Optimizing regenerative
braking

by | Nyoman Sutantra

Submission date: 19-May-2022 07:25PM (UTC+0700)
Submission ID: 1839790735

File name: budijono_ijpeds_2.docx (550.57K)

Word count: 4071

Character count: 22184



Optimizing regenerative braking on electric vehicles using a
model-based algorithm in the antilock braking system

I Nyoman Sutantra', Agus Sigit Pramono', Agung Prijo Budijono??
'Department of Mechanical Engineering , Faculty of [ndustria&lechnology, Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia

“Pepartment of Mechanical Engineering, Faculty o

gineering, Universitas Negeri Surabaya, Surabaya, Indonesia

* Mechanical Design System Research Group, Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia

Article Info

ABSTRACT

Article history:
Received mm dd, yyyy
Revised mm dd, yyyy
Accepted mmdd, yyyy

Keywords:

Regenerative braking
Electric vehicles
Antilock braking system
Model-based algorithms
Friction frequency

The regenerative braking efficiency of electric vehicles (EVs), with 8 - 25%
range, challenges designers to create better braking systems. The antilock
braking system (ABS) was chosen because it has many advantages, such as
superior safety factors, the ability of the vehicle to maneuver, and so on. The
measurement results showed that ABS took longer to make the wheels stop
with the same wheel rotation speed. It caused lower induced emf in the
generator due toits lower differentiation of magnetic flux to time. ABS 50 Hz
performance showed 19.5% at 4500 pm, while hydraulic brake performance
was 21% at the same speed. Model-based algorithms (MBAs) were used in
ABS to increase the friction frequency with the wheels from 10 to 50 Hz. This
increase in frequency caused the ABS graph to approach the hydraulic graph,
that the ABS performance increased. Although ABS loses to hydraulics in
stopping wheel rotation, it wins in stored energy and temperature in the
battery. Longer wheel stop times give the wheel rotational kinetic energy more

Harvesting energy

time to convert into electricity .
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1. INTRODUCTION

Electric vehicles (EVs) are a solution to reduce air pollution and fuel consumption caused by
combustion motors [1]. Also, EVs have higher efficiency than combustion motors due to recovering energy
during operation. One way to restore is to use regenerative braking [2]. Regenerative braking utilizes kinetic
energy mn the braking process where the wheels are still rotating even though bmkiu;ls been applied. This
kinetic energy is converted into electrical energy and stored in batteries. Therefore, regenerative braking is
limited by vehicle speed and the battery state of charge (SOC) [3]. Also, vehicle stability and energy recovery
as much as possible are factors for allocating braking torque [4].

It is undeniable that vehicle accidents on the highway caused labr;lking have claimed many lives.
Two things that could be adjusted on the vehicle's dynamic control were the antilock brake system (ABS) and
the traction Lr()l system (TCS) [5]. ABS provides a solution for vehicle stability. The driver can still control
the vehicle during the braking pr(x:ess.me constancy of ABS is because it has an algorithm for controlling
hydraulic pressure in the brakes, which can be divided into two categories, Model-Based Algorithms (MBAs)
and Rule-Based Algorithms (RBAs) [6]. The MBA mathematically models the braking process and requires a
lot of data input. It is more accurate. Meanwhile, RBA bases its algorithm on the relevant variables on the
control action. It is simpler.

In this study, based on the application of regenerative braking in EVs, we used powertrain components
(induction motor, generator, and battery) to simulate it. Accuracy in the placement of powertrain components
will increase the vehicle's NVH (Noise, Vibration, and Harshness) behaviour [7]. The induction motor rotated
the driving wheel (DW) through the pulley in a ratio of one to obtain the same torque. The energy captured
(ECW) shaft got double the speed of the DW axle because the gears had a comparison of two, as shown in
Figure 1. The different axles allowed for more stable rotation [8], and double speed meant more fluxes for the
generator [9].




The remainder of the paper contains section 2 explaining how regenerative braking works on the
Antilock Braking System (ABS). Section 3 describes the comnents of the regenerative braking process of
this study. The results of measurements and speed calculations are presented in section 4. Last, section 5 gives
the best regenerative braking conclusion.

2. RELATED WORK

EVs are closely related to regenerative braking because the energy lost due to the braking process
ranges from 30% to 50% [10]. Regenerative braking can provide rccaery of 8% to 25% [11]. This range
challenges designers to create high-efficiency regenerative braking. Frictional braking system (FBS) and
regenerative braking system (RBS) are the two braking systems on current EVs. FBS is a conventional system.
RBS brakes the motor and converts the kinetic energy into electricity to charge the battery. In addition,
structural reconstruction is required in regenerative braking to separate pedal force and brake pressure [12]. It
1s usually called a brake-by-wire system, and braking effectiveness increases.

Accurate braking required real-time identification of road conditions [13]. It would be used as a reference
in determining the braking torque. The ABS controlled this torque to achieve wheel-slip based on the wheel-
deceleration approach. Also, ABS used a motor to drive the actuator arm [14]. It provided controllable torque all
the time. This control used the Kalman filter algorithm in real-time, where the wheel speed estimation was
processed based on the signals obtained by the wheel-speed sensor [15]. This algorithm was also produced to
increase the precision in speed estimation on composite braking systems.
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Figure 1. Experimental configuration

3. METHOD
3.1 Powertrain components

Current technological developments force people to produce motors with specifications of high speed,
high capacity, high accuracy, and high efficiency. One effort to fulfil this is to combine two or more eccentric
motors [16]. The result satisfies the above conditions, but it causes vibration problems. The use of multiple
shafts cauﬂ)lve this problem. The addition of a pulley to connect the two axles minimizes the resulting
vibration. Table 1 shows the specifications of the DC induction motor used in this study.

Table 1. Motor DC specifications

Voltage 48V
Power 350w
Current 94 A
Load (max) 350 kg
Torque 1.5-75Nm
Speed 500 — 2750 rpm

Ratio 1:5




The relationship between power, torque and speed of the motor is as follows:

2mnT

P= " (1)

Where P is power in Watt, n is the speed in rpm, and T is torque in N.m.

A motor-driven generator is a converter of kinetic energy into electrical energy. It requires a high
magnetic flux to produce a stable electric current. It could not be provided by regenerative braking because the
rotation of the shaft in the braking process decreased. High flux concentrations can be created by chamfering
the ends of the stator feet [17]. Another way is to increase the rotational speed of the drive shaft by giving the
gear ratio. The DC generator specifications are listed in Table 2.

Table 2. Generator DC specifications

Voltage 4V
Power 250 W
Current 164 A
Load (max) 350 kg
Speed rate 2700 rpm

The induced emf and the electric current generated by the generator are presented by Equations (2)
and (3), respectively.
d¢

€ma = —N—- (2)

ling = H; 4 3)
Where &, 1s the induced emf in Volts, N is the number of windings, ¢ is the magnetic flux, ¢ is the time, /i, is
the induced current in Ampere, and R is the resistance in Q.

Battery storage capacity is the next obstacle that can reduce efficiency. The problem that is often
experienced was the occurrence of electrical overloading (EOL) during the filling process on the track. One of
the causes was excess torque on the rotating shaft of the generator, and no recovery phase was available [18].
Therefore, there is a need for interaction between charge control, on-track power management, and mitigating
battery power degradation [19]. It can increase efficiency as desired.
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32 gtilock braking system (ABS)

ABS is an active safety system for vehicles [20]. The firm factors that affect its safety were the tire
design parameters and operating conditions on the tire force characteristics [21]. It can maintain the slip ratio
at some value to avoid locking the tires, thereby maximizing friction potential [22]. Friction in the braking
process can be used to charge the battery instead of being discharged as heat [23]. Vehicle energy is lost about
20 to 70% during braking [24]. Modeling and simulation are carried out to create performance and safety in
automotive [25].

Slip ratio 1s a determining parameter in ABS using MBA. Figure 2 below is the result of previous
research, which shows the relationship between braking force and slip ratio based on road conditions. Road
conditions were a complex factor to predict. It was only approachable.

The sliding surface caused by the friction forces during the braking process can be written as

s = E(0) + B @

where s is the sliding surface variable in m, F, is the frictional force in N, « is the slip ratio, and f(r) is the
function of increasing time in the self-optimization algorithm. f(r) can be written as

B(t) =p.t (5)

where p is a positive constant in the self-optimization algorithm, and 7 is the time variable. When the wheel
stops, § = 0. The result of this condition can be written as K, = —p, which means that the frictional force will
always increase.
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Figure 2. The relationship between tire friction and slip ratio for some road conditions (It taken from [22])

The derivative of Equation (4) is

. dFe(x) .

§=— K +p (6)

. dFy (i s s . .
The gradient ;; ) depends on the road conditions because the road conditions are unknown. Selection of &
function to ensure § = 01s

k = M sgn [sm (“7‘)] (7

If the following form

dFy (k)
dic

]
£ (8)

1s true so M and y in Equations (7) and (8) are positive constants in the self-optimization algorithm.
L dR (k) . . . L ST
The gradient ; in Equation (6) is unknown, so the sign for the function £ is also the same. The

literature refers to it as a control with the direction of the control vector uncertain. By plugging Equation (7)
into Equation (6) as

§= %M sgn [sin (?)] +p 9)

satisfy the variable of sliding at the start of the optimization as
y <s(0) <2y (10)

The assumption is intended to show the truth of the spacing then it will be correct for all ranges of 5. The
spacing in Equation (10) can be expressed mathematically as
- s
sgn [sm (?)] = —sgn(s —y) (11)

and,

sgn [sin (?)] = sgn(s — 2y) (12)




then combine Equations (9) and (11)

5= sgn(s =) +p (13)
Defines a variable 4 as

A=s—-y (1)
and since y is constant, then

A=3 (15)
Equation (13) becomes

A= -0y sgn(2) +p (16)
Multiplying both sides of Equation (16) by 4 becomes inequality

<-4 [%M—p] (17)

. .. dF. . . . . . P
If C()l‘ldlll()l‘lﬁM > pis correct, the right-hand part of Equation (17) becomes negative. It means that £ will

be zero at a finite time. The following values will be true

A=0, s=y (18)

Another alternative solution is to combine Equations (9) and (12)

s ="M sgn(s —2) +p (19)
Definition of / as

A=5-=2y (20)
Equation (19) is defined as

5 =90 sgn(a) +p (21)

With the same treatment, the following inequalities occur:

. dFy(x) 22
A< A=+ p)| (22)
ar
‘When the conditions ;EKJ M = —p in Equation (22) are correct, 4 approaches zero in a finite time, and the
following forms are met:
A=0, s=2y (23)

The above analysis applies not only to Equation (10) but also to all ranges. Whatever the value of s
will be as follows

s=hy; (k=0,+1,42,..) (24)
The value of k is constant. It means

s=hky = F.(x) +pt (25)




F(x) = —pt + ky (26)
The derivative to time in Equation (26) produces
E@)=—p (27

The graph Equation (9) with the conditions Equation (8) is presented in Figure 3. Figure 3a for condition
dF,(x)/dk > p/M and Figure 3b for condition dF,.(x)/dk < —p/M as follows.
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Figure 3. Changes in s and § based on Equation (9) (a) for dF,(x)/dk > p/M, (b) for dF,(x)/dk < —p/M

3.3 Hydraulic braking

EVs also adopted a blended braking system. It contained a hydraulic system as the driving force to
obtain a more optimal braking process. The control for the system also used the extended Kalman filter
algorithm to make the powertrain more flexible [26]. Regenerative braking plus a hydraulic is usually used on
trucks with hydraulic carriers [27]. The regenerative breaking results stored in the battery were used to drive
the hydraulic arm.
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Figure 4. Centrifugal structure in clutch used

34 Clutch

EVs still use a dual-clutch transmission (DCT) h()ugh usually only on conventional vehicles
because it has high efficiency and a compact structure [28]. It can also eliminate the need for a torque converter
if it uses two clutches simultaneously. Also, it can significantly improve ride comfort, utilize full motor power,
reduce engine 1g. and optimize engine operating points [29]. In addition, a combined DCT was also
developed with a control algorithm for efficient shifting and launching [30]. Figure 4 illustrates the clutch used.
The centrifugal structure ensured that only the braking torque was connected to the ECW.

4. RESULTS AND DISCUSSION

The study used an induction motor that was gradually loaded. It produced a shaft rotation starting at
500 rpm and increasing by 250 rpm until it reached a maximum rotation of about 2250 rpm. Disc brakes were
applied to the DW using conventional hydraulic brakes and ABS. Pressure on the brake piston was set at 2
kg/mm?2. ABS was controlled using a module included in the electronic control unit (ECU). This control was




modified using an MBA | in which the frequency on the ABS increased from 10 Hz to 50 Hz. This increase
resulted in the replacement of the microcontroller for each frequency. The results are presented in Figure 5.
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Figure 5. Speed measurement

The speed ratio between ECW and DW was 2. It was applied to make the generator rotate faster and
produces a higher electric current. ABS provided a longer wheel stop time than hydraulics. The safety factor
in ABS, which avoids wheel locking, caused this time extension. However, the driver can still control the
vehicle with actuators [31]. There is a relationship between braking force and wheel slip ratio in ABS [32], as
shown in Figure 2.

Hydraulic braking had the shortest time to stop the wheels. Itis due to the mechanism that immediately
grips the wheel and does not release it at all. This mechanism creates the highest friction, and the wheel converts
its kinetic energy into heat quickly. This sudden change will affect the induced current of the generator and the
torque of the shaft that rotates it. Furthermore, hydraulics is used in heavy vehicles because of their strength
[33].

Increasing the frequency of ABS shortens braking time. The periodic graph interval causes the friction
intensity to escalate and makes the ABS graph close to the hydraulic graph. An increase in ABS frequency
brings ABS closer to hydraulics of stopping the wheel. However, ABS provides more safety and
maneuverability at high speeds [34]. The power calculation on the generator is presented in Figure 6.
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Figure 6. Power on generator calculation

The highest magnetic flux through the generator was achieved by hydraulics. The change in hydraulic
induced emf based on Equation (2) was the fastest because it has the shortest braking time. It caused the highest
induced current to flow into the battery. The highest mrer produced the tallest torque, according to Equation
(1), and the highest performance. Torque calculation is shown in Figure 7.
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Figure 7. Torque on ECW calculation

Torque depends on ECW shaft power. The generator connected to the ECW is up to 250 W of power,

as shown in Table 2. The highest generator power in hydraulic braking ranges from 30 to 50 W, as presented
in Figure 6, indicating that the efficiency is 12 to 21%. Graphs in Figure 7 are the shaft torque that rotates the
generator and are the torque available in the regenerative braking process.
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Figure 8. Energy on battery calculation

Different phenomena occur in energy graphs, as indicated in Figure 8. 10 Hz ABS has the highest

energy in harvesting energy during regenerative braking. It has the longest time stopping the wheel and
produces the most electricity accumulated in the battery. The longest time indicates that the kinetic energy of
the wheel rotation turns into electrical instead of being lost to heat due to friction.

The 10 Hz ABS has the lowest energy stored in the battery at low revolutions, as Figure 8 shows. It

1s due to the insignificant time difference in the braking power. Harvesting energy at low speed is dominated
by generator power, while wheel stop time takes over at high-speed.

No less important than the battery is the cooling system [18]. There is a relationship between electric

current and battery temperature. The higher the electricity, the higher the battery temperature [19]. Figure 9
shows the results of measuring battery temperature during harvesting energy from regenerative braking. The
hydraulics give the battery the highest temperature because it has the highest current.
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Figure 9. Measurement of battery temperature

CONCLUSION

EVs offer a solution for saving fossil fuels and preventing environmental damage. In addition,

conventional vehicles have lower efficiency in power usage than EVs. EVs can recover energy in several ways,
one of which is regenerative braking. The braking system used for regenerative braking is similar to
conventional vehicles, with hydraulic brakes and ABS. ABS has a module that contains an algorithm to control
the friction between brake and wheel and makes it safer than hydraulic brakes.

The long wheel-stopping time of ABS prevents the wheels from slipping during the braking process.

It results in the highest harvesting energy in ABS because it allows a lot of the kinetic energy of wheel rotation
to be converted into electricity. However, the generator power in ABS is low because of the low induced
current. Lowly potency is advantageous because it does not cause the battery to heat up quickly.
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