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Abstract: With the increasing use of automatic transmissions in passenger vehicles, there is a growing
need for improved gear shifting control strategies that aim to enhance performance and fuel efficiency.
This paper introduces a knowledge-based fuzzy control system designed specifically for automatic
transmissions in light vehicles. The proposed system utilizes a fuzzy inference system as the controller,
enabling the emulation of the driver’s perceptions during the gear shifting process. Consequently,
the input signal consists of variables that are either sensitive to or observable by the driver, while the
output represents the selected gear. The paper evaluates three distinct control strategies, each based
on different inputs. These inputs include the longitudinal velocity of the vehicle, the angular velocity
of the engine, or a combination of both, along with the time-derivative of the throttle valve opening.
Through the evaluation, it is observed that the combination of inputs yields significantly improved
performance. Therefore, the methodology presented in this paper demonstrates that the combined
input approach is more effective for gear shifting control.

Keywords: fuzzy control/logic; knowledge-based control; automatic transmissions; fuzzy inference
systems; longitudinal dynamics

1. Introduction

In the present era, automatic transmissions have become widely utilized in both light and heavy
vehicles. With the increasing need for enhanced performance and reduced fuel consumption, there is a
greater demand for precise control algorithms. However, the decision-making process for gear shifting
is often complex due to the multitude of available input variables. These variables include the output
velocity of the gearbox, oil brake pressure, current-gear indicator, clutch parameters, and others, as
described by [1], [2], and [3].

Several authors have focused on selecting specific clutch parameters for control purposes,
considering either kinematics or dynamics. [4], for instance, emphasize the significance of shift
quality in automatic transmissions (AT). To optimize fuel economy, they propose the utilization of
a proportional solenoid valve for clutch pressure control, with the speed difference of the clutch
chosen as the control input. Similarly, [5] employ Takashi-Sugeno (T-S) fuzzy control and PID during
various phases of the starting shift control process. They analyze the turbine speed in the automatic
transmission and achieve satisfactory results in terms of shift quality. On the other hand, [6] focus on
enhancing shift quality by employing adaptive fuzzy control for the filling process in wet clutches.
They do not specifically work with kinematic parameters but share the same goal of improving shift
quality, as also explored by [7] for an adaptive control strategy.

In their study, [8] explore an unconventional moving-off mechanism known as the Hydraulic
Mechanical Power Reflux Transmission (HMPRT) and aim also to determine the optimal control
strategy for the gear shifting process, specifically in a wheel loader. To define the gear ratio, they
consider both the vehicle speed and throttle opening. Additionally, certain factors from the HMPRT
are necessary for the decision-making process.

As observed in the works of numerous authors, it is commonplace to employ multi-objective
optimization techniques for automatic transmissions. These techniques involve the consideration of
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independent parameters that measure various aspects such as performance, comfort, and fuel economy.
[9] investigate a specific aspect known as double-transition downshift (DTS) in automatic transmissions.
Their objective is to achieve a balance between shift comfort and performance. To validate their control
strategies, they utilize a Pareto frontier approach for a 10-speed gearbox, examining different types of
DTS.

Many researchers have utilized meta-heuristic optimization algorithms in the context of automatic
transmissions. [10] propose a method that combines planetary gear sets with parallel-axis gear
pairs to enhance both fuel consumption and driving performance. To achieve this, they employ a
Genetic Algorithm to optimize gear ratios, with the goal of achieving a wider gear ratio spread. The
parameters evaluated during the optimization process include power flow, efficiency, and clutching
sequence. Similarly, [11] employ a Genetic Algorithm for multi-objective optimization in a dual-clutch
transmission. The authors aim to find the most suitable gear shift map by considering factors such
as CO; emissions, driveability, and gearbox durability, among others. Likewise, [12] utilize a Genetic
Algorithm aiming at the minimization of fuel consumption, exhaust emissions and gearbox power
losses.

As observed, previous studies on control strategies for light vehicle transmissions have not
extensively examined the performance analysis when altering only driver-sensitive inputs, nor have
they explored the application of knowledge-based fuzzy control. These areas of investigation offer
the opportunity to approximate the gear shifting process to the human decision-making method,
according to [13]. By focusing on these subjects, a deeper understanding of the relationship between
driver perception and gear shifting can be achieved, leading to more effective control strategies in light
vehicle transmissions.

[14] present a comprehensive work in this field, introducing a straightforward method for
applying fuzzy logic to control automatic transmissions, considering kinematic inputs, differential
force, and slipping. Their approach is applicable in a generic context, making it versatile and widely
applicable. Similarly, [15] and [16] investigate the use of both human and non-human sensitive
parameters in traditional automatic transmissions, employing fuzzy control techniques. In another
related study, [17] propose a fuzzy system for predicting driver’s intentions and subsequently employ
it as a control algorithm for gear shifting in an automated transmission.

Furthermore, [18] and [19] have investigated the impact of external factors on automatic
transmission control, including variables such as ramp angle, traffic conditions, and road conditions.
In their studies, a fuzzy logic system is employed to simulate the gear shift process, taking into account
these external factors. In a different approach, [20] focus on utilizing a neuro-fuzzy logic model for
automated manual transmission considering only two key inputs, namely wheel angular velocity and
throttle valve opening angle.

[21] focus solely on fuzzy modeling as they develop a control system for an automatic
transmission based solely on longitudinal velocity. However, their ultimate objective is to compare the
simulation accuracy of different membership functions, namely triangular, trapezoidal, and Gaussian.
Moreover,[22], [23], and [24] establish the fundamental concepts of fuzzy logic, laying the groundwork
for various model constructions. They demonstrate that this logic enables computational manipulation
of the imprecise nature of human thought, leveraging natural human intelligence without reliance
on explicit models. Additionally, by utilizing a parametric structure, it becomes more convenient to
work with knowledge-based models and effectively control systems with multiple inputs and multiple
outputs (MIMO). Furthermore, the subsequent implementation of adaptive control is also made easier
through this approach.

[25] further demonstrate the advantages of knowledge-based fuzzy inference systems (FIS) by
achieving significant improvements in real-time collision systems. Taking a different perspective,
[26] emphasize the importance of human knowledge and explore methods for its more effective
filtering.[27] propose an extrapolation-enhanced approach for modeling travel decision making,
leveraging knowledge-based theory. This theory even finds applications in Computer-Aided Design
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(CAD) and Finite Element Analysis (FEA), as investigated by [28], providing a unified model
representation.

Hence, by narrowing down the scope to a particular domain, this research paper strives to
accomplish two objectives: firstly, to develop a knowledge-based fuzzy control system, and secondly,
to propose a control system that solely incorporates driver-sensitive inputs. The primary contribution
of this study lies in introducing a methodology for defining fuzzy control strategies for automatic
transmissions. This approach relies on leveraging the knowledge of experienced drivers to design
membership functions, eliminating the need for additional sensor measurements. The anticipated
outcomes of this proposed control methodology include efficiency, minimal computational burden,
and relative simplicity in implementation. In this manner, the effectiveness of the research can be
demonstrated by comparing the obtained results with real-world data extracted from [3].

So, first of all, in Section Theoretical Study, we begin by examining fundamental concepts
pertaining to control strategies and fuzzy control. To facilitate this study, we utilize the mathematical
model introduced by [29] for the powertrain, constructed using the bond graphs technique and
implemented in MATLAB®. Moving on to Section Development of Control Strategies, we present
the proposed control strategies, outlining the potential inputs that can be considered within the fuzzy
inference system. In Section Simulations and Results, we present the performance evaluation of a
light vehicle, analyzing the longitudinal dynamics for various combinations of control inputs. This
assessment allows us to compare the impact of each input on the vehicle’s behavior. Finally, in Section
Conclusions, we assess these results in relation to relevant technical data, while also suggesting
potential avenues for future research that can be pursued based on the findings of this study:.

2. Theoretical Study

The computational modeling utilized for the vehicle with an automatic transmission has been
previously introduced and validated in studies by [30] and [29]. The model is based on data obtained
from [31]. Specifically, the powertrain model encompasses the engine, torque converter, automatic
gearbox, differential, and tires, as depicted in Figure 1.
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Figure 1. Block Diagram representing the powertrain model

The selected gearbox for the study is a Lepelletier 6-velocities gearbox, which consists of a typical
planetary gear set and a Ravigneaux gear set. The composition of this gearbox configuration is
illustrated in Figure 2. This specific gearbox design is extensively utilized by numerous manufacturers
of automatic transmissions, including contemporary ones. The trend toward incorporating more gears
introduces significant challenges, such as the need for more complex software control and an increased
calibration workload, as highlighted by [7]. Additionally, Figure 3 displays the gear ratio values for
each gear as well as the corresponding connected clutches and brakes.
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Figure 2. Lepelletier Gearbox Scheme adapted from [32]
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Figure 3. Clutches and Brakes Configuration for Lepelletier Gearbox. Data from [32]

2.1. Control Strategy

As described by [33], the primary objective of the control strategies is to determine the optimal
gear selection based on the prevailing driving conditions.

In the case of modern automatic transmission vehicles, there exist distinct primary objectives
for this process. [1] outline two options: fuel economy and comfort. However, certain vehicles are
equipped with a switch key that allows the driver to toggle between these two options.

In general, as stated by [1], several inputs need to be provided to the Transmission Control Unit
(TCU). These inputs may include:

Speed selector position (Parking, Reverse, Neutral or Drive)
Position buttons to use the gearbox sequentially

Engine speed

Throttle position

Turbine velocity for the torque converter

Oil pressure for brakes

Door state (open or closed)

NG LN =

Likewise, the TCU generates various outputs through the utilization of actuators such as
electrovalves and proportional valves. These outputs play a crucial role in executing the control
strategy and can vary depending on the specific case and system dynamics. The mentioned factors
serve as illustrative examples to elucidate the dynamics of the control strategy, which can exhibit
variations in different scenarios.
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2.2. Fuzzy Inference Systems

Fuzzy Logic finds extensive application when there is a need to convert human perceptions into
precisely defined numerical values. As elucidated by [22], Fuzzy Logic operates on the principle of
multivalence, encompassing various degrees between the states of being and not being. Within the
realm of control systems, Fuzzy Logic is commonly employed in the form of Fuzzy Inference Systems
(FIS), which can be delineated into four distinct steps:

1.  Fuzzyfication

2. Knowledge set

3.  Decision-making process
4.  Defuzzyfication

Firstly, discrete values are transformed into fuzzy numbers, which represent variables defined
by intervals. This conversion process enables the transition from objective analysis to a subjective
perspective.

Secondly, the control model is constructed, encompassing all membership functions and control
strategies. During the development of the knowledge base, it is advisable to consider the characteristics
of the process being controlled or gather data on how a human operator would manually perform the
given task, as advocated by [24]. In general, as outlined by [22], several best practices are crucial for
determining these functions, including;:

1.  Opt for selecting 5 to 7 membership functions for each parameter.
2. The commonly utilized shapes include trapezoids and triangles.
3. The degree of overlap between the membership functions should range from 25% to 75%.

Thirdly, the control actions are derived through the combination of steps 1 and 2, requiring the use
of an inference system. In this paper, a parametric structure known as the Sugeno Model is employed
due to its precision and the flexibility it offers in terms of data requirements, as highlighted by [22]. As
a zero-order Sugeno model is utilized, the representative rule for this model, considering a constant
output, can be expressed as Equation (1).

[Fs = SSTHENvoyt = aj) 1)

Here, s represents the input variable, S’ denotes its value for the case i, voy represents the output
variable, and ) signifies its constant value for the case i.

Fourthly, and lastly, fuzzy values are converted back into discrete numbers, enabling
computational manipulation. As described by [23], in the case of Sugeno Models, this step is relatively
straightforward, and the defuzzification process involves calculating a weighted average that takes
into account the membership values of all sets involved. This process will be further elucidated in the
subsequent section.

3. Development of Control Strategies

The proposed controller utilizes input parameters of the vehicle, which are obtained through
sensors, and employs fuzzy logic for the decision-making process. It is crucial to emphasize that all
inputs for the Fuzzy Gearbox (Figure 1) are driver-sensitive, meaning that they can be observed
or perceived by the driver, in order to eliminate the need for additional sensor measurements.
Furthermore, the desired output of the controller is the current gear selection.

A block diagram, as depicted in Figure 1, is employed to illustrate the bond graph modeling
within the Simulink® environment. The structure of this diagram is based on a standard automatic
transmission system featuring the Trilok torque converter, as described in previous works by [30] and
[29].

Furthermore, in accordance with established literature, such as [33] and [32], a Lepelletier gearbox
is commonly employed in numerous light vehicles equipped with a 6-speed automatic transmission.
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Thus, for the purpose of this paper, the Lepelletier gearbox type is adopted, as the focus is not on
comparing various types of transmissions.

3.1. Selection of Driver Sensitive Inputs

When a driver is making a decision regarding the appropriate gear selection, they rely on sensory
inputs that can be rapidly felt, seen, or heard. As emphasized by [17], the driver can be perceived as
an adaptive intelligent sensor, as they utilize their senses and cognitive abilities to gather information
and make informed decisions.

Novice drivers often tend to focus solely on the speedometer or tachometer displayed on the
dashboard, primarily due to their limited sensitivity and experience. Conversely, experienced and
skilled drivers typically rely on multiple sensory inputs. They listen to the engine’s angular velocity
and feel the acceleration generated by the pressure applied to the accelerator pedal. This enables them
to simultaneously monitor the longitudinal velocity of the vehicle. As a result, they effectively utilize
the engine speed range and convey the need for additional power to the vehicle’s system.

Commencing this study, the analysis begins by employing the longitudinal velocity as the
sole input parameter, as outlined in Subsection Case 1: FIS with Longitudinal Velocity as Input.
Subsequently, the investigation proceeds to incorporate the engine angular velocity as an additional
input, as described in Subsection Case 2: FIS with Engine Angular Velocity as Input. Finally, the
study combines the previously mentioned inputs with the throttle opening rate in Subsection Case
3: FIS with Multiple Input Parameters, facilitating a comparison of the three approaches in terms of
performance, specifically the maximum velocity achieved.

In all cases, the current gear is also considered as a factor in the analysis, thereby simulating the
human decision-making process.

3.2. Case 1: FIS with Longitudinal Velocity as Input

Each notable point is carefully selected based on the experience of drivers and tailored to passenger
vehicles, aiming to approximate the computational approach to the human decision-making process.
Given the subjective nature of this process, interviews were conducted with experienced drivers from
diverse social groups. It is acknowledged that the chosen top velocities for each gear may appear
excessively high; however, it is essential to consider that this selection reflects a scenario focused
on maximum performance. Moreover, it is crucial to emphasize that specific throttle openings are
defined for each gear to prevent excessively high longitudinal slip values. A detailed explanation of
this process is provided in Section Simulations and Results.

In the case where the sole determining factor for the FIS is the longitudinal velocity, the
membership function set depicted in Figure 4 is employed. For every velocity value, a 6-column vector
of pertinence can be derived, corresponding to the 6 membership functions illustrated in the figure.
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Figure 4. Membership Functions for Velocity

Assuming v represents the longitudinal velocity, the inference model adheres to the following
rules:

If v is extremely low, then the current gear = 1
If v is low, then the current gear = 2
If v is moderate, then the current gear = 3
If v is slightly high, then the current gear = 4
If v is high, then the current gear = 5
If v is significantly high, then the current gear = 6

Finally, employing a T-S defuzzification process, the outputs are derived by calculating the
weighted average of all gear numbers, with membership values serving as weights. The nearest integer
is then selected to determine the current gear.

3.3. Case 2: FIS with Engine Angular Velocity as Input

In this scenario, it is possible to output a single unitary change in the gear number by adding or
subtracting it from the current value. However, as observed in Section Simulations and Results, it is
necessary to evaluate the outcomes for different throttle openings, thereby creating distinct cases. In
all of these cases, the same membership function set, illustrated in Figure 5, is employed.

Furthermore, assuming w represents the engine velocity in revolutions per minute (rpm), a
3-column vector of pertinence can be obtained for each engine velocity value, corresponding to the
three membership functions (reduce, maintain, and increase) denoted as w;, wy;, and w;, respectively.
The rule base for this inference is as follows:

If w is low, then Agear = -1 (Reduce)
If w is moderate, then Agear = 0 (Maintain)
If w is high, then Agear = 1 (Increase)
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Figure 5. Membership Functions for Engine

Similar to Case 1, the notable points for the membership functions are selected based on the
experience of drivers using typical passenger cars, taking into account the lower and upper limits
of engine rotation. Due to the subjective nature of this process, interviews were conducted with
experienced drivers from various social backgrounds. In the employed model, the engine necessitates
a lower gear when it reaches angular velocities below 1000 RPM, which is close to the stall point.
Similarly, it requires a higher gear when it reaches 6000 RPM. This model can be adapted for different
vehicles equipped with automatic transmission.

As a zero-order Sugeno model is utilized, the output y corresponds to the weighted average of
each possible variation in the gear number, with the corresponding membership values serving as
weights. Therefore, the representative equation can be expressed as Equation (2).

Y= [wr Wi wi} _01 (2)
1

3.4. Case 3: FIS with Multiple Input Parameters

To harness the full benefits of fuzzy logic and achieve optimal design, it is more appropriate to
incorporate multiple parameters for the decision-making process in automatic transmission shifting
problems. This approach enhances the performance of this artificial intelligence technique. Therefore,
in this scenario, three input variables are taken into account:

1. Longitudinal Velocity
2. Engine Velocity
3. Rate of Throttle Opening

The first two variables, longitudinal velocity and engine velocity, have been previously explained
and modeled in the previous sections. However, an adaptation is required for the membership
functions of the longitudinal velocity (v), in order to obtain the gear number variation as the output.
Therefore, the current gear number (1) is used as an input solely as an initial condition. The resulting
membership functions are depicted in Figure 6, where the analysis is divided into six cases, with three
rules in each case, as illustrated below:

If v is low, then Agear = -1 (Reduce)
If v is moderate, then Agear = 0 (Maintain)
If v is high, then Agear = 1 (Increase)

Moreover, a 3-column vector of pertinence can be determined for every longitudinal velocity
value in a particular gear, corresponding to the three membership functions (reduce, maintain, and
increase) denoted as v;, v, and v;, respectively.
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Figure 6. New Membership Functions for Velocity

Each significant point is chosen based on the experience of drivers operating passenger cars. Due
to the subjective nature of this process, interviews were conducted with experienced drivers from
diverse social groups. For each gear, there exists a specific range of velocities that is considered more
suitable.

Regarding the rate of throttle opening (A;T.O.), the membership functions are presented in Figure
7. In this case, this variable is driver-sensitive and is controlled by the accelerator pedal. For each value
of the rate of throttle opening, a 3-column vector of pertinence can be determined, corresponding to
the three membership functions (reduce, maintain, and increase) denoted as by, by, and b; respectively.
The rules of inference are defined as follows:

If A;T.O. is high, then Agear = -1 (Reduce)
If AsT.O. is moderate, then Agear = 0 (Maintain)
If AT .O. is low, then Agear =1 (Increase)
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For the throttle membership functions, the values are also determined based on experience. Due
to the subjective nature of this process, interviews were conducted with experienced drivers from
diverse social groups. A variation of 0.4 within 0.7 seconds is considered abrupt or high, while a

variation of 0.3 within 2 seconds is deemed progressive or low.
Additionally, weights (fuzzy constants) are assigned to each decision aspect, denoted as cy, ¢,

and c3 respectively. Therefore, the resulting equation incorporating all the parameters is given by

Equation (3).

1
T [b, b bi] ol G
1

In this case, the constants c1, ¢p, and c3 are selected through a trial and error process, as explained

in Section Simulations and Results.
In summary, the proposed methodology is illustrated in Figure 8, where it is possible to note the

selected inputs and the Fuzzy Inference System used on this research.
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Figure 8. Flowchart of the proposed methodology
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4. Simulations and Results

As per the findings discussed in the preceding section, the results can be classified into three
distinct categories, elaborated as follows:
4.1. Case 1

In this particular scenario, if a throttle opening (TO) value of 1 were maintained throughout the
entire duration, it would result in excessive tire slip. However, through a trial and error approach,
increasing values of TO are utilized for each gear (as indicated in Table 1). This adjustment enables
optimal adherence and enhances overall performance in this specific case.

Table 1. Parameters of the Model.

Gear Throttle Opening

1 0.3
0.3
0.6
0.7
0.8
0.9

N Ul W

The obtained results are presented as a sequence in Figure 9.
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Figure 9. Results based on longitudinal velocity

One noticeable aspect is the initial lack of smoothness observed in the velocity graph. This
behavior can be attributed to the Trilok torque converter transitioning through the lock-up point.

Moreover, towards the end of the graph, a stabilization is observed, which is attributed to
the equilibrium between resisting forces and traction force. The maximum velocity achieved,
approximately 270 km/h, aligns with the values reported in [31] and is supported by [30]. Additionally,
when considering the 0-100 km/h test, the performance displayed in the graph aligns with the
references mentioned earlier.

As a consequence of relying solely on longitudinal velocity for control purposes, it is not possible
to fully utilize the entire engine capacity, even with the application of fuzzy logic. This can be observed
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in the gear number graph, where the more powerful gears are engaged for a shorter duration, resulting
in a maximum velocity below the maximum power velocity (6100 rpm), as depicted in the engine
angular velocity graph. This limitation is further emphasized by the requirement for low throttle
opening at the beginning of the process.

4.2. Case 2

In contrast to the previous section, in this case, the fuzzy output represents the gear number
variation, as illustrated in Section Case 2: FIS with Engine Angular Velocity as Input. To conduct a
comprehensive evaluation, it is essential to simulate various scenarios with different throttle openings
and determine the optimal case through a trial and error approach.

When considering a throttle opening equal to 1 (wide open throttle or WOT), the results are
depicted in Figure 10.
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Figure 10. Results based on Engine Angular Velocity in WOT

Given the high engine power (298 kW) combined with maximum throttle opening throughout the
entire process, the engine reaches an excessive angular velocity in results of Figure 10. In this scenario,
the Fuzzy logic system interprets that it is feasible to initiate vehicle movement and subsequently shift
to gear number 4. As a consequence, the vehicle experiences a gradual acceleration and attains a top
speed of 300 km /h, which is better than the data of reference in [31]. However, it is advisable to reduce
the throttle opening during the initial moments, which supports the idea presented in Case 1.

When considering a throttle opening equal to 0.4 in gears n = [1, 2, 3, 4] and equal to 1 in gears n
=[5, 6], the results are illustrated in Figure 11.

In this case, the utilization of a low throttle opening for most of the time results in a lower
acceleration rate. Consequently, the vehicle gets stuck in gear n = 4, leading to a lower maximum
velocity when compared to the previous simulation, but coherent with the data of reference in [31].
Notably, the engine angular velocity remains almost constant during the final moments, limiting the
vehicle’s top speed.
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Figure 11. Results based on Engine Angular Velocity in Partial Load case 1

Finally, the best performance is achieved and reflected in Figure 12. The corresponding throttle

opening values for each gear are presented in Table 2.

Table 2. Parameters of the Model.

Gear Throttle Opening

1 0.4
0.4
0.6

0.75

1
1

N Ul W N

After evaluating the previous cases, the optimal result is obtained, where 5 out of 6 gears are
utilized, enabling the engine to reach its maximum angular velocity in each gear. As a result, the
vehicle attains a top speed of approximately 300 km/h, even without utilizing the last gear (n = 6),
which represents an unequivocally better result compared to that obtained in the reference data of [31].
This is evident in the velocity graph.

Based on these results, it is evident that the throttle opening (or a function thereof) has a significant

influence on automatic transmission control.
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Figure 12. Results based on Engine Angular Velocity in Partial Load - Case 2

4.3. Case 3

As a final step, it is possible to obtain the results for a system based on multiple parameters. In
this case, for each set of fuzzy constants, there are two distinct situations, which can be summarized as

follows:

1. Performance Test: The throttle opening starts at 0 and gradually increases to 1 over a period of 2
seconds, after which it remains constant.

2. Fuzzy Response Test: The throttle opening starts at 0, gradually increases to 1 over a period of
2 seconds, remains constant for a while, then suddenly drops to 0, and finally, rises to 1 again
within a specified time frame.

The first case aims to evaluate the performance by considering the top speed achieved by the
vehicle and comparing it with the results obtained in previous cases.

The second case complements the results by evaluating the fuzzy response under different throttle
openings and varying rates of throttle opening, while considering a ramp angle of 10°. This evaluation
demonstrates the system’s capability to handle adverse situations and respond effectively to changing
throttle inputs and challenging driving conditions.

Unlike the previous cases, in this situation, it is not necessary to adjust the throttle opening based
on the current gear to achieve optimal performance. This is due to the fact that the fuzzy constants
employed in the system are responsible for that.

In each case, the throttle opening as a function of time is depicted, as it is the sole input for the
entire block diagram. This input is independent of the modeling process, as represented in Figure
1. Additionally, the input parameters for the Fuzzy logic block are plotted to evaluate their behavior
throughout the simulation time. This enables the observation of the performance of the fuzzy control
system.

By employing a trial and error methodology, the optimal fuzzy constants for the model were
determined to be ¢c; = 1.0, c; = 0.9, and c3 = 0.7. As a result, the corresponding outcomes for each
gear are illustrated in Figure 13 through Figure 18.
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Figure 13. Throttle opening for the first constant set and performance test

Rate of Throttle Opening (1/s)

Time (s)

=
T

Gear Number

ha
T

o 10 20 30 40 50 B0 70 80
Time (s)

Figure 14. Results for the first constant set and performance test

Figure 13 illustrates a progressive acceleration, albeit rapid, over a period of 2 seconds. The goal
of this representation is not to simulate an aggressive stepping on the accelerator pedal, but rather
to mimic a real-world scenario where power is required from a stationary position. This behavior is
designed to ensure that tire slip is minimized, as a sudden and aggressive throttle input would lead to
increased tire slip, compromising initial traction and prolonging the system’s time response.


https://doi.org/10.20944/preprints202407.0818.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2024 d0i:10.20944/preprints202407.0818.v2

17 of 21

Engine Velocity (rpm)

[ [~ £ o =}
=] =] =} =} =
=] =] =} =} =]
=] =] =] =] =]

Time (s)

o 10 20 30 40 50 B0 70 80
Time (s)

Figure 15. Results for the first constant set and performance test
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Figure 16. Throttle opening for the first constant set and fuzzy response test

As anticipated, the rate of throttle opening is only nonzero during the initial moments, as depicted
in Figure 14. Due to the simultaneous influence of three factors, a progressive gear shift is evident,
even though the vehicle remains in second gear for only a brief period. This observation highlights one
of the advantages of fuzzy logic based on multiple parameters, as it allows for a smooth gear transition
without the need to reduce the throttle opening.
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Figure 17. Results for the first constant set and fuzzy response test
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Figure 18. Results for the first constant set and fuzzy response test

In terms of performance, the vehicle maintains its top speed of 300 km/h with a clear tendency to
increase, as demonstrated in Figure 15. Additionally, when observing the engine velocity, there are
successive drops between the fifth and tenth seconds of the simulation, resulting in power losses and
increasing the system’s response time.

In Figure 16, the simulation starts similarly to the previous case, but with a release of the pedal
between t = 40s and t = 50s to observe the adaptability of the fuzzy control system. During this
interval, the throttle opening is changed from 1 to 0 in 0.1s. Subsequently, the vehicle experiences a
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sudden acceleration, with the throttle opening changing from 0 to 0.5 in 0.7s. This rate of change is
determined based on prior experience.

As expected from Figure 16, the throttle opening rate is equal to 10 between ¢t = 40s and t = 50s,
as illustrated in Figure 17. Towards the end of the simulation, a much lower throttle opening rate is
observed. In response to the first situation described, the gear number remains constant due to the
high engine velocity depicted in Figure 18, which prevents downshifting. However, in the second
situation, there is no such constraint, allowing for a reduction in gear by two levels as more power is
required. The presence of a ramp angle of 10 further complicates this last scenario.

A notable observation in Figure 18 is the equilibrium reached by the vehicle on the ramp, indicated
by the constant engine velocity at 1000 rpm, resulting in a steady vehicle velocity. This equilibrium
point, achieved using the third gear, is only possible due to the high engine capacity. It is also
noteworthy that, in the final moments of the simulation, there is a prolonged period of remaining in
the second gear, which differs from the subsequent corresponding situation.

4.4. Discussion

Upon observing the previously presented results, it is evident that utilizing only velocity as
an input parameter yields significant performance improvements and closely aligns with human
decision-making, as individuals often rely on velocity to determine when to shift gears. However,
in adverse situations, relying solely on velocity as an input is inadequate. Additionally, considering
the inconsistency of maximum engine speed in each gear, power losses occur, impacting overall
performance.

By utilizing only the engine velocity as an input, which is also observed by the driver, it
becomes possible to achieve maximum engine utilization and attain optimal performance by selecting
appropriate throttle openings. However, in this approach, there is no direct consideration of the
vehicle velocity as a variable. While the focus is on maximizing engine performance, the lack of vehicle
velocity information may limit the ability to make informed decisions based on the vehicle’s speed and
dynamic behavior. Therefore, although this approach optimizes engine utilization, it may not provide
a complete understanding of the vehicle’s overall performance and speed characteristics.

Finally, by considering both the longitudinal velocity and engine velocity as input parameters,
all the advantages of each approach can be combined. When coupled with the adaptability provided
by the rate of throttle opening as an input, the system can achieve a progressive gear shift, enabling
the attainment of maximum achievable velocity, considerable better than in the data of reference of
[31], and ensuring suitable behavior in scenarios such as ramp situations. Additionally, the system can
effectively respond to sudden changes in throttle opening, allowing for smooth adjustments in power
delivery.

Considering the aforementioned points, it is evident that the approach of combining longitudinal
velocity, engine velocity, and rate of throttle opening as input parameters offers a better balance
between achieving satisfactory results and maintaining a less complex computational model. This
approach proves to be advantageous when compared to similar previous and more complex works,
such as [7,12-15,17,18].

5. Conclusions

In conclusion, the proposed methodology for designing a Fuzzy Inference System (FIS) based
controller for automatic transmission gear shifting has been demonstrated to be efficient. The successful
application of this methodology has been observed in the simulation environment, specifically for
passenger vehicles.

The car model utilized in this paper is well-suited for the application at hand, primarily due
to its versatility and modularity. While the focus of this study is on employing a Fuzzy Inference
System (FIS) for controlling the automatic transmission, it is important to note that the same model
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can be adapted and utilized for the application and evaluation of other Electronic Control Unit (ECU)
algorithms as well.

Throughout the development of this research, it became apparent that fuzzy logic enables the
construction of effective knowledge-based control algorithms with relatively low computational effort,
as also demonstrated by [17]. In parallel, the proposed strategy heavily relies on the careful selection
of input parameters that are inherently sensitive to human driving behavior. The chosen inputs
are particularly appropriate for gear-shifting control algorithms, as they align with the key factors
considered by human drivers when making shifting decisions. This highlights the effectiveness of a
human knowledge-based strategy, as emphasized in the contributions of this paper.

For future research, it is recommended to compare the presented methodology with the
application of optimization methods to determine the fuzzy membership function parameters (c1,
¢z, and ¢3). This could involve defining an objective function related to maximum performance,
comfort, minimum fuel consumption, higher traction forces, or a combination of these factors through
multi-objective optimization. The lateral and the vertical dynamics could be also integrated to the
proposed model in future works.

Additionally, the concepts and methodology discussed in this paper can be extended to gearbox
controllers in Unmanned Ground Vehicles (UGVs) and electric vehicles. The flexibility and adaptability
of the model make it suitable for a wide range of vehicle types, beyond just passenger cars.
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