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Abstract. A common heavy vehicle, such as a bus, has a drum brake system as its safety feature. This
braking system utilizes air pressure inside pneumatic cylinders as an actuator for moving the
braking cam in order to create friction between the brake shoe with the drum. Air pressure is
produced by a compressor with the help of the internal combustion engine (ICE) rotational part.
However, in the case of electric vehicles (EV), there is no rotational moving part on the engine when
the vehicle stops. Furthermore, EVs use electric power as their fuel obtained from the battery. Thus,
this study focuses on developing an alternative actuator for EV braking to substitute the air actuator
system by the direct electric powered actuator system. By utilizing a magnetic system via a solenoid
for moving the lever of the cam, the tests confirm that the implementation of the alternative actuator
functionally works. The objective of this research is to obtain the proper control system in order to
gradually generate the magnetic field. Additionally, the signal from the operator is then processed
by an intelligent method—so-called fuzzy control—to produce a signal for the magnetic braking
system comparable to the behavior of the pneumatic actuator. The results show that the intensity
of braking can be alternated depending on the braking signal variation using 10 ps sampling period
input pulse width modulation (PWMs) with 10 ms periods of execution time. Furthermore, this
method improves the time response that compensates the delay due to piping-hoses in the
pneumatic system.
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1. Introduction

A braking system is one of the most important features in a vehicle. Braking system can
be categorized into hydraulic, electric, and mechanical brakes according to (Khurmi and
Gupta, 2005). Trucks and buses are considered heavy vehicles that commonly use
mechanical brakes in their drum brake design system (Bu and Tan, 2007). The mechanical
brake utilizes an air force via a pneumatic actuator to produce linear movement. This action
expands the brake shoe to create friction with the wheel drum in order to decelerate the
vehicle.
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Heavy vehicles provide air generated by a compressor stored in a tank. This
compressor is powered by the rotating part of the internal combustion engine (ICE)
(Holmberg et al., 2014). Currently, electric vehicles (EVs) have gained popularity due to
their potential advantages such as more friendly to the environment and low total cost of
ownership compared to conventional ICE vehicles (Sheth and Sarkar, 2019). Instead of ICE,
EVs rely heavily on electric motors as their prime mover ( Riba et al., 2016; Eldho Aliasand
and Josh, 2020).

However, electric buses that use conventional pneumatic actuators powered by
compressors experience increased inefficiency and loss due to the applied conversion
stages, namely the compressor, air tank, cylinders, hoses, etc. for braking events (Bendix,
2009). Additionally, the supporting components naturally contribute additional weight to
a vehicle. Government regulation PP No 55/2012 states that buses can be categorized into
several classes, such as small, medium, big, maxi, tandem, and double-decker, depending on
their size and weight (Gol, 2012). Moreover, the rule restricts the allowed weight. For
instance, a big bus class (12m or longer) can only have a maximum weight of 16 tons.
Therefore, an alternative actuator uses electric power to produce linear movement with the
advantage of reduction stages; the weight for braking is also investigated.

Numerous research articles have focused on EV areas, such as the research pertaining
to air conditioners using brushless direct current (DC) compressors (Nasruddin and
Sinambela, 2015). Particularly, for investigations regarding EV braking, a combinational
regenerative and mechanical braking system is studied by (Yusivar et al., 2015). However,
the study emphasized the control of combining friction and harnessing energy from the
movement of the vehicle. Other types of so-called electric powered braking systems use the
principle of electromagnetic force, which can be applied, for instance, in cranes and wheel
chairs. Moreover, the electric braking system is also applied for a high-speed train in
Germany (Hofmann et al., 2000; Yasa et al., 2016). This study utilizes a magnetic solenoid
principle for the electric braking actuator. However, with on/off activation controls,
activation results in the sudden movement of the vehicle. This presents a problem, as
conventional pneumatic actuator braking systems have different responses to the solenoid
system. It follows the rule of pressurized air, as shown in the research conducted by (Yang
et al, 2017), and also generates transmission loses (Wang et al., 2017). In order to control
the magnetic field to differentiate the breaking intensity, a controller is prepared to generate
the signal to the magnetic solenoid. The research objective is to obtain a proper control for
smooth braking action by using the magnetic actuator with the integration of an artificially
intelligent (AlI) method. Furthermore, Al control would improve the performance of the
response time of the actuator.

2. Methods

Air brake systems for heavy vehicles use brake chambers, and there are two types of
break chambers: a service-brake only chamber and a service-brake coupled with a parking
brake chamber. The first chamber can be normally applied to the front wheels of the vehicle,
while the second chamber can be applied to the rear wheels. The parking brake system is
meant for the vehicle during parking/before driving. Therefore, it needs to be released first
by adding pressurized air into the chamber via a park nozzle. Once the parking brake is
released, the vehicle can be driven, and the service brake can be applied to slow or stop the
vehicle once it is in motion.

The intelligent ‘smart’ control method application focuses on the service braking
system. The investigated system replaces the pneumatic brake chamber into a solenoid
module, which has a plunge that couples the slack-adjuster, as shown in Figure 1. Later on,
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the movement of the slack-adjuster, due to the pulling movement of the solenoids’
activation, makes the brake-shoe expand. Thus, friction is generated to the wheel via the
drum-brake.

Slack-
adjuster

Plunge

Solenoid

Figure 1 Solenoid brake arrangement

The alternative design of the braking actuator uses a magnetic principle, the formula of
magnetic flux density (B) in a toroidal coil, which is defined as (Ida, 2015):
B == [7] €Y
Furthermore, the electromagnetic lifting force (F) can be calculated using the following
formula:

(IN)?poA

F =
292

[N] (2)
where N, [ y, and A represent the number of coil winding turns, the current (4), the
permeability of air (Tm/A)), and the area (m2) of the poles, respectively. Furthermore, the
direction between the magnetic flux density with the force follows Fleming’s left hand rule.

A voltage equation (V;,,;), by applying Kirchhoff’s law, is used to control the generated
magnetic flux density of the solenoid as the equivalent circuit. The solenoid voltage consists
of the resistor (Vz) and an inductor voltage (V) (Badr, 2018; Taghizadeh et al., 2009), as
follows:

Vsor = Vg + V. (3)

Therefore,

di
Vsoi(ty = Riy + L (t) (4)

Substituting Equation 4 with Equations 1 or 2 implies that the voltage change will result in
the variation of the current. Furthermore, the magnitude of the magnetic flux density will
depend on the current flow to the solenoid conductor coil. Meanwhile, the current is
generated once voltage signal from the controller applied to the conductor coil.

The solenoid response characteristic simulation, using a direct step input of 380V to
represent an emergency braking action signal, shows the rapidly generated current, as
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depicted in Figure 2. Thus, the brake will lock the wheel immediately and result in a slip
condition. This, however, contradicts the response of the pneumatic actuator brake system,
which experiences delays during emergency braking actions.
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Figure 2 Solenoid response for voltage step input

The experiment of the pneumatic actuator by (Acarman et al., 2000) shows the delayed
response of the pneumatic actuator, which is shown in Figure 3. It has a slightly delayed
response when the pedal hit Os. Furthermore, the rising time slowly increases at 0.4 s and
settles after 0.7 s. Therefore, the characteristic follows a polynomial function:

Pres, = —185.31t2 + 305.95t — 6.0317. (5)
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Figure 3 Pneumatic actuator response time

In order to create a characteristic of the pneumatic actuator, the electric actuator must
be adjusted. The pneumatic braking cylinder supplies around 0.5 ms from its minimum to



Budiono et al. 1341

its maximum pressure due to piping transmission (Yang et al., 2017). The transfer function
between the current (output) and the voltage (input) in the solenoid system (Sol) using
modified Equation 4 adding to the ability to mimic the pneumatic response, as shown in the
following equation.

7.2
(0.245+28.4)(1.25+7.2)’ (6)

Sol =

Wang et al.’s (2017) experiment proves that transmission lines’ piping-hose creates a
total delay response of 30%. This study observes the behavior of a solenoid system with the
model of pneumatic characteristic response. Moreover, to improve the response due to the
loss in piping, an intelligent method is integrated.

Several techniques integrating artificial intelligence (Al) have been analyzed regarding
their implementation to the electrical machine, in addition to the various intelligent
methods that have already been implemented by researchers. For machine optimization
applications, some of these methods include particle swarm optimization (PSO), genetic
algorithms (GAs), and fuzzy logic (Imad et al., 2019). The last method, fuzzy logic, is used in
numerous applications for decision-making, such as energy consumption reduction for EVs
(Kraa et al., 2014). Thus, this method is selected for creating artificial pneumatic response
improvement for braking action.

Modern devices controlled by computers/controllers use the pulse width modulation
(PWM) method by means of switching control. This is due to the digital signal, which is
mostly utilized in computers/controllers. The basic principle is to manage how long the
device needs to be turned “on” and “off” in a determined period; this period usually lasts
less than a micro second, and most power electronics implement this method (Chang et al.,
2019). There are three well-known PWM techniques: sinusoidal, space vector, and
hysteresis PWM (Yu et al.,, 1997).

The electric brake actuator applies a solenoid design using coil winding, and its
specification is determined using Equations 1 and 2. The simulation of the system uses the
schematic presented in Figure 4 below.
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Figure 4 Schematic of the system

The simulation compares two main outcomes: direct-control on-off) using hysteresis
inside yellow-coloured block and fuzzy control inside the blue-coloured block. Output of
the fuzzy control block is fed to the actuator system inside the green-coloured block. The
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system uses a sampling period of one micro-second to mimic an analog signal system.
However, the processor uses 10 ps sampling periods to consider for the time for calculating
the decision. An input signal for braking is created to simulate the braking action in 1s
period. This system compares two results of signal responses. The first output signal comes
from the direct control (yellow-coloured block) and only processes the input with a
threshold (hysteresis) limiter. When a brake incident occurs (the brake-pedal is pushed),
the intensity of the pushed brake-pedal is converted into value from 0 (minimum) to 1
(maximum). The value will change from 0 to 1 if the brake-pedal hits at least half of its
maximum position. For the second output, the signal is derived from the fuzzy controller
system, which undergoes three stages: fuzzification, fuzzy rules, and defuzzification. The
fuzzy control signal outcome is then processed by the PWM generator using a similar
sampling period and is fed to the actuator driver. Furthermore, it is connected to the driver
system and to the solenoid actuator system (inside the green-coloured block), which is
activated in a 1 ms period. However, this paper only covers the control system part.

The end process from the blue-coloured block shown in Figure 4 is then sampled every
1ms for generating PWM signal. The PWM is used to switch the solid-state relay (SSR) to
activate the solenoid depending on the duty cycle in a sampling period. This generates an
electromagnetic force that acts as the push-rod to pull the slack-adjuster (see Figure 1).
Thus, this movement rotates the cam to produce friction in the inner-side wall of the
braking drum.

This dataset is then processed by the fuzzy logic controller to decide the braking
actuator movement. The MATLAB Fuzzy toolbox is used for making braking decisions:
whether no-brake, moderate-brake, or hard-brake with an amplitude from 0 to 1. The
membership function is sets of function shapes in fuzzy control stage to categorize the value
into linguistic group. It consists of a linguistic value of the input variable universe and
output variable universe, as shown in Figure 4. For the first variable, the function (pedal
pushed [t]) consists of three categories: not-pushed (NP), moderate-pushed (MP), and
hard-pushed (HP), with a universe of discourse (0, 1). This means that the pushed pedal
intensity value ranges from minimum (0) to maximum (1). The output variable universe
function (braking intensity [t]) also has three groups: no brake (NB), medium brake (MB),
and hard-brake (HB), with intervals (0, 1).

The input variable universe uses triangular functions, while the output variable
universe uses mixed triangular and trapezoidal functions to copy the behavior of the
pneumatic actuator. The input category model of pedal hit intensity is generated using the

following three equations:
1, x=0
e (x) = {0-5 - X }

<x<0.
05 , 0<x<05

(x—0.5 \
——, 01<x<0.
04 , 0.1<x<05
Uyp(x) = 1, x=05
109 —x 05 < <09|
0z 05=x=09)
x—1
—, 0£x<0.5
tup(x) = {0-5 x } (7)
1, x=1

Additionally, the output model category consists of three shapes that were built by the
following three equations:
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1, x=0
pnp (x) = {0-7 —X }

<x<0.
07 , 0<x<0.7
x — 0.3 03 <% <05
02 7 =x=0
MMB(JC) = 1, X = 05
0.7 —x 05 < x < 07
02 7 =x=0
x—1
—, 03<x<09
pup(x) = {0-5 } (8)
1, 09<x<1

The representation of the function is shown in Figure 5. Figure 5a represents the graph of
input, while the output function is represented in Figure 5b.

NP MP HP NB MB HB
1 1
0 0.1 0.5 09 1 0 0.1 03 05 0.7 09 1
Pedal-Pushed Braking Decision

(a) (b)

Figure 5 Membership function of input (a) and output (b)

The knowledge base is another stage of fuzzy control system that is intended to find
the connection between the favored input and outputs. This is obtained via a lookup table
to reflect the relationship of input and outputs via the Mamdani technique. Three rules are
applied for any input crisp during the process.

If input is NP, then output is NB.

If input is MP, then output is MB.

If input is HP, then output is HB.
The output decision uses a centroid method to obtain the value, as shown in Figure 6.
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Figure 6 Response of pedal activation and braking intensity



1344 Development of Smart Magnetic Braking Actuator Control for a Heavy Electric Vehicle

It plots the relationship between pedal hit and the brake intensity value, and this is
presented by the duration of one second. The rise time can be adjusted depending on the
requirement. However, the graph in Figure 6 shows that the trend rises higher in 0.3s to
0.6s. Later, in Figure 7, the graph will be adjusted to show moderate increments.

3. Results and Discussion

The braking decision is presented in Figure 7. Input is created using the transfer
function (Equation 6) via the MATLAB environment. It is processed and compared in the
parallel graphs in four rows. The first row on the top shows the input signal simulating the
pneumatic behavior response, which is artificially generated. This signal is used as input for
both conventional (direct on-off) control and fuzzy control. The first given input reflects the
intensity of the pedal from the low hit to its maximum hit and back to the low.
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Figure 7 Signal comparison result

The second row shows the result of the electric signal when braking under on-off
conditions using the threshold value (set at half of the maximum brake-pedal movement).
The curve represents the digital mode “off” before the pedal is pushed at 50% and on
afterward. Suppose this is applied to the vehicle, and it produces an immediate stop action.
The graph in the third row, on the other hand, applies gradual braking steps due to fuzzy
control. The period of decision is built every 1 ms; therefore, step forms are seen in the
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graph. It is noticed that at the beginning of braking, a delay of 0.03 s appears. However, the
rise-time slope of the fuzzy control shows rapid movement during 0.13 s to 0.3 s. This is
higher compared to the original signal. Thus, it improves the response time consumed by
piping in a pneumatic actuator system.

The result of the braking signal with its intensity information cannot be applied directly
to the solenoid driver. It must be manipulated first via a PWM signal converter. The
implementation of this step’s movement utilizes the PWM signal to the driver as generated
in the last row. Thus, the response of imitating the pneumatic action with an improvement
response is achieved.

The control of the electric braking actuator is different with the pneumatic braking
actuator. This is due to the pressure response of pneumatic has certain delays for
transmitting the air through nozzles and pipes during the braking action. However, the
proposed solution has higher flexibility to be controlled. The electric actuator can be
manipulated to have the analogous acting response as the pneumatic actuator system. The
pneumatic response in Figure 3 can be implanted into the controller to make the electric
actuator behaves similarly as seen on the first row of Figure 7. However, without action
control by means of simple digital electric control method (‘on-off’), it reacts too quick.
Thus, it is prevented to be used for braking application.

The signal is sampled in 1ms period makes the curve has steps shape due to the PWM
technique. However, the direct PWM application to the input signal (the first row of this
figure) will also generate delays. Fuzzy control addition to the controller improves the
response of the input from the system model. Although it reacts slowly at the beginning, it
rises up quickly to achieve the steady-state condition during stop braking incident. This
reduces the delay from the origin input signal. Therefore it minimizes the transmission
delay problem as stated in (Wang et al., 2017).

4. Conclusions

A model of an electric braking actuator is developed to have the analogous response to
the pneumatic braking actuator. Integrating Al method, namely the fuzzy logic control, was
applied to generate braking signals to provide smoother curves (similar to the conventional
pneumatic actuator response). Thus, abrupt deceleration is prevented using a mixed shape
for function. Moreover, the fuzzy controller can improve the time response result and
minimize the 30% loss due to the piping-hose in the pneumatic system. In order to
implement the results of the braking intensity, the PWM technique manipulates the
outcome of the fuzzy controller and uses a sampling period of 1 ms to process the signal,
which is dedicated to digitally controlling the magnetic field and pushing the rod for braking
action.
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