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Abstract: Automatic clutch engagement control is essential for all kinds of vehicle power trans-
missions. The controllers for vehicle power transmissions may include model-based or model-free
approaches and must provide high transmission efficiency, fast engagement and low jerk. Most
vehicle automatic transmissions are using torque converters with transmission efficiencies up to
96%. This paper presents the use of fuzzy logic control for a dry clutch in parallel hybrid electric
vehicles. This controller can minimize the loss of power transmission since it can offer a higher
transmission efficiency, up to 99%, with faster engagement, lower jerk and, thus, higher driving
comfortability with lower cost. Fuzzy logic control is one of the model-free schemes. It can be
combined with Al algorithms, neuro networks and virtual reality technologies in future development.
Fuzzy logic control can avoid the complex modelling while maintaining the system’s high stability
amid uncertainties and imprecise information. Experiments show that fuzzy logic can reduce the
clutch slip and vibration. The new system provides 2% faster engagement speed than the torque
converter and eliminates 70% of noise and vibration less than the manual transmission clutch.

Keywords: fuzzy logic control; parallel hybrid electric vehicle; torque converter; dry friction clutch;
fast engagement; low jerk; transmission efficiency

1. Introduction

Hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs) are
rapidly popularizing due to the world commitment to reduce fossil fuels and CO, emissions.
HEVs provide CO; emissions 40% fewer than the conventional internal combustion engine
(ICE) vehicles in the same sizes and classes. In parallel, hybrid electric vehicles, the ICE and
the main electric motor (EM) are installed independently. There are normally four driving
modes (DMs): Pure electricity mode (DM1) at a low load and/or a low speed, only the
main EM runs the vehicle; Pure combustion engine mode (DM2), at a higher load and/or a
higher speed, the ICE is ignited by the starter/generator motor EM and the ICE runs the
vehicle alone; Hybrid power mode 1 (DM3), at a very high load and/or speed, both main
EM and ICE run the vehicle; Hybrid power mode 2 (DM4), at an extreme high load and/or
maximum speed, all starter/generator, main EM, and ICE together run the vehicle. The
vehicle battery can be charged from the plug-in cable and/or from the generator motor.

In 2021, Hyundai launched the latest version of the Sonata Hybrid as shown in
Figure 1. This is a sedan middle class parallel hybrid electric vehicle. This HEV consists
of one internal combustion engine (ICE) of four cylinders with multiple point injection,
volume of 2.4 L, max power of 156 kW at 6000 rpm, and the peak torque of 265 Nm; one
electric motor starter (EM2) with max power of 8 kW and max torque of 43 Nm; the main
electric motor (EM1) with max power of 35 kW and max torque of 205 Nm; the battery HEV
Li-ion with capacity of 6.1 Ah; the transmission gear box with full automated six speed
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and the friction clutch engagement are also fully automated. The vehicle curb weight is
Combustion Engine Electrical Motors

1569 kg.
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Figure 1. Hyundai 2021 Sonata Hybrid.

The automatic transmission gearbox and torque converter determine the fast and
smooth power transmissions. This paper starts with some comprehensive reviews of recent
research on vehicle powertrain transmissions; development trends of HEV transmissions;
research on clutch and braking systems in HEV energy management; modern clutch control
strategies for HEV; HEV with dual clutch transmissions; and finally, control designs for
clutch engagement.

The authors of [1] present a review of automatic transmission control in automotive
powertrains including manual transmission (MT), automated manual transmission (AMT),
dual-clutch transmission (DCT), conventional automatic transmission (AT), and continuous
variable transmission (CVT). Another recent comprehensive review on HEV architectures
and powertrain transmissions is referred to in [2], where the choices of different converters
for obtaining high efficiency are introduced. A review of recent advances in energy
management for HEV and PHEV is presented in [3], where different efficient operation
techniques are introduced with the combination of electric traction and mechanical traction.
Finally, global insights into future trends for HEV and PHEV are reviewed in [4].

Regarding recent studies on HEV powertrains, clutch and braking systems, the authors
of [5] introduce development trends of transmissions of HEV using an optimizing energy
management strategy. The effect of the engine start and clutch slip losses problem on the
hybrid DCT powertrain is presented in [6]. The authors of [7] present control strategy
of hydraulic regenerative braking of electrohydraulic HEV. Research on the optimization
control of the regenerative braking system of HEV based on electrical variable transmission
is introduced in [8].

Regarding the control strategy for HEV, the authors of [9] review different rule-based
controls and optimization-based controls in order to improve the fuel economy for HEV.
Other research on control strategy for clutch engagement during the switching mode of
PHEYV is presented in [10]. The authors of [11] present mode transition control for single-
shaft PHEV using a model predictive control approach. The authors of [12] introduce
multiphase mixed-integer nonlinear optimal control of HEV. The economic aspect of using
different PHEVs in urban conditions is also reviewed in [13]. Finally, new optimized
adaptive control for mode transition is presented in [14], where a mathematical model for
clutch friction is developed for a PHEV during the mode transition.

There are more applications of DCT for HEV and PHEV because of its fast and smooth
engagement. The authors of [15] present a new control algorithm for HEV with DCT
configurations. The controller is used with a model reference adaptive controller (MRAC)
to minimize the fuel consumption and reduce torque interruption. A cooperative control of
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clutch for HEV with DCT is presented in [16] where a robust multivariable control scheme
using an H-infinity loop is proposed to improve the shift quality. The development of an
engine start control method for P2 hybrid vehicles is considered in [17], where the pure
electric motor switching to pure ICE mode is considered to prevent the driving torque
variation at the time of the engine start. Optimal speed regulation control of hybrid DCT
in the shift process is considered in [18] to shorten the torque interruption and reduce the
wear of the synchronizer. Finally, the authors of [19] present the optimization of DCT for
an axle-split HEV to minimize the fuel consumption.

Finally, an updated clutch strategy controls for HEV and PHEYV are also reviewed. The
authors of [20] present a clutch control strategy of the driving mode transition for P2 HEV,
where a model-based coordinated control strategy is developed. A shift strategy is studied
in [21] for a smooth and effective transmission, where the dynamic optimization scheme is
used to extract the best economic shift strategy. A novel control method of clutch during
mode transition of single shaft PHEV is introduced in [22], where an adaptive sliding mode
control (ASMC) and a proportional integral (PI) observer are designed. An engine clutch
engagement control for HEV with a transmission mounted electric device is presented
in [23] for fast synchronization of the engine and motor speed. The authors of [24] present
a double layer control of clutch during the vehicle starting up. Finally, the authors of [25]
present the design, control and validation of two speed clutch for electric vehicle based on
the coordinated control strategy to achieve the fast and smooth shifting. Recent vehicle
advanced control technologies and simulations are referred to in [26-33].

Most of the clutch control strategies are presently used model-based control and
there is still a lack of model-free control approaches related to fuzzy, Al or virtual reality
techniques. The idea of this paper is arising from the successful use of fuzzy logic for the
vehicle anti-lock braking system (ABS). Similar to the ABS, fuzzy logic control for the clutch
system can allow the use of low-cost dry clutch plates and provide higher transmission
efficiency, up to more than 99%. The controller design is tested with Matlab 2021b Simulink
and experiments in our lab. Results indicate good performances, stability and the ability to
reduce noise and vibration.

The layout of this paper is as follows: Section 2 presents modelling of clutch engage-
ment; Section 3 develops fuzzy control schemes; Section 4 illustrate simulations; Section 5
presents experiments; and Section 6 is conclusion.

2. Modelling of Clutch Engagement

In this study, we use the vehicle dynamic formulas and clutch calculations from the
textbook [34]. Real vehicle parameters are used in the updated 2021 Hyundai Sonata HEV.
The fuzzy logic and slip controller are installed in the HEV clutch as shown in Figure 2.

Combustion Engine Electrical Motors

ICE

OO0

Gear Box

&

Slip controller

Figure 2. Fuzzy logic and slip controller.

In this HEV, the vehicle is driven by the rear wheels via an automatic gear box. At low
loads and/or low speeds of less than 40 km /h, only the mail electric motor EM2 runs the
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vehicle. The clutch is open. At a higher torque and/or speeds higher than 40 km/h, the
starter motor EM1 ignites the engine ICE. The clutch is closed and the ICE runs the vehicle.

The clutch system consists of two friction plates and is controlled by our fuzzy logic
controller. Once clutch is engaged, the two dry friction plates are coupled and rotate on the
same speed with fast engagement, low vibration and jerk. Design for this engagement is
still a big challenge. In torque converters and/or in wet clutch systems, the clutch transmits
torques coupling in oil and fluid. The friction plates and converters merge into lubricant oil.
Oil provides better damping, less vibration, less jerk but the system becomes more complex
and higher cost. However, the transmission efficiency is then reduced at a maximum of
95% due to the higher slipping ratio between the two plates. If we use the dry friction
clutch, the system will be lower in cost and have a higher transmission efficiency of more
than 99%. A fuzzy logic controller can help to regulate the switching mechanism at precise
moments for the engagement.

Figure 3 shows a simple scheme of a dry friction clutch: Fx is the normal control force
between the two dry friction plates—this force is generated by our fuzzy logic controller
online; M is the driving torque from ICE at the input shaft; M, is the transmitted torque
to the output shaft; J; and J; are the lumped inertia moments; kg; and kg are the damping
coefficients; yx and pg are the friction coefficients; w; and w, are the angular velocities; r;
and rp are the inner and outer radius of the friction plates; and R is the clutch equivalent
radius.

Figure 3. Clutch scheme.

At the locked mode, the torque equation between the two friction plates is:
Jiwr = My —kgrwy — M )
Jawz = My — wakpy.
The maximum transmission torque is depending on the contact area Ac or the plate
radiuses 7, rp and r}, and the friction force F T

F
Tfmax = ff%aAc, or
Ac

2
Tfmax = Fye f;;o fOnTZaVBG, or (2)

ﬂ(ré—r%)
(-1
)
At the slipping mode, w; # w», the transmission torque is depending on the
difference of two angular velocities and the slipping friction coefficient pk:

Tfmax = %RcFN]l with RC =

Slippi 2
T, 7" = sgn(wi — w2) Trmax = sgn(wy — wz)chFNcﬂK- ®)

At the locked mode, w; = wy = w, the maximum friction torque is fully transferred
and the two plates can be combined into one equation as:

(1 + 2w = My — (kg1 + kg2)w 4)
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or
JaMy — (J2kg1 — Jikgo)w

MLocked - M, = ) 5

2 / 2+ ©

The maximum friction torque maintains the locked mode until the friction torque My
being greater than the maximum static friction torque M?;”l;l)f

; 2
MR = ZRcFncis. (6)

max 3

The shifting diagram for this clutch system is shown in Figure 4.
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Figure 4. Shifting diagram modes.

For a smoother engagement and lower jerk, the system must need a longer time to
synchronize and lock the two plates. However, in reality, this proposal is not practical.
A full clutch engagement must take place in very little time. The ideal time for a clutch
engagement must not be more than 3 s. The longer engagement will lead to overheating
and shorten the life-time. Therefore, we develop a fuzzy logic controller to synchronize the
speed of the two plates with fast and smooth engagement.

3. Fuzzy Logic Controller Design

Automatic clutch engagement has become more popular. The driver now has only
to control the brake and the accelerator pedal. Most of automatic transmission systems
use torque converters and wet clutch systems since they are working in a good damping
environment, then they can generate faster and smoother engagement with lower noise
and vibration. However, due to also the damping liquid, they provide a higher slipping
ratio, and hence a lower transmission efficiency, roughly 86-96%, and a higher cost of
production and maintenance. While the dry friction clutch can offer a higher transmission
efficiency of 97-99% and a lower cost of production and maintenance.

The main challenge for an automatic controller of a dry friction clutch is higher
vibration and noise: how to balance the torque transmission efficiency versus the reduction
of vibration and noise. The controller must always perform the two duty modes: switching
connection and changing gears smoothly and correctly. The switching connection mode
is the clutch being engaged or disengaged depending on the intention of the driver via
his action on the accelerator pedal. The controller must determine the switching mode
via the rate and the position of the accelerator operation. Similarly, the gears changing
mode is determined by the current torque load and the vehicle speed to match the optimal
energy management.

Based on the two duty modes requirements, fuzzy logic control rules are developed
to regulate the slip ratio between the two plates. These fuzzy logic rules are designed
and based on the slipping ratio between the input and the output speed and torque. This
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controller processes input data on engine, vehicle speed and the driver intention to generate
the right output normal control force Fyc between the two plates. The clutch engagement
takes place until the slipping ratio reduces to zero or the clutch is locked and matches the
ICE speed.

A set of fuzzy logic rules is built based on the driver’s intention. For instance, a fast
and aggressive pressure on the accelerator pedal can be understood as the driver wanting
a fast and high normal control force and wishes to have full clutch engagement in a very
short time. While gradual and slow pressure on the accelerator must be understood as
the driver wanting to have a longer and smoother clutch engagement. Similarly, a fast
release of the accelerator pedal will lead to a fast falling of ICE speed and an immediate
interruption of the control force between the two plates. The clutch will be disengaged
and the ICE will fall in the idle speed. The changing gears will take place accordingly
depending on the vehicle’s speed and the output torque load conditions.

The followings are our fuzzy logic laws according to the position of the accelerator
pedal: None (less than 1%), Little (1-20%), Medium (20-80%) and Large (more than 80%).
And the accelerator rate: Slow (less than 20%/s), Medium (20-80%/s), and High (more than
80%/s). Similarly, the variable for the ICE speed is: Low or idling speed (less than 750 rpm),
Upper (750-1830 rpm), Medium (1830-3540 rpm), and High (faster than 3540 rpm), and
the variable for the ICE speed rate is: Falling Quickly (less than —2500 rpm/s), Falling
Gently (from —2500-0 rpm/s), Constant (0 rpm/s), Rising Gently (0-2500 rpm/s), and
Rising Quickly (greater than 2500 rpm/s).

A controller for this clutch is developed where the normal force between the two plates
is a function of slipping ratio, slipping gain, and the above fuzzy logic laws. Variables for
the slipping ratio re set up as: Null, Low, Medium and High. Variables for the slipping
gain are set up as: Negative (less than —0.2), Gently Negative (less than —0.1), Null (=0),
Low (at 0.025), Medium (at 0.075), and High (at 0.2). The fuzzy logic laws for controlling
the slipping gain are presented in Tables 1-4.

Table 1. Accelerator laws.

Accelerator Position Accerarator Rate Slipping Ratio
None None Null
Little Slow Low
Medium Medium Medium
Large High High

Table 2. ICE speed laws.

ICE Speed Rate Slipping Gain
Falling Quickly Negative
Falling Gently Gently Negative
Constant Low
Rising Gently Medium
Rising Fastly High

Table 3. Driver intention laws.

Accelerator Position Accelerator Rate ICE Speed Slipping Gain

Large High Idle Gently Negative
Large High Medium Medium
Large High High High
None Slow High High
None Slow Medium Medium
None Slow Idle Low

Medium Medium Medium Medium

Medium Medium High Medium

Medium Medium Idle Low
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Table 4. Idling law.

Accelerator Position Slipping Gain
Null

None

The graphic surfaces for fuzzy logic laws are illustrated in Figures 5-7.

Accelerator rate

0 Accelerator position

Figure 5. Slipping gain, accelerator rate, and accelerator position.

Slip Gain

2000 1
ICE speed :

0 02 : .
0 Accelerator position

Figure 6. Slipping gain, ICE speed, and acceleration position.

The full fuzzy logic controller on MATLAB Simulink R2021b is designed and shown
in Figure 8. This controller receives and processes data in real-time from the accelerator
position; accelerator rate; ICE speed; and ICE speed rate with the above fuzzy logic laws
and generates the slipping gain values. The clutch normal force is now a product of
slipping ratio from the angular slipping velocity sensors in the two clutch plates and the
slipping gain values calculated from this fuzzy logic controller. The clutch engagement
and vibration are now controlled by this normal control force.
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Slip Gain

04
o Accelerator position

Figure 7. Slipping gain, ICE speed rate, and acceleration position.
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Figure 8. Fuzzy logic controller.

4. Simulink Simulations

A comprehensive Simulink model of this parallel HEV is built in MATLAB 2021b
and shown in Figure 9, including the ICE, fuzzy logic controller, main electric motor EM1,
starter/generator EM2, six speeds automatic gearbox, tires, and vehicle dynamics.

Simulations are run and compared between performances of the torque converter and
our new friction clutch fuzzy logic controller over a fast-staring speed from 0 to 130 km/h
with a full depression of the accelerator pedal in 5 s, then, keep it at full depression for 40's,
then, quickly release the accelerator pedal. The gears switching and the vehicle speed of
the two simulations are shown in Figure 10.

Figure 10 shows that the vehicle reaches the speed of 130 km/h in 50 s, the friction
clutch system leads to automatic gear switching faster than the hydraulic torque converter
and, hence, the vehicle reaches the maximum speed faster than the torque converter. With
the sharp and full release of the accelerator pedal, the vehicle speed also reduces faster
than the torque converter because of faster disengagement of the friction clutch than the
torque converter.
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Complete Vehicle Model
with Controllable Friction Clutch
and A atic Tr ission Gears.
Testing with Diversified Throttle Tracking
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Figure 9. PHEV Simulink diagram.
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Figure 10. Full accelerator depression at starting time.

Now the vehicle is maintained, running at a stable speed of 130 km/h for a longer time.
Figure 11 shows that, at this stable speed, the torque converter generates less transmission
efficiency with a higher slipping ratio of more than 5%. While the slipping ration of
the fiction clutch is gradually reduced to less than 1.5% after 100 s. The lower slipping
ratio leads to higher torque transmission efficiency and, hence, the vehicle has a higher
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speed. However, the torque converter provides better damping in a fluid environment and,
hence, generates lower vibration and noise. The vibration and noise of a dry clutch can be
regulated by regulation of the normal force applied to the two plates and is presented in
the next part.

60 T T T T T T T T

Friction Clutch
ol ———— Torque Converter |

_20 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (Sec)
150 T T T T T T T T
F 3 1 e pepesye N
£ | oemmmem=
i~ Py
- 100 e b
) .
8 // Friction Cllutch
(%) y —————- Torque Converter
[0) L i
< 50 I/
5 /
> J
0 1 1 1 1 1 Il 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (Sec)

Figure 11. Slipping ratios and speeds.

A full cycle test for this controller is conducted and is shown in Figure 12. The
accelerator pedal is first pressed to its full position in 3 s. Then, it is kept in this full
depression for 50 s. Then, we gradually release it over 20 s. Then, gradually press it
again in 20 s. Then, keep it for 10 s. Then release it immediately and totally. The torque
transmission between the two plates is stable at 590 N, then changes according to the
accelerator position and rate. The clutch is totally disengaged when the accelerator pedal
is released.

T T T T T T T T T

Accelerator Pedal Position |

Accelerator Position

0 20 40 60 80 100 120 140 160 180 200

Time (Sec)
600 T T T T T T T

. Clutch Force (N)

=3

o 400 7

o

9

L

5 200 8

=

O

O 1 1 1 1 1 i 1 —_“'l N 1 - 1 !
0 20 40 60 80 100 120 140 160 180 200

Time (Sec)

Figure 12. Automatic friction clutch performance.
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Figure 12 shows that the controller can manage the clutch engagement and disen-
gagement well. The vehicle goes faster at the stable speed than with the use of the torque
converter. This friction clutch is well controlled by the above fuzzy logic schemes. In the
next section, we will conduct some real experiments to regulate the vibration and noise.

5. Experiments

The vibration and noise of the friction clutch can be regulated by the normal force
or by changing the clutch pressure. Real experiments show that the vehicle engine has
a critical frequency at 30.5 Hz or at the engine angular speed of 1830 rpm, as shown in
Figure 13.

10 T T T T T T T T T
Vehicle Vibration Measurement

Vibration Measurement
(=]

L 1 1 1 L 1 1 L L

0 50 100 150 200 250 300 350 400 450 500
Time Millisecond (ms)

Single-Sided Amplitude Spectrum

= Critical vibration
Eost at 30.5Hz _
3
[1h]
o h J dw

TR A A Al s

0 V50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 13. Critical vibration at 30.5 Hz.

At a stable speed, the friction clutch always keeps the slipping ratio at less than
1.5%. In order to reduce the clutch vibration and noise at this critical frequency, we must
reduce the normal force or the pressure on the plates. In this case, the slipping ratio
increases to 4.5% or is equivalent to the slipping ratio at the stable speed of the torque
converter. Figure 14 shows that the engine now runs at 1870 rpm and the output sharp
runs at 1814 rpm or at roughly 3.5% of slipping ratio.

Figure 15 shows that full engagement takes place within 0.9 s when the clutch syn-
chronizes more than 95% of the engine speed. The torque of the engine and the output
shaft are kept in a stable condition accordingly.

Figure 16 shows the vibration before and after having pressure regulation. At the high
speed of 3540 rpm or at 59 Hz, the fuzzy logic clutch controller regulates the normal force
and reduce the vibration at this high speed for 70% of vibration amplitude.

At the critical frequency of 1830 rpm and at high speeds of more than 3540 rpm, the
fuzzy logic controller can regulate the normal force for better driving comfortability and
lower vibration than the conventional manual transmission clutch system.
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6. Conclusions

In this research, a complete fuzzy logic controller for a dry friction clutch is designed
for a parallel HEV with a lower cost and a better performance. Simulations show that
the dry friction clutch and the fuzzy logic controller can perform faster engagement and
higher transmission efficiency than the use of torque converter. At a stable speed, the new
system provides a 2% faster speed than the torque converter. Simulations also show that
the dry friction clutch with fuzzy logic control can be used to replace torque converters.
Experiments with normal force regulation by fuzzy logic control can eliminate the vibration
and noise at critical and at high frequencies. The new system can eliminate 70% less noise
and vibration than the manual transmission clutch. This research offers novel theoretical
and experimental contributions to the development of parallel HEVs in the future.
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