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Abstract: This work presents a novel electromagnetic clutch installed on the crankshaft pulley to
decouple the internal combustion engine from the front-end accessory drive of a P0 hybrid electric
vehicle. The objective is to supply the air conditioning compressor directly with the belt starter–
generator electric machine without dragging the inertia of the engine during engine fuel cut-off
phases. This operation yields an improved vehicle energetic efficiency and allows for uninterrupted
air conditioning also when the start–stop function is activated. This paper focuses on the mechan-
ical assembly and electromagnetic behavior of the device. Furthermore, two position-sensorless
techniques are proposed to estimate the clutch state. The effectiveness of the proposed solution is ex-
perimentally validated on a dedicated test bench. Experimental tests demonstrated that the opening
and closing phases required 50 and 25 ms, respectively, thereby satisfying the time constraints for
switching different operating modes in a vehicle (∼100 ms).

Keywords: hybrid electric vehicle; electromechanical clutch actuator; electromagnet

1. Introduction

In recent years, government regulations on fuel economy and emissions have imposed
stringent requirements on the automotive sector. Car manufacturers are being urged to
drastically reduce pollution with the goal of achieving more sustainable mobility [1,2]. In
this scenario, the incentive to develop alternative powertrain technologies has led to a
variety of configurations and architectures for vehicle traction. Alongside the refinement
of standard internal combustion engine (ICE) vehicles, alternatives such as pure electric
and hybrid electric vehicles have gained popularity. In this context, hybrid electric vehicles
have emerged as a transitional solution between electric and traditional ICE vehicles.
They combine both ICE and electric machines, leading to various possible powertrain
configurations. Ultimately, these solutions contribute to the reduction of fuel consumption
and emissions.

The P0 hybrid layout is a configuration in which the standard alternator installed on
the front-end accessory drive (FEAD) is replaced by a more powerful and efficient electric
machine (EM) that can operate bi-directionally. The EM can recharge the battery through
regenerative braking, similar to a traditional alternator. Additionally, it can actively provide
boosting torque contributions to assist the ICE during specific transients [3].

The so-called start–stop function automatically shuts off and restarts the ICE in micro-
hybrid vehicles to save the energy otherwise spent during idling. In current P0 market
solutions, when the start–stop function is active, auxiliary devices attached to the belt
transmission, such as the air conditioning (AC) compressor, are turned off. To address
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this shortcoming, a clutch device can be installed on the shaft of the ICE to decouple it
from the crankshaft pulley and the belt drive system (BDS). In this way, accessories can be
operated through the belt transmission using the EM. This action drastically improves the
BDS efficiency because the ICE drag losses are removed from the FEAD.

In automotive applications, decoupling subsystems are common practices used to re-
duce power consumption. Ezemobi et al. [4] proposed the decoupling of the cooling system
from the FEAD, demonstrating substantial benefits by electrifying it. The electromagnetic
clutch water pumps demonstrated a 4% increase in fuel economy over conventional water
pumps when tested through the New European Driving Cycle [5]. Electromagnetic discon-
nect clutches (EDCs) are used in automotive applications in various hybrid configurations
(P0, P1, P2) to decouple the ICE and EM and improve energy management [6]. Similarly,
Xu et al. proposed the use of an electromagnetic disconnect friction clutch in P2 architec-
ture to enhance both riding comfort and engine start time in a variety of situations [7].
Huang et al. demonstrated that EDCs may also be utilized in automotive powertrains,
where they can be used as a flexible link between the wheel hub and motor for high levels of
comfort and smooth power transmission [8,9]. A fractional electromagnetic compound disk
brake is another application of electromagnetic actuators, and it demonstrates favorable
braking performance [10]. Medei [11] studied the implementation of a passive decoupler to
isolate vibrations exchanged between the crankshaft and the FEAD. Fitz and Cali [12] pro-
posed a cam-based mechanism to decouple the alternator pulley from the FEAD. In recent
efforts [13,14], Sales et al. carried out an experimental analysis of an alternator equipped
with a mechanical decoupling system, which aids in unloading the crankshaft axis in rela-
tion to the inertia and electromagnetic field of the alternator. The mechanical decoupling
mechanism has been shown to enhance the vehicle’s fuel economy by 4.73% during urban
driving. Similarly, our earlier research [15] demonstrated that incorporating a FEAD clutch
in the BDS results in a 1.3% reduction in fuel consumption when tested using the worldwide
harmonized light vehicle test procedure homologation driving cycle. This resulted in a
CO2 emission reduction of 2.3 g/km.

Since the benefits of introducing the aforementioned clutch device have been proven,
the present work proposes a novel, highly integrated crankshaft decoupling clutch. This
active system is embedded inside the crankshaft pulley to avoid bulky implementations
and ensure compatibility with virtually any FEAD architecture. It exploits an electromagnet
that provides axial forces for decoupling. The fail-safe operation is guaranteed by return
springs that ensure actuation when the functionality of the electromagnetic system is
compromised. To identify the clutch state, two position-sensorless strategies are proposed
and implemented from voltage and current measurements. These algorithms run in
real time on dedicated hardware, which is in constant communication with the vehicle’s
electronic control unit.

Experimental tests were carried out on the electromagnetic friction clutch of an AC
compressor, providing insight into its dynamic characteristics [16]. However, to fulfill
the requirement of efficiently powering the AC compressor with an EM instead of an ICE
during a vehicle-stop condition, a crankshaft decoupling clutch (CDC) is required. The
available literature lacks an in-depth investigation of the CDC to address this objective.
Furthermore, most of the research efforts focus on frictional plate-based solutions. In
contrast, our study employs a toothed clutch to facilitate integration and compatibility with
existing FEAD architecture.

The key contributions of this work are as follows:

1. A novel electromagnetic clutch is presented for a FEAD architecture. In this case, the
clutch helps in driving the AC compressor with EM instead of ICE during vehicle
stop conditions. To estimate the clutch state, two position-sensorless techniques are
also proposed.

2. Experimental tests conducted by means of a dedicated test bench demonstrate the
efficacy of the proposed solution, making it a potential solution to be integrated into
real vehicles.
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The remainder of this work is structured as follows. Section 2 describes the architecture
and the mechanical layout of the system. Then, Section 3 outlines the electromagnetic model
of the clutch. Section 4 presents two possible position-sensorless strategies to estimate the
state of the clutch. Subsequently, Section 5 validates the functionality of the system and
the proposed algorithms. Finally, in Section 6, we present our conclusions and discuss
future work.

2. System Architecture and Mechanical Assembly

The pulley-clutch system under study operates as an active mechatronic device able
to decouple the BDS and the ICE if desired. Installing this device between the belt drive
system and the ICE adds a new degree of actuation to the vehicle. When stopping at a traffic
light, for instance, the clutch can open. Then, the compressor of the air conditioning can
be electrically powered by the EM with no fuel consumption and no ICE inertia involved.
This action reduces the amount of time the engine spends idling, thereby reducing fuel
consumption and emissions. Figure 1 illustrates the clutch operation and its interaction
with the belt drive system and the ICE.

Figure 1. Decoupler clutch operating modes. (a) Clutch closed: ICE on and coupled to the belt drive
system. In this condition, the electric motor can be used either for boosting (battery discharging) or
recuperation (battery charging). (b) Clutch open: ICE shut down and its inertia is decoupled from
the belt drive system. In this case, the load of the AC compressor is electrically powered.

To achieve this decoupling feature, an active clutch is needed. This actuator is il-
lustrated in Figure 2. It consists of an electromagnetic device placed between the ICE
crankshaft and its pulley, which is coupled to the belt drive system. When the clutch is
closed, torque and motion transmission are guaranteed through a front gear. When the
clutch is open, the pulley (1) can rotate freely with respect to the shaft by means of ball
bearings (5). An electromagnet (2) is fixed to the crankcase of the engine to exert forces on
a mover (3). This mover slides shaft splines (4). Its front face presents a toothed profile,
which couples with a matching pattern (8) on the back of the pulley (1). This configuration
benefits from compactness and null slippage when closed. The clutch is normally closed
due to the axial force exerted by a conical spring (7), which forces the coupling between
the pulley (1) and the mover (3). However, when the electromagnetic coil is energized,
a counteracting axial force is produced, thereby compressing the conical spring (7) and
opening the coupling between the pulley (1) and the mover (3).

From an electromagnetic standpoint, a controlled current is imposed on the electro-
magnet to generate a magnetic flux and hence, an attractive magnetic force that opens the
clutch. When the hub starts moving, the air gap between the electromagnet and the mover
changes from 2.5 mm to the minimum air gap (∼0). A holding current of approximately
2 A is applied to hold the clutch in the open position. To close the clutch, the coil current is
set to zero and, hence, the spring force pushes the clutch back to normally closed mode.
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Figure 2. Side and isometric views of the clutch architecture. The pulley shape is exploited to provide
an actuator with symmetry with respect to the rotation axis.

3. Electromagnetic Model

The proposed actuator relies on an electromagnet to provide axial force and open the
clutch mechanism. Due to the cylindrical shape of the assembly, an electromagnet with
axial symmetry is the most suitable. This configuration guarantees a homogeneous axial
force pull throughout the active surface of the electromagnet, thus providing robustness
against centrifugal and belt forces acting on the pulley. Furthermore, the electromagnetic
problem formulation can be simplified into two dimensions, as presented in Figure 3a.

Figure 3. Finite element simulation of the electromagnet with an air gap of 2.5 mm and coil current
of 7.2 A. (a) Two-dimensional geometry with axial symmetry. (b) Magnetic flux density norm
distribution (color map), out-of-plane magnetic vector potential (contours).

The parts that constitute the mechanical structure of the actuator are manufactured
from soft steel. They also guide the magnetic flux of the electromagnet. A U-shaped iron
core is added to close the path of the magnetic circuit and to protect the electromagnetic
coil. The thickness of this U-shaped iron core is limited to prevent mechanical interference
with the crankcase and to ensure there is sufficient space to house the coil. This coil is a ring-
shaped copper winding with 280 turns. The number of turns was chosen to comply with
the 12-V battery standard for passenger cars. Relevant parameters of the electromagnetic
clutch are summarized in Table 1.
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Table 1. Electromagnetic clutch parameters.

Parameter Value Unit

Supply voltage (mild hybrid standard) 48 V
Maximum air gap 2.5 mm
Inner diameter 56 mm
Outer diameter 94 mm
Axial thickness 8 mm
Coil current during pull 2 A
Coil current during hold 5 A
Force during pull (max. air gap) 41.3 N
Force during hold (null air gap) 281.6 N
Coil number of turns 280 −
Coil wire gauge 0.56 mm
Coil resistance 4.5 Ω
Coil inductance at max. air gap and null coil current 90.5 mH
Coil inductance at null air gap and coil current of 2 A 40.2 mH

The proposed electromagnetic geometry was simulated in COMSOL Multiphysics at
different mover positions, leading to diverse air gap values measured between the mover
and the fixed iron plate below it (from zero to 2.5 mm). In each of these positions, the coil
was supplied with currents ranging from 0 to 10 A. The finite element model was meshed
with 30,000 triangular elements, leading to a skewness-based average element quality of
0.89. Each model simulation takes approximately 30 s to compute.

Figure 3b depicts the magnetic flux density distribution at an air gap of 2.5 mm and
a supply current of 7.2 A. It is observed that the proposed U-shaped iron path provides
strong saturation in some of its portions, as the saturation point of the iron starts at 1.3 T.
Nevertheless, saturation will not lead to an efficiency problem in this device because it
operates statically most of the time, i.e., supplied with a constant current. On the contrary,
if the iron path is set to a larger thickness, the amount of copper will not be sufficient to
provide the necessary attraction force.

Figure 4a,b show the coil flux linkage and electromagnetic force generated, respectively,
as a function of the air gap and coil current. These results were obtained with 1066 finite
element runs within the input ranges of interest. Since the magnetic flux passes through
the air gap twice, the air gap reluctance is involved in the flux path and thus the flux
linkage varies not only with the coil current but also with the air gap. Saturation effects
are advisable in the flux linkage above 3 A of supply current. The force shows the typical
highly nonlinear behavior as a function of input variables.

The data extracted from finite element simulations are useful to enrich a dynamic
model of the actuator. By applying Kirchhoff’s law to the electromagnet,

vc =
d
dt

λ(ic, g) + icR, (1)

in which λ is the flux linkage, vc is the voltage applied to the electromagnet, and R is the coil
resistance. Note that the flux linkage changes with both the current of the electromagnet
ic and the air gap g: λ = fλ(ic, g). Accordingly, the force produced by the electromagnet
will have the same mapping: F = fF(ic, g). This information is compatible with the maps
shown in Figure 4.

Using the derivative chain rule yields the following:

dλ

dt
=

∂λ

∂ic

dic

dt
+

∂λ

∂g
dg
dt

. (2)
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Combining (1) and (2) leads to the following:

vc =
∂λ

∂ic

∣∣∣∣
(ic ,g)︸ ︷︷ ︸

L(ic ,g)

dic

dt
+

∂λ

∂g

∣∣∣∣
(ic ,g)

dg
dt︸ ︷︷ ︸

ec(ic ,g)

+icR; (3)

this expression represents the nonlinear electrical behavior of the clutch, in which the
resulting inductance L and back-electromotive force (EMF) ec terms are both functions of ic
and g.

Figure 4. Numerical static FEM simulation variables as a function of the air gap and coil current.
(a) Coil flux linkage. (b) Electromagnetic force.

4. Clutch State Estimation

The fact that both the inductance and the back EMF depend on the clutch position
is the core of the two methods proposed for clutch position estimation. Estimating the
inductance L when the clutch is at the steady state, i.e., open or closed, can be correlated
with the clutch position. On the other hand, when the clutch moves, a non-negligible
back-EMF disturbance ec takes place. This latter contribution is proportional to the air gap
speed dg/dt. When the mover reaches its mechanical limits, either opening or closing, ec
suddenly becomes zero. This produces a noticeable variation in the coil current due to the
sudden change in this perturbation.

4.1. Inductance Variation Method

The nominal variation of the inductance as a function of coil current and air gap is
plotted in Figure 5. By knowing the inductance at a fixed current, the position of the clutch
can be estimated. However, note that the monotonic behavior of the inductance with air
gap variation is only guaranteed when the coil current is below 0.6 A.

Figure 5 suggests that the use of the inductance to estimate the air gap is only valid
when a small coil current is applied. Thereby, the clutch control unit (CCU) can apply a
persistent voltage disturbance that produces a coil current below 0.6 A. When the clutch
is closed or open, the disturbance due to back-EMF is not present (dg/dt ≈ 0) and (3)
reduces to the following:

vc = L(ic, g)
dic

dt
+ icR(Θ). (4)
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Figure 5. Coil inductance as a function of the air gap, for different coil current values.

The system can be considered a resistive-inductive circuit in which the inductance
changes with the coil current and air gap, while the resistance is temperature-dependent
(Θ). For a short time frame, both the inductance and the resistance are assumed to be
constant. Rewriting (4) in the Laplace form yields the following:

ic(s)
vc(s)

=
1

sL + R
. (5)

For a practical implementation in the CCU, a linear difference equation is obtained
using Tustin’s discretization method:

a1icz−1 + a0ic = b1vcz−1 + b0vc, (6)

where b0 = b1 = Ts is the sampling time and

a0 = 2L + RTs (7a)

a1 = RTs − 2L. (7b)

At time instant k, and using N past measurements of the coil current ic and voltage vc,
expression (6) is arranged as follows:

ic,k ic,k−1
ic,k−1 ic,k−2

...
...

ic,k−N+1 ic,k−N


︸ ︷︷ ︸

A

[
a0
a1

]
=

 b1vc,k−1 + b0vc,k
...

b1vc,k−N + b0vc,k−N+1


︸ ︷︷ ︸

b

+ω. (8)

The vector ω = [ω1, · · · , ωN ]
⊺ has been added to lump the uncertainty due to the

measurement error. Since A and b are known, the minimum mean square error is used
to obtain the coefficients a0 and a1. Then, the equation system in (7) is solved to obtain L
and R.

Finally, the estimated inductance is used to evaluate the clutch state. For instance,
when the clutch is correctly closed (g = 2.5 mm) and the excitation current is below 0.6 A, it
is seen from Figure 5 that the inductance is confined to approximately 90 mH. Different
inductance values would indicate a clutch malfunction.
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4.2. Back-EMF Disturbance Method

To open the clutch, a coil current between 5 to 6 A is needed to overcome friction
and inertial contributions to open the toothed profile and pull the mover. This current is
applied for 0.2 s. Then, a holding current of 2 A is used to maintain the clutch open. Due to
iron saturation, the previously presented inductance estimation method is not a suitable
candidate to estimate the state of the clutch. Note from Figure 5 that the variation of the
inductance with the clutch air gap is not indicative when the coil current is larger than
0.6 A. However, the back-EMF voltage is not negligible when the clutch is opening. This
disturbance is here exploited to estimate the clutch state.

In fact, there is an increase in the back-EMF voltage (ec) when the clutch is open-
ing/closing. By converse, ec becomes zero when the clutch hub is hardly stopped due to
mechanical contact at both stroke ends (minimum/maximum air gap). This sudden change
in back-EMF generates a strong variation of the coil current at the instant of the impact.
Thus, monitoring both ec and ic in real time could be useful to identify the effectiveness
of the clutch operation. The proper estimate of the back-EMF is challenging to obtain
because it presents highly nonlinear behavior at the instant of the impact and it is not a
persistent disturbance.

5. Experimental Validation

The experimental tests were conducted using the belt test bench shown in Figure 6.
The BDS is constituted by three pulleys: (1) belt starter–generator, (2) AC compressor,
and (3) crankshaft. The clutch pulley device is installed on an e-motor that reproduces the
crankshaft speed profile. When the clutch is open, the belt starter–generator electric ma-
chine drives the AC compressor. To identify the closing and opening phases, a microphone
(4) measures the acoustic noise produced by these events.

Figure 6. Testbed for experimental characterization of the clutch. (1) Belt starter–generator electric
machine with belt tensioner on top, (2) AC compressor pulley, (3) crankshaft pulley with electromag-
netic clutch installed, (4) microphone to measure the noise of the impact when the clutch changes its
state, (5) clutch control unit (CCU).

The clutch control unit (CCU) is based on a Texas Instruments F28379 processing unit
together with a BOOSTXL-DRV8323RS power module. The latter is a fully configurable
3-phase inverter with shunt current sensors incorporated. The power module is used as
an H-bridge to supply the electromagnet with a modulated voltage and guarantee the
required current profiles on the electromagnet. A proportional–integral (PI) controller
is implemented to yield current tracking on the electromagnet. The CCU communicates
via a controller area network (CAN) with the vehicle control unit. It receives the clutch
commands and feeds back the clutch state. The software is deployed directly from the
MATLAB environment using the embedded Coder support package for Texas Instruments
C2000 Processors. The layout of the CCU is depicted in Figure 7.
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Figure 7. Layout of the clutch control unit (CCU).

5.1. Clutch Functionality Tests

Figure 8 depicts a typical actuation task for the electromagnetic clutch. The system is
normally closed. A disable (DIS) signal is received at t ≈ 0.3 s. The coil current PI control
is set to track a pull current reference of 5 A. When this setpoint is reached, the clutch
command is set to zero. The current generates a magnetic force that pulls the mover and
opens the clutch. Strong disturbances in the current are appreciated at the instant of the
impact. This is due to the fast variation of the hub speed when it reaches the mechanical
stroke limits. After a time interval of 0.2 s, the coil current setpoint is lowered to a hold
value of 2 A to keep the clutch in open mode. The value of the current is lower in this case
because the electromagnetic force counteracts only the elastic reaction of the conical spring.

Figure 8. Clutch operation time history: Electromagnetic voltage (top), current (middle), and clutch
command (bottom). Current perturbations due to back-EMF are highlighted during closing and opening
with arrows.
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At 1.6 s, an enable (EN) command is received. The current reference is set to zero.
Thus, the return spring releases its energy to set back the mover. When the mover reaches
its end stroke, a back-EMF disturbance yields a variation in the coil current, which then
approaches zero.

A realistic working condition is reproduced by means of the described test bench in
Figure 9. During the initial phase, the clutch is closed and transmits power to the belt
starter–generator through the belt transmission. This is shown by the angular speed of
the machine and the null current in the clutch coil. At 10 s, when the vehicle has already
stopped, the clutch is opened: A pull current is briefly applied and then lowered to a
holding value. Subsequently, the electric machine powers the AC compressor while the
ICE is decoupled and off. Finally, the electric machine stops and the clutch is closed to
restore BDS functionality.

Figure 9. Test bench emulation of a typical working condition of the clutch within a belt drive system.
The belt starter–generator electric machine (EM) was driven up to its maximum speed (∼12,000 rpm)
to stress the functionality of the clutch.

Note that when the engine is decoupled, the belt starter–generator electric machine
(EM) is driven up to maximum speed. To re-establish a traditional BDS, the EM is stopped
at max. deceleration and the clutch is closed again. In this worst-case condition, each
of these two phases has a maximum actuation time requirement of 100 ms fulfilled in
both cases.

5.2. Inductance Variation Method Tests

Before implementing the inductance estimation method on the CCU, a preliminary
experimental Fourier analysis was conducted to investigate the variation of the inductance
over a frequency range between 1 and 100 Hz. Tests were performed by applying a biased
voltage sweep with the clutch manually forced to stay open (minimum air gap) or closed
(maximum air gap). This test was repeated at three current bias values: 1, 1.4, and 2.8 A. As
seen in Figure 10, determining the clutch state via inductance variation becomes difficult
due to magnetic saturation, even at the lowest bias current. These results support the
preliminary numerical analysis shown in Figure 5.
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Figure 10. Frequency response at different air gaps. Tests were conducted with average coil currents
of (a) 1.0 A, (b) 1.4 A, and (c) 2.8 A. The inductance variation becomes smaller when the drive current
increases. The evaluation of the clutch state from the inductance variation is difficult to achieve when
the coil current is larger than 1.4 A due to magnetic saturation.

5.3. Back-EMF Disturbance Method Tests

Figure 11 shows the electromagnetic current profile disturbed with the back-EMF
voltage during the (a) opening and (b) closing phases. In both cases, the current fluctuation
is 0.3 A, which is easily measured through the available shunt resistance sensors in the
CCU. A microphone is used to measure the impact noise, this helps determine the actuation
timing. This acoustic measurement is only available for evaluation purposes; it is not used
during normal vehicle operation. Interestingly, the opening phase lasts less than 50 ms,
whereas the closing phase lasts 25 ms which is notably lower than the reaction time needed
to change the operation mode of the vehicle (∼100 ms).

Figure 11. Coil current and microphone pressure when the clutch is (a) opening (clutch moving
towards minimum air gap), and (b) closing (clutch moving towards maximum air gap). The coil
current is clearly disturbed at the instant when the hub drastically stops moving due to mechanical
contact. A microphone is used to determine the instant of the impact.

6. Conclusions

This work presents a novel electromagnetic clutch that decouples the crankshaft from
the belt driven system. It provides the possibility for AC extension during the start–stop
operation, avoiding the engine drag torque. The working principle of the clutch and its
electromagnetic behavior are modeled. Experimental tests demonstrate the functionality
of the proposed actuator. Two procedures to estimate the clutch state are described. The
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first, focused on the inductance estimate, can potentially give a more precise estimate of
the air gap but is severely hindered by saturation. The second one employs the current
disturbance due to back-EMF to identify the clutch state. Although not particularly precise,
this latter technique can identify the clutch state as binary information.

The experimental test validated that the opening and closing phases required 50 and
25 ms, respectively. As a result, the time constraints of 100 ms for switching between
operating modes in a vehicle were satisfied. Real-time deployment of these algorithms is
carried out on a clutch control unit. The experimental test was undertaken with an active
electromagnetic clutch paired with the control control unit, making it an effective choice
for automotive applications. From a functional safety perspective, both strategies can be
combined to provide a redundant state estimation scheme.

Further developments of this project include the installation of the actuator in a vehicle
and its use to implement and assess energy-saving strategies.
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AC air conditioning
BDS belt drive system
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CCU clutch control unit
DIS disable coupling with engine
EM electric machine
EMF electromotive force
EN enable coupling with engine
FEAD front-end accessory drive
ICE internal combustion engine
PI proportional–integral
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