts to rotate relatively
to the shift sleeve, the change of L; induces voltage in the coil (the second term in (3)), which causes
the change of I;, and the voltage induced by the change of current (the first term in (3)) also becomes
nonzero. As long as the supply voltage U; doesn’t change, the first and the second terms in (3) have
opposite signs, and their amplitude increases with increasing amplitude of 7,,;;. Thus, the total value
of Uj,,4; is limited, and the sign of d1;/dt is always opposite to the sign of dL;/dt. Since the operation
principle of the proposed LRRA [1-4] is similar to that of SRMs [10], it is enough to know the signs of
1,11 and dL; /dt to detect the positions where the reluctance torque with the desired direction can be
generated.

The sign of dL;/dt is further named as side state. State 0 corresponds to positive dL;/dt, and
state 1 to negative dL;/dt. The states can be estimated from dI;/dt, i.e., measuring the coil current
I; while a constant DC-voltage is applied to the coil. In idle operation, a DC-voltage of the value
Upordi = IsensR; can be permanently applied to the coil to excite it with a low current value I that
generates an insignificant reluctance torque and force but allows the estimation of the side state.
During the synchronization, a DC-voltage of the value Uj,14; = IreqiR; is applied to the coil after the
de-/magnetization is finished, where Ireqi = Isens at the state where no torque must be generated and
Ireql- = Isyn+Isens Where the synchronizing torque must be generated (Isyy, is the required synchronizing
current [4]).

The measured value of I; is passed through a low-pass filter to reduce the noise influence.
However, if the noise is relative strong, it can not be completely eliminated from the current signal
without a significant reduction of the sensing capability. Therefore, instead to calculate d1;/dt directly,
the actual value of the filtered current J; f;;; is compared with its delayed value I; ¢t 401, where the delay
time is 4,14, 1. Further, their difference is compared with the value Al, which must be chosen greater
than the residual noise in the filtered current. Thus, the side state and the position where it changes
can be easily estimated. If I; iy — I; fit 4o becomes greater than Al while the side state is 0, the state
becomes 1. Similarly, the state is switched from 1 to 0 as soon as I; fji; — I; fir ge1 becomes less than —ALL
To avoid false estimation caused by the influence of eddy currents, which create some current dip after
the magnetization is finished, and some current peak after the the demagnetization is finished, the
state is only switched if the time passed after the de-/magnetization is greater than t ., , i.€., the
actual value of the voltage on the side U; and its value delayed by /4, ; are same.

The entire algorithm for the sensorless estimation of the side state is shown in Figure 3. The time
elapsed between the state changes f,;;.;, corresponds to the change in 6,,;; equal to 360/2z degrees,
where z is the number of tooth pairs on one actuator side (9 in the considered actuator [4]). Hence, the
absolute value of the average 71,,;; in the time interval ¢, can be easily estimated as

60

Zswitch

4)

|nreli| = >

The initial sign of 1,,;; is known from (2) or from the direction of the countershaft rotation during
starting up. The direction change can be estimated sensorless based on the arithmetic mean formula:
the sign of n,,;; changes if

2|nrelilust| - |nreliprev| <0, ®)

where 1,1 105t | and |1, pm,| are the absolute values of the relative speed estimated at the last state
change and at the previous state change, respectively.
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The algorithm of the voltage control based on the estimated state is shown in Figure 4. The
required coil current is estimated from the required torque (braking or accelerating) and the side
state. Further, the maximum available voltage U4y with the corresponding sign is applied to the coil
based on the difference between the required and measured current to de-/magnetize the side. To
compensate the influence of the mentioned current peaks and dips, that arise under the influence
of the magnetic fluxes generated by eddy currents after the de-/magnetization is finished, the coil
is excited to a slightly higher current and de-excited to a slightly lower current than required. The
difference between the required current value and the current value at which the de-/excitation is
finished is represented by the additional term I,;;. The value of voltage is switched from £=U,;ax
to Upea; when the coil current I; becomes higher than Isy, + Isens + Iq4 (excitation) or lower than
Lsens — 1,44 (deexcitation).

Lowpass
ﬁltper

Figure 3. Algorithm for the sensorless estimation of the side state (0 - rising inductance, 1 - falling inductance)
and relative speed at lower speed differences.
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Figure 4. Algorithm of the voltage control in sensorless operation at lower speed differences.

2.2. Sensorless Estimation of Relative Angular Position and Speed at Higher Speed Differences

The relative angular position 8,,;; and speed 1, ; on the side i can be estimated at higher speed
differences using a sliding mode flux observer. The theory and design of the SMFO have been described
in detail for SRMs in the past [11] and can be applied for the presented LRRA. The values of the relative
angular position 6,,;; and relative angular speed @,,;; can be estimated at the time t integrating the
error function ey ;, which is calculated based on the difference between the measured ¥; and estimated
¥; flux linkages of the coil:

efi(t) = —zsin(z0,;(1)) (¥i(t) — ¥i(t)), 6)
t

d]reli(t) = Kw/efi(t)dtr 7)
0

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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t
Oreri(t) = /(ﬁrelz‘(f) + Kpeyi(t)dt, (8)
0

where K, and Ky are the speed gain and the position gain, respectively. ¥; is calculated integrating the
induced voltage:

t t
() = [ Ul) = Rt = [ Uai(t). 9
0 0

In SRMs, the estimated flux linkage can be calculated simply multiplying the measured current I;
by the inductance L;, which value is obtained from the inductance characteristic (Figure 2) using the
values of I; and 6,,;;. However, eddy currents, which are significant in the LRRA, are not considered in
this case. Thus, the additional term ¥ 44, ; is added:

~

Fi(t) = L Li(L(1), 0reri (1) — Feaayi(t)- (10)

To calculate ¥4, a simplified model of the magnetic fluxes generated by eddy currents is
introduced (Figure 5). When the coil on the side 7 is being de-/excited, the magnetic flux ®; on this
side changes (®; = ¥; divided by the number of coil turns N;) and induces eddy currents in the stator,
complementary ring and shift sleeve. The fluxes created by the eddy currents in each part always delay
the rise of ®; when the coil is being excited and the fall of ®; when it is being de-excited. Omitting the
fact that the flux propagates in the steel starting from the areas nearest to the coil, the influence of eddy
currents can be modeled with a fictive turn, which has the same magnetic circuit as the coil but the
opposite direction of the current. Its resistance is Re44y;, and its inductance L4 ; is equal to the coil
inductance divided by Niz. The change of ®; induces the voltage Ujgedqy; in the fictive turn, which is
N; times lower than Uy, creating the current I,44,; and magnetic flux ®gyy ;-

t
Doy i(t) = /uindeddyi(t) — Reddyiledayi(t)dt. (11)
0

Legay i is calculated solving Equation (11) in a loop and dividing ®@4,; by Legay;- The value of R,44y
can be determined experimentally measuring the difference between the modeled and measured flux
linkages of the coil and dividing it by N;. The quotient represents the measured P44y, and Ry
is found iteratively comparing the values of @4, ; calculated for different R4y, ; from (11) with the
measured value. Finally, ¥44,; can be obtained with the known value of R4, as

Yeadyi(t) = Pedayi(t)Ni. (12)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Simplified model of the magnetic fluxes created by eddy currents.

3. Experimental Results

Both algorithms have been verified experimentally on the assembled testrig (Figure 6), which
includes two motors, the torque sensor and the actuator prototype installed inside the testing gearbox.
The structure and components of the testrig are described in detail in [4]. The algorithms for lower
and higher speed differences were applied until the estimated |1,,;| became higher than 200 rpm and
lower than 120 rpm, respectively. Thus, a hysteresis band of 7, with the width of 80 rpm is created to
avoid frequent switching between the methods.

Figure 6. Testrig with the actuator prototype installed inside the testing gearbox.

First, the algorithms have been verified in idle operation, where the shift sleeve speed was
changed from —250 to 250 rpm while the countershaft was in standstill, and a DC-voltage of the
constant value 1.5 V (Lins = 2 A and R = 0.75 Ohm) was applied to the left coil. Figure 7 shows the
results of the experiment. n,, and 6,,; were estimated on the left side with a high accuracy using

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the method for higher speed differences. At lower speed differences, the side state (falling or rising
inductance) and the approximate value of n,,; could be obtained. Moreover, the change of the rotation
direction was successfully detected. Sensorless estimation of the side state was unsuccessful only at
very low relative speeds since the induced voltage is too low in this case.

30 T T T T T T T T T
p‘i‘""i‘*“mh LA . erel est’ ° nfel est/ 10, rpm
’_Vhw rel meas’ I1rel meas/lo’ Tpm Side state
\‘H‘ | ‘ ""‘\*\ \‘ |
| ‘ | ‘ ' ( ‘ r &W‘l | “‘ \
ol ettt
11 \ 1
\““\“ L ‘ II ‘\\ \
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= o it
= | | [
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| “ \‘ \‘ / ‘VTN \’0 \ 1111
B | - \
1 / ‘\/ "N"“\r \‘ 11
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Figure 7. Experimental results of the sensorless estimation of the relative angular position and speed in idle

operation.

Further, the reduction of the speed difference without angular encoders have been tested (Figure 8).
The shift sleeve was rotated by motor 1 at the speed of 300 rpm, and the left complementary ring was
accelerated by the actuator from standstill to app. 150 rpm using the sensorless control algorithms on
the left side. Comparing to the idle operation, the error in the estimated 6,,; can be significant, which
is caused by a higher deviation between the real and calculated values of Yeaayi- However, the speed
difference could be successfully reduced to 120 rpm using the algorithm for higher speed differences.
After that, the current was controlled using the method for lower speed differences, and the coil could be
de-/magnetized at the corresponding side states to generate torque with the required sign and keep 1,
in the range suitable for shifting. It can be seen in Figure 8 that the coil state is estimated incorrectly when
the algorithms are switched, which is caused by the different methods of voltage control at lower and
higher speed differences (hysteresis current control with hard chopping [10] is used at higher relative
speeds). However, the algorithm for lower |n,,| starts to work correctly within one period of ;.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Experimental results of the sensorless reduction of the relative speed

4. Conclusions

In this paper, two different algorithms of operation without angular encoders are developed
for the novel type of electromagnetic dog clutch actuated by the integrated LRRA proposed in our
previous works [1-5]. One algorithm is applied at lower speed differences |n,,;| (up to 200 rpm) while
the other is used at higher speed differences. At lower relative speeds, the DC-voltage is applied to the
coil and the state on the coil side (rising or falling inductance) is estimated comparing the measured
current with its delayed value. The low-pass filter is used to avoid false state estimation caused by the
noise in the current signal. The average value of the relative speed is estimated from the time elapsed
between the state changes. The change of the relative speed sign is estimated comparing the values of
1y, estimated at the last and previous state changes. At higher speed differences, the angular position
and speed of the complementary ring relative to the shift sleeve are estimated using the SMFO and the
simplified model of the magnetic fluxes created by eddy currents, and the voltage is controlled using
hysteresis current control with hard chopping [10]. Both algorithms are suitable for idle operation and
active generation of the synchronizing torque.

Since the value of 6,,; can not be estimated with the algorithm for lower speed differences, the
double-sided actuator can operate there in a limited range of the synchronization current [4]. However,
this problem is partially compensated by the fact that a higher torque can be generated at lower speed
differences [4]. The current limitation is not required for the one-sided actuator [2,3] where the value
of 0, is not required to prevent the axial movement of the shift sleeve in rotary operation.

The possibility of sensorless operation has been verified experimentally on the double-sided dog
clutch prototype installed inside the testing gearbox, and positive results have been obtained. The
results of only two experiments are presented due to the limited size of the paper, but they confirm the
developed theoretical ideas.
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