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'E' ﬁg ﬂé Our initiatives to assist safety with Technologies to achieve our
Tnriteamo  gmreanes  JiN-Ki Kanno X Jin-Ki Anzen Safety Vision

Jin-Ki Kanno is Yamaha Motor's exclusive development ideal. Technology born from Jin-Ki Kanno seeks to deliver users
the seductive exhilaration felt when they truly become one with their machine. Jin-Ki Anzen is the Company's belief that
having people and machines work together in complementary ways can make more sophisticated safety skills and
technologies possible.

Centering our safety efforts on Technologies, User Skills, and Connectivity, the Jin-Ki Kanno X Jin-Ki Anzen Safety Vision
expresses Yamaha Motor's unique approach to create a world free of accidents together with our customers, in which
users can experience the joy and Kando* that comes from progressing their own skills and abilities while having fun at
the same time.

In this issue, we will introduce the technologies that support our Safety Vision “Jin-Ki Kanno X Jin-Ki Anzen”.

* Kando is a Japanese word for the simultaneous feelings of deep satisfaction and intense excitement that we experience when we encounter something of
exceptional value.
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Providing the value of safety with the unique style of Yamaha and fulfilling

our social responsibility
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The number of our customers involved in fatal accidents worldwide is estimated to be 18,000 per year (as
the actual number is not available, calculated as a percentage of sales from the 222,000 motorcycle
fatalities/year)x'l), which is almost the same as the cumulative number of Ukrainian soldiers and citizens
killed in the Russian-Ukrainian conflict (by the end of 2022).

The graph below shows the number of road fatalities in 34 countries around the world. In the two to
three decades since 1990, the number of fatalities involving four-wheeled vehicles has decreased by half,
while the number of fatalities involving two-wheeled vehicles has increased.
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G Changes in the number of traffic accident fatalities
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In 2020, the Stockholm Declaration of 2020 pledged to halve road traffic deaths by 2030. In addition, the
Japan Automobile Manufacturers Association (JAMA) announced in its Road Map 2030 released at the
end of November 2021 stating that it aims to halve the number of fatalities in accidents by 2030 and to
achieve zero fatalities in accidents by 2050 through both technology and mechanisms.

With this issue being one of the most important social areas to be addressed, the Company has been
promoting activities to reduce traffic accidents. In November last year, Yamaha Motor announced to the
public its Safety Vision, which it has been working on since 2020.

What the Vision study members focused on was “safety with the unique style of Yamaha” and “safety
centered on people”.

The Company’s vision is to build safety and sense of security not only with machines but also with
customers, in other words, the riders, without compromising (1) the fun of riding mobility and (2) the
kando™? gained by enhancing the ability to control the vehicle.

Centering our safety efforts on Technologies, User Skills, and Connectivity, the Jin-Ki Kanno X Jin-Ki
Anzen Safety Vision expresses Yamaha Motor’s unique approach to create a world free of accidents
together with our customers, in which users can experience the joy and Kando that comes from
progressing their own skills and abilities while having fun at the same time.

5 YAMAHA MOTOR TECHNICAL REVIEW
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The three pillars of Yamaha Motor’s activities to achieve this vision are Technology, Skills, and Connectivity.
In terms of Technology, the aim is to integrate riders and machines which the Company has valued since
its foundation. Through this initiative, in addition to the development concept of Jin-Ki Kanno that creates
pleasure and excitement for riders, the Company will develop and introduce technologies that assist the
rider’s cognition and judgment by informing them of surrounding vehicles, traffic control conditions, and
potential risk prediction results, as well as technologies that assist the rider to steer and check the
surrounding conditions to maintain a stable vehicle state even under instantaneous environmental
changes. In the event of an accident, rider protection devices and automatic accident reporting assist in
mitigating the damage.

In terms of Skills, the Company will develop activities to encourage even more customers to take
advantage of the Yamaha Riding Academy, which has already produced positive results. Furthermore, in
emerging countries, users and society as a whole have a low awareness of safety issues, such as low
helmet wearing rates and accidents caused by drink driving. For these regions, in addition to the Yamaha
Riding Academy, the Company will also enhance micro-learning content so that riders can more easily
participate in on-demand safe driving classes at any time.

In Connectivity, the Company will significantly improve the connectivity between riders and mobility,
collecting data on driving and operating status of the vehicle, and further aim to provide safety-related
feedback to both riders and machines.

I believe that many people might think realizing a society without accidents is impossible, including the
aspect of its cost. We still have more than 25 years until 2050. NTT’s portable telephone was launched in
1985, and the commercial Internet service started in 1988. Now, almost everyone everywhere around the
world is using this service. It may not be too long before all vehicles are equipped with a two-way
communication method that recognize danger through communication with vehicles and pedestrians.

To realize an accident-free society, Yamaha Motor will provide greater value of safety by developing solutions
with the unique style of Yamaha, while actively collaborating with industry and government agencies.
The Company appreciates your support and cooperation.

%1 The number of motorcyclists killed in accidents worldwide 222,357 multiplied by a Yamaha Motor sales volume
ratio of 4,380,000 units/52,910,000 units to global motorcycle sales volume (2019 results).

%2 Motorcycle Industry Policy Road Map 2030: Japan Automobile Manufacturers Association, Inc. website (dedicated
page for Motorcycle Industry Policy Road Map 2030)
https://www.bikeloveforum.jp/roadmap/

%3 Kando is a Japanese word for the simultaneous feelings of deep satisfaction and intense excitement that we
experience when we encounter something of exceptional value.
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The Multirole Fighter of the Motorcycle with
Advanced Technologies “TRACER9 GT+"

K& H HHEE HER

Abstract

In November 2022, YAMAHA released the safety vision “Jin-ki Kanno X Jin-ki Anzen,” and declared the three pillars

of “Technology,” “Skills,” and “Connectivity” designed to further promote its work with customers on building an

“accident-free society.” This article focuses on the “technology” pillar, and introduces the “TRACER9 GT+,” a model

which well represents the safety vision, by exploring its product concept, key features, and technical aspects.
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Abstract

This study discusses robust control problems related to the fall of two-wheel motor vehicles during parking or
low-speed driving. The robotic motorcycle includes a new rotary axis that can vary the position of the total center of
gravity. Some authors have already reported preliminary control demonstrations using a typical PID controller and
simple LQR. Moreover, the mathematical model of a robotic motorcycle derived using multibody dynamics methods
and its optimal regulator simulation were developed. However, an experimental investigation of a robust control
strategy for practical implementation has not yet been conducted. Therefore, this study proposes a practical method
based on applying a sliding mode controller (SMC) to improve robust stability in a real usage environment. Here, we
introduce the control system design combining a novel mathematical model, including a minor PID control loop and
the SMC, with its hyperplane designed by the frequency-shaped optimal regulator. Finally, its effectiveness is verified

by experiments using an actual robotic motorcycle.

during low-speed driving, which is a primary problem.

INTRODUCTION

Moreover, the rider must support considerable loads.

The automation of motorcycles from a vehicle and
infrastructure perspective is essential. However, the term
“vehicle” mainly refers to four-wheeled automobiles, and
two-wheeled motorcycles are rarely the research focus.
While many drivers enjoy driving a motorcycle itself, it is
also a crucial mobility element in several countries,
where riders use it for commuting and physical
distribution because motorcycles are lighter and more
compact than cars. Nevertheless, although they self-
stabilize after gaining a certain speed, they are essentially

unstable as an inverted pendulum while stationary or

Therefore, instability-related problems may become even
more evident as the average age of motorcyclists
increases, potentially slowing the development of a future
mobile society centered on the autonomous driving of

these systems.

In this regard, motorcycles must automatically self-
stabilize in the parking state and during low-speed
driving to counteract the weakness mentioned above. To
achieve similar purposes, Ouchi et al. proposed a

stabilization mechanism equipped with a gyro!'!, and

YAMAHA MOTOR TECHNICAL REVIEW 14
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Satoh et al. developed a mechanism that stabilizes the
vehicle by moving a counterweight in a direction
orthogonal to its traveling direction'. A study conducted
by Saguchi et al. on a stabilization control method using
steering is also well known®!. However, the method of
Ouchi et al. often requires installing a relatively large and
heavy gyro at a specific position to obtain a satisfactory
result. Furthermore, the method of Satoh et al. widen the
motorcycle; thus, losing the motorcycle the advantage of
driving through narrow paths. In addition, riders have
also pointed out that it is uncomfortable not to be able to
lean motorcycles on curves. In contrast, the approach of
Saguchi et al. is only practical while driving and cannot
be applied while parked. The Honda Riding Assist
developed by Araki et al. adopted a negative trail length
and used steering to control the center of gravity in the

stationary state!*!

. However, driving in the intended
direction is challenging during extremely low-speed

driving.

In 2017, the authors’ company announced a robotic
motorcycle equipped with an Active Mass Center Control
System (AMCES) axis. This robotic motorcycle adds a
rotation axis to increase the degree of freedom of the
vehicle and allows self-balancing in an upright position by
actively moving its entire mass center’®. Unlike other
systems, the robotic motorcycle does not require large or
heavy additional mechanisms and can remain stable, even
in the stationary state. The demonstration of its capacity
to drive at low speed and stabilize on its own was highly
praised at the Tokyo Motor Show 2017 and other
trade fairs. However, the control method during the
demonstration was not based on a thoroughly examined
mathematical model. Instead, the stabilization was
achieved through the application of a proportional-
integral-derivative (PID) control and an optimal linear
quadratic regulator (LQR) tuned by trial and error'.
From the safety improvement perspective, motorcycles
must become more reliable through more accurate and
transparent modeling with a control system design
method that better suits this problem, rather than a
simple application of PID and LQR controls. With this

objective in mind, Hara et al. attempted to model a

1 5 YAMAHA MOTOR TECHNICAL REVIEW

robotic motorcycle using a multibody dynamic system,
which systematically modeled a complex, actual robotic
motorcycle. The authors also demonstrated through
numerical simulation that this motorcycle could be
controlled satisfactorily by applying an optimal regulator
based on the developed model®. Nevertheless, the
effectiveness of this model and its robustness to
withstand actual conditions have not been verified
empirically, and it has not been compared with the trial-

and-error-based PID control of previous demonstrations.

Based on the above scenario, attempts have been
performed to show experimentally that the robustness
and stability of the robotic motorcycle can be improved
and that it can serve as a vehicle to drive in actual traffic
environments. However, previous studies have only
implemented numerical simulations relying on a close-to-
ideal problem setting!”. Moreover, ideal conditions do not
necessarily apply when running in actual environments,
and the road surface affects motorcycle driving. Therefore,
to achieve robust self-stabilization in actual environments,
this study mainly focused on self-stabilization during a
stationary state or during low-speed driving. In this
regard, we introduced a sliding mode controller (SMC)
with a frequency shaper. And its effectiveness was
experimentally demonstrated. The SMC considered the
effect of structured and unstructured uncertainties and

disturbances.

The structure of this paper is as follows. Section 2
describes the robotic motorcycle. In Section 3, previously
presented modeling methods are discussed. In addition,
the modeling of the control system, including the
minimum PID control required for stabilization, is
introduced. In Section 4, a practical control system design
method that considers the proposed robust stabilization
is described. The effectiveness of the proposed control
system design method is demonstrated in Section 5 by
analyzing the results of a numerical simulation and self-
stabilization experiment during low-speed driving of an
actual robotic motorcycle. Finally, in Section 6, the

conclusions and further aspects are summarized.
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THE ROBOTIC.MOTORCY.CLE
WITHOUT FALLING DOWN

The robotic motorcycle (Fig. 1) is an experimental electric
motorcycle®®. The most characteristic item is its rotating
AMCES axis (Fig. 2). It runs through the center of the
vehicle to control its center of gravity. The AMCES
electronically controls and stabilizes the chassis of two-
wheeled motorcycles. An optimal attitude can be
maintained by controlling the chassis itself. The attitude
of the machine is controlled by rotating parts of the
counterweights, such as the battery, swing arm, and rear
wheel around the AMCES axis. The AMCES axis also
connects the red part (Q1) and blue part (Q2) in Fig. 2.
During rotation, the counterweight parts move either
right or left, enabling the machine to balance and remain
upright. The intersection point of the AMCES axis and
ground coincides with the grounding point of the rear
wheel. Therefore, the grounding point of the rear wheel
is always fixed even if the AMCES axis is rotated. The
inner frame unit rotates around the AMCES axis. A

schematic of this characteristic is shown in Fig. 2.

q1

Fig. 2 Schematic figure of AMCES-axis

MATHEMATICALMODELING

The mathematical modeling of the robotic motorcycle has
already been investigated using multiple methodologies'®!”.
The most important part of modeling is the AMCES axis.
Therefore, the equation of motion for the robotic
motorcycle was derived by introducing the following
simplification to the system: The system is divided into
two bodies (Fig. 2): a front-wheel and a rear-wheel parts.
The AMCES shaft connects the bodies similar to a
revolute joint. From the rear view of the main body, this
mechanism can be regarded as a double pendulum. In
addition, the system is considered a type of acrobot because

only the connection portion of the body is actuated'®.

After introducing the absolute coordinate system, the
system is assumed to lie on flat ground. The x-axis is
defined as the axis connecting the grounding points of the
two tires. The z-axis is defined as being normal to the
x-axis in the anti-gravity direction. The y-axis is defined as
normal to the other axes based on the definition of the
right-hand coordinate system. Here, the system differs from
a typical acrobot because the directions of the x-axis and
the AMCES axis are not similar. Therefore, the equation of
motion cannot be simply described on a two-dimensional
plane, and a particular modeling strategy is required. The
front-wheel part of the motorcycle is defined as Q1, and the
rear part is defined as Q2. Let g; be the slant angle of Q1
in the stationary state, and g be the angle between Q1 and
Q2 due to the rotation of the AMCES axis.

Two modeling methods were adopted in previous studies
to obtain a linear approximated model of the robotic
motorcycle. One method relies on Lagrange’s equation of
motion!”. This is a well-known modeling method based
on Lagrangian mechanics'. The second method relies on

[eltoyi1]

multibody dynamics The results of the two

methods are the same. The details can be found in

161171

previous papers™'”. The approximated model is

determined as follows:
x(t) = A,,x(t) + b,,u(t),

xXO=[a®) 4@ &) &o)], (1)
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where ¢ (f) and ¢»(t) are the angles in Fig. 2, and «(?) is
the control input. More importantly, the safety of the
experiments should be guaranteed. Thus, the robotic
motorcycle requires a minor feedback loop to stabilize it
in the control and the waiting modes. Its feedback gain
vector k, was selected via trial and error by stabilizing
the vehicle during the waiting mode. In this regard, the
single-input linearized controlled object model, including

minor feedback control, is defined as follows:
xp(t) = Apx,(t) + byult),
O=[a) 4O &0 o], @)

where A, = A, —b,k,, and b, =b,. Hereafter, the system in
Egs. (2) is referred to as the controlled object model. To
identify the elements in 4, and b, the ARX model is
applied to a real motorcycle under the M-sequence
APRBS signal disturbance torque for #(¢) = u,(t), as shown
in Fig. 2. The details of the identification results can be

found in our previous study 2.

CONTROL,SY.STEMDESIGN

4.1. Frequency-shaped LQ control hyperplane
design for the controlled object model including
the minor feedback

In contrast to previously published studies®”, the
objective of this study is to achieve robust self-stabilization
of a real robotic motorcycle in actual environments. In
such a situation, the effects of uncertainties and
disturbances cannot be ignored. As previously pointed
out!"? a real robotic motorcycle includes unstructured
uncertainties such as high-order dynamics. The effect of
high-order dynamics is reduced in this study by adopting
a frequency-shaped optimal regulator (frequency-shaped
LQ regulator, FSLQ) to reduce the control input signal in
the high-frequency range!'®!. If low-speed driving is also
considered, the influence of structured uncertainties, such
as mass variations, must be handled more aggressively.
To reduce the effect of both uncertainties simultaneously,
this study adopts SMC using the FSLQ-control-based
hyperplane design!'*. SMC effectively reduce the effects
of structural uncertainties, such as parameter variations

and disturbances, such as Coulomb friction (the disturbances

1 7 YAMAHA MOTOR TECHNICAL REVIEW

that meet the matching condition). Moreover, we discuss
an appropriate SMC design method for this control

problem.

For the FSLQ regulator design, the second-order
Butterworth low-pass characteristic with a cutoff
frequency of 5 Hz on the control input is applied. Its
dynamic characteristics are determined using the

following state equation:

X/(t)ZAfo(t)+bea(t), uf(t)ZCfo(t)
0
:|,bf —|:w;:|,(i‘f :[1 0], (3)

where o, and ¢ are the cutoff frequency (5 Hz) and

y 0 1
"0l 20,

damping ratio (1/+/2: Butterworth type), respectively.
Subsequently, the feedback control system obtained using
the LQ control feedback gain vector &, :I:kp kf:l for the

augmented system is expressed as follows:
X, (t) = A, x,(t) + b1, (1),

Ua(£) =~k pxp () — K ;1 (£) = —ky X, (1)

B x,(®) | Ay byey 10
()= L‘f(t)} A { 0 4 } b _L’f} @
Disturbance
uq(t) Plant
e e e e I
o . |
g)’_"' bp + X (t) l X (t) I yp(t)
| + s 1
I |
| I
: 4 1
B o i i o ) ), o e S ) ! 4

uq(t) + & (6)

.| State vector
| | augmentation

e

_ka

Fig. 3 Block diagram of the FSLQ control system
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The block diagram of the FSLQ regulator is shown in
Fig. 3. The hyperplane distance o(t) for SMC in this study

was designed using Egs. (4), as follows:
o (t) = 5,%,(0), ()

where s, is a linear operator and is set to the optimal
feedback gain vector k, of the LQ control solution of the
augmented system in Eqs. (4) and the appropriate
weighting matrices @, and 7,. This procedure is similar to
the hyperplane design method based on using the system

ZeI‘OS[IS].

4.2. Sliding mode control design

The SMC system design relied on a two-step design!'..
The first step was the equivalent linear system design of
the switching hyperplane. As the reference!’, the

eigenvalues of the equivalent linear system:
xa(t):{Aa _baz(saba)71 saAa}xa(t)7 (6)

consists of five stable poles and one origin pole. The

augmented system can be written as follows:
sa=[s1 2],

§1 = Szkppm,

x()= (An - A12kppm)x1(t),

x®=[a®) a® O &O HO],

A b 04><1 04><1
An_{oli (ﬂ, AlZ_I: 0 :ly h—{ 1 },
Ay =[0" —0f |, Ap=[-240,], b= 0f |- (7)

The hyperplane normal vector s, can be determined using
kyy, provided that x,(¢) can be stabilized with s, as an
arbitrary value other than zero. In this study, the
equivalent control input #(¢) is derived from Eq. (8) for a
constant hyperplane distance (o(¢) = const.) to obtain Egs.

(9), which corresponds to Eq. (6).
6 (£) = $ak () = Sa (Aaxa () + bathy (£)) = 0. (8)
w (t) =—kox,(t),

ky= (saba )7 Sa A (9)

Equation (8) corresponds to the popular equivalent

control input in Egs. (10) when the hyperplane distance
is set to zero (o(t) —» 0)!"*!. The control design using Eq.
(8) generalizes the constraint of the state on the

hyperplane and increases the design degrees of freedom.
x(H)= (Au — Aiok )xl(t),
kppm = (Szbz )71 |:(SIA11 + 5oy ) - (S1A12 + 52A22)55151J~ (10)

The second step is a nonlinear control design to restrain
the state of the switching hyperplane. A smoothing
function is considered to obtain the following equation
for the constrained control input (nonlinear feedback

control input) «,(¢) in the hyperplane %

: (11)

where a and ¢ respectively represent the sliding mode
control gain a [Nm], and the mitigation coefficient ¢ is
introduced to suppress chattering. Moreover, o(t) based
on Eq. (5) is the inner product of the hyperplane normal
vector s, and expanded state variable X,(t). Setting the
sliding mode control gain « and the mitigation coefficient
to suppress chattering ¢ enable the design of the

nonlinear control input #,(z).

Figure 4 shows a block diagram summarizing the entire

control system based on the proposed two-step design.

Disturbance
Hakes Plant
= ¥p(t)
*a(t) State vector
u, (t) a(t) o(t) augmentation
- le®)|+& Sa

Fig. 4 Block diagram of the robust control system
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The most important factor in FSLQ control is the fall
prevention of the vehicle. Therefore, the weights were set
only to the vehicle roll angle and its derivative. Even if the
weights of the elements related to the AMCES angle and
the frequency shaper element are set to O, the purpose of
the control, such as fall prevention and residual mode
suppression, works well. The weight to the control input
is set to 1, specifically, @,=diag[1 X 10* 1 X 10°0 0 0 0],

7,=1.
|
30 Pole
® O FsLQ
207} X SMC
t 10}
o
&
g 0 ® 0
£
op
(]
£-10t
-20
®
_30 L 1 L i

-25 -20 =15 -10 =] 0
Real part

Fig. 5 FSLQ closed-loop poles and
hyperplane design poles

For the hyperplane design of the SMC, we applied a pole
placement design using five poles (Fig. 5) with the origin
pole removed from the poles, including the feedback of
the FSLQ control. s;,k,,, and |s,| in Eqgs. (7) are 1, [-1.3 X
10° -2.7x10* 2.4x10* 3.1 x10° 4.8x10'l and
1.35 X 10°, respectively where |s,| is the hyper plane
normal vector length. The equivalent control input ()
was used in Egs. (9). The sliding mode control gain o of
the nonlinear control input «,(t) was set to 500 Nm,
approximately twice the maximum torque of the actuator
at 298 Nm. The mitigation coefficient ¢ was set to
5.0 X 10 by trial and error, representing 37% of |s,}. In
this paper, we assumed the roll angle range and
disturbance roll torque range in which the vehicle can
avoid overturning. Accordingly, « and ¢ are adjusted so
that the nonlinear control input becomes the maximum
value of the actuator at the limited boundary. Large
mitigation coefficient is also intended to suppress

unmodeled higher-order vibration modes.
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SIMULATIONS,AND,EXRERIMENT,S

All simulations and experiments were performed using
the same parameters. The sampling and control periods

were set to 1.0 ms.

The simulation and experiment results were evaluated by
applying two types of disturbances. Figure 6 shows an
experiment simulating the left-right shift of the center of
gravity of the rider. The disturbance was a bump
disturbance where a maximum of 150 Nm was loaded on
the AMCES shaft in 0.5 s and unloaded in 0.5 s, and
,(t) =150 cos®(xt / 2) .

Fig. 6 Experiment applying a disturbance
to the AMCES shaft

Figure 7 shows an experiment simulating the effect of a
crosswind with a wind speed of 6 m/s. A 5 kg weight was
placed at the end of the handle. Hereafter, the experiment
in Fig. 6 is referred to as disturbance(a), and the

experiment in Fig. 7 is referred to as disturbance(b).

Fig. 7 Experiment applying a weight to the handle end
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5.1. Simulations

Figure 8 shows the results for disturbance(a). The
disturbance torque (black dashed line) to the AMCES axis
was applied counterclockwise for 2 s after starting the
experiment and clockwise 7 s later. With only minor loop
control (blue one-dot chain line), there was no plant
control input u,(t). The maximum roll angle is 2.50°, and
the roll angle does not completely converge to the origin
in 4 s. With FSLQ control (blue dashed line), the
Nm (47%

compensation), the maximum roll angle is 1.45° (42%

maximum plant control input is 71

improvement), and the roll angle completely converges in
4 s. With SMC (solid red line), the maximum plant control
input is 128 Nm (86% compensation), the maximum roll
angle is 0.65° (74% improvement), and the roll angle

completely converges within 4 s.

Roll angle of the vehicle to the AMCES shaft load at standing still

''''' Min. ---FSLQ — SMC ---Dist.

Filter output torque [Nm] ”
100 - /‘\.\ 4
0 . N~ D Pt
v »

-100 - B 1

Disturhant;é torque [Nm]‘

0 2 4 6 8 10
Time [s]

-200

Fig. 8 Simulation of applying a bump disturbance
to the AMCES shaft in the stationary state

Figure 9 shows the results of the disturbance(b). A 5 kg
weight was placed at the end of the handle and stabilized
with only minor loop control, and each control was
started after 5 s. With FSLQ control, the improvement in
the rolling angle is 0.21° (12.6% improvement). With the
SMC, the improvement is 0.97° (58.5% improvement). In
addition, SMC is 4.6 times better than the FSLQ control.

Roll angle of the vehicle to the handle-end load at standing still
<= Min. = == FSLQ — SMC

Only minor loop

Roll angle [deg]

150

100 -
Only minor loop
50 -

Filter output torque [Nm]

50 L L H L

0 2 4 6 8 10
Time [s]

Fig. 9 Simulation of load at end of handle
in the stationary state

Figure 10 shows the time transition of the state in SMC
using a scatter diagram. The rolling angle and AMCES
rotation angle (blue line), hyperplane (black dashed line),
and hyperplane distance o(¢) (red dashed line) are plotted.
For the hyperplane, zeros were assigned to state variables
other than the rolling angle and AMCES rotation angle. The
state was controlled to approach the hyperplane immediately

after starting the control and then to the origin.

Compensation for handle load using SMC method

— — — — Hypemlane -1
10 ——— State P
— — — — Hypemlane distance - 7
8t
"of
o
S 6
o~
-3
4t
2|
0 1 1 1 1
0 0.5 1 15 2

Fig. 10 Time transition of vehicle attitude with
the handle-end load in SMC

Figure 11 details Fig. 10 and plots the roll angle, AMCES
angle, frequency shaping control input, hyperplane distance,
equivalent control input and nonlinear control input. At
the start of control, the nonlinear control input acts more
dominantly than the equivalent control input and the AMCES
angle increases. After that, the vehicle roll angle decreases
as the AMCES angle increases. The SMC compensates for
the load on the handle end with a nonlinear control input

that constrains the state variables to the hyperplane.

YAMAHA MOTOR TECHNICAL REVIEW
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10 Hyperplane distance and torque for handle—end load at stationaly state
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Fig. 11 Time series response in SMC to the handle-end
load at stationary state: roll angle, AMCES angle,
frequency shaping control input, hyperplane distance,
equivalent control input and nonlinear control input

-200
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5.2. Experiments
In the stationary state, disturbance(a) and disturbance(b)
were experimented. However, in the low-speed driving

condition, only disturbance(a) was experimented.

5.2.1. Experiments on a vehicle stationary state

Figure 12 shows the experimental results for disturbance(a)
in the stationary state. With only minor loop control, the
maximum rolling angle is 2.2°, and the rolling angle does
not converge to the origin in 4 s. In contrast, with FSLQ
control, the maximum rolling angle is 1.1° (50%
improvement), and the rolling angle converges to the
origin in 4 s. With SMC, the maximum rolling angle is
0.6° (73% improvement), and the rolling angle converges
to the origin in 4 s. For all controls, the simulation and

experimental results shown in Fig. 7 were correlated.

Roll angle of the vehicle to the AMCES shaft load at standing still
----- Min. ---FSLQ — SMC --- Dist.

™

2 Roll angle [deg]

-100

Disturbance torque [Nm]

0 2 4 6 8 10
Time [s]

-200

Fig. 12 Experiment involving applying a bump
disturbance to the AMCES shaft at stationary state
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Figure 13 shows the experimental results for disturbance(b)
in the stationary state. With FSLQ control, almost no
control input was required when the control was started,
and the rolling angle hardly improved. With SMC, a
control torque of 150 Nm was input at the start of the
control, and the rolling angle improved by 50% in 1 s.
Similar to the previous experiments, for all controls, the
simulation and experimental results shown in Fig. 8 were

correlated.

Roll angle of the vehicle to the handle—end load at standing still
---FSLQ —SMC

Only minor loop

Roll angle [deg]
0 .
200

150 -

100 -
Only minor loop
50 -

Filter output torque [Nm]
2 4 6 8 10
Time [s]

-50
0

Fig. 13 Experiment involving applying a disturbance to
the handle-end load at stationary state

5.2.2. Experiments on a vehicle low-speed driving

Figure 14 shows the experimental results for
disturbance(a) during low speed straight driving at 0.5
km/h. With only a minor loop control, the maximum
rolling angle was 2.9°, which was 32% lower than that of
2.2° in the stationary state. In addition, the convergence
of the rolling angle owing to the disturbance was worse
in low-speed driving than in the stationary state. This is
because the AMCES structure and the driving force push
the vehicle sideways. With the FSLQ control, the
maximum rolling angle was 1.2° (58% improvement), but
the rolling angle did not converge to the origin. With the
SMC, the maximum rolling angle was 0.8° (72%
improvement), and the rolling angle converged to the
origin. The SMC estimated the disturbance more
accurately than the FSLQ control, and the timing to start
the compensation was earlier. The superiority of SMC
over FSLQ control during low-speed driving tends to be

the same as that in the stationary state.
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Roll angle of the vehicle to the AMCES shft at running

3
2 - Roll angle [deg]
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-100 -
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-200
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Fig. 14 Experiment results for bump disturbance applied
during straight line low-speed driving

Figure 15 shows the time transition of the SMC during
low-speed driving. As shown in the block diagram in Fig.
4, the sum #,(¢) of the equivalent control input #(t) and
the nonlinear control input #,(¢) is the input of the
frequency shaper. The frequency shaper removes the
high-frequency control input and becomes the plant
control input #y(¢). The u#(f) responded well to the
applied torque disturbance #,(¢), and «,(t) was highly
correlated with #,(¢). When the state began to be peeled
off from the hyperplane by the applied disturbance
torque, the compensation by the nonlinear control input
,(t) had already started, and the nonlinear control input
u,(t) almost compensated the applied disturbance torque
uy(t).

Straight driving with SMC method
T

sE
® —l
Ty —— el e, oo e |
=TT
=
o
sl
o —uf -—ud .
3E - i | _ | s |
§= D-—L——-«-\\/ --------- e St TN e
= N
—-200
|

Time [s]

Fig. 15 Experiment results for bump disturbance applied
during driving at a speed of 0.5 km/h

In addition to straight-line driving, only SMC permitted

drive stably in a turning examination at a steering angle

of 30° (turning radius of 3 m) at a speed of 0.5 km/h.

And the control input for bump disturbance of SMC was

the same as in a straight-line driving!'®.

CONCLUSION

This paper introduced the robust control problem for a

motorcycle without falling to a new mobility system.
Improving motorcycles in a stationary state or during
low-speed driving is a non-negligible factor for future
mobile societies. Moreover, how to ensure low-speed
driving stability using the robotic motorcycle was
discussed. This motorcycle is equipped with a new axis of
rotation named AMCES and can change the position of
the total center of gravity. We developed a system model
that included stabilizing the PID control, as previously
demonstrated. In addition, a sliding mode controller
(SMC) with a frequency-shaped optimal regulator (FSLQ)
was developed to suppress the effects of structural and
nonstructural uncertainties. The effectiveness of the
developed approach was verified by a low-speed driving

experiment using a real robotic motorcycle.

In the future study, the nonlinearity of the controlled
object may be an important subject. When the vehicle
stands up from the kickstand state, the AMCES axis
rotates 50°. Centrifugal force due to vehicle speed cannot
be ignored when turning. If the roll angle can be properly
controlled, the performance of the vehicle dynamics will

be improved even at low-speed driving.
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Development of European Market destined e-Bike “Booster easy” and “Booster”

IR &17 Maurizio Ghezzi Cristiano Proserpio Roberto Redaelli Marco Ferrario

Booster easy (Pedelec /\—3/32) Booster (Speed-pedelec /1\—32)

Abstract

The e-Bike market is a growing area that is expanding globally. The Company has been selling drive units to e-Bike
manufacturers in Europe with regards to the global e-Bike market. By newly introducing e-Bikes of our own brand
(complete vehicles) into the global market, together with the drive unit sales business, we aim to grow our business
beyond the market growth rate. The newly developed “Booster easy” and “Booster” models are part of our global
e-bike lineup, covering the European commuter motorcycle category in the volume zone. The aim of the development
was to provide new value in the unique style of Yamaha in the commuter e-Bike category through the models fun to
ride and the sophisticated design. In addition, we have selected Fantic Motor S.P.A.(FM), which has close ties with the

Company in Europe, as our development partner. By using FM’s existing models as a base, this collaboration has

enabled the development to be completed in a short period of time.
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USB adapter “moriba” for “PAS” electrically assisted bicycle batteries,
born from thinking about what would be nice to have
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Abstract

Yamaha Motor Electronics Co., Ltd. (hereinafter referred to as “the Company”), headquartered in Mori-machi,

Shuchi-gun, Shizuoka Prefecture, has been responsible for the manufacture of drive units for the “PAS” electrically

assisted bicycle for 30 years since its initial sales launch. From April 2022, the Enshu Morimachi Station on the

Tenryu Hamanako Railway has been referred to as “Morimachi, home of PAS,” in an effort to contribute to the local

community and achieve greater recognition of Yamaha Motor products through “PAS”. The Company'’s first original

brand product moriba is also an item that bears this belief as a “PAS™-related accessory.
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USB adapter “moriba” for “PAS” electrically assisted bicycle batteries,
born from thinking about what would be nice to have
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USB adapter “moriba” for “PAS” electrically assisted bicycle batteries,
born from thinking about what would be nice to have
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“Helm Master EX” with Integrated Bow Thruster

o 2 Il 12N ZA T L THelm Master EX] /\URS A 2@

M =g B EX

H#4:2023 Yamaha Helm Master® EX with Integrated Bow Thruster — YouTube!"

Abstract

The “Helm Master EX"?) has some features that have helped it gain popularity since its release: (1)sideways control with
a joystick, which allows even a novice operator to easily berth/launch, (2)dynamic positioning, a convenient feature while
fishing, which holds the boat’s location and/or heading according to the situation, and (3) Autopilot, which automatically
follows a set path. However, there are some issues such as not being able to reach the expected level of performance
under certain environmental conditions. This is due to the fact that, as with any boats, not only the bow is susceptible
to being caught by the wind, but it is also difficult to control the bow with an outboard attached to the stern.

The bow thruster is a motor attached to the bow, which has long been used predominantly to facilitate berthing/
launching by controlling the bow using a dedicated control panel. Traditionally, the most common thruster type has
been one that is controlled by toggling between “stop” and “fully open.” There has been an issue with these on-off
type thrusters - i.e. they can only be used for a short length of time (a few minutes) due to large amperage causing
voltage drops, and overheating. In addition, the majority of those thrusters are controlled by analog signals, and
because it is difficult to control them externally, they have not been integrated with other systems such as for
assisting boat operators. However, some thrusters which have been commercialized in recent years are a proportional
(variable speed) type and controlled by CAN (controller area network) signals. Therefore, they can be used for a longer
length of time and controlled by a source outside the bow thruster manufacturer’s system. Against this background,
we saw the possibility of integrating these new types of thrusters with the “Helm Master EX” to raise the levels of its

existing features, and set out to develop a bow thruster integration feature.
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“Helm Master EX” with Integrated Bow Thruster
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Development of the “F450A” Outboard Motor

2 @y |I HAPM% TFA50A; RS

2K BF

Abstract

The main market for large outboard motors is North America. In recent years, the trend towards larger boats and
outboard motors with higher horsepower has been particularly significant. Previously, most large offshore boats(boats
that sail the open seas) over 40ft. were powered by inboard motors; however, the introduction of high horsepower
outboard motors has led to a rapid shift to outboard motors for these larger vessel types. This trend has increased the
demand for larger boats to be powered by outboard motors, and there is a demand for outboard motors with even
higher horsepower. In 2007, the largest size of boats equipped with outboard motors was around 36ft, but now it is
over 65ft, with companies announcing the development of larger boats approaching 70ft, with no sign of stopping.
To meet these market demands, Yamaha Motor introduced the “F425A” in 2018, which was well received in the mar-
ket. However, there was a strong demand for outboard motors with even higher horsepower, and the “F450A” was
developed to meet this demand.

In this development, the new boat not only has higher horsepower, but also a large-capacity power generation system
to supply sufficient power to various navigational devices and on-board equipment, which has increased with the size
of the boat. In addition, the unit is designed to give users an even higher quality boarding experience by providing
merchantability as a new flagship model through measures to enhance the value of the “HelmMasterEX” integrated
ship handling system, a new exterior design that creates a sense of luxury, and improved quietness that directly affects

the user’s five senses.
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Development of the “F450A” Outboard Motor
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Development of “FX-HO” Equipped with the New Flagship Engine

B MV ESSE UH@TE SAEET RIEES

Abstract

Yamaha Motor Co., Ltd. (hereinafter referred to as “the Company”) has developed the PWC (Personal Water Craft)

(Figure 1) and the SB(Sport Boat) (Figure 2) equipped with waterjet propulsion systems and has launched these

products into the market. Two types of basic engine platforms (hereinafter referred to as “PF”)are combined with four

types of hull PFs for PWC’s and SB’s, through variation development such as supercharging and catalyst mounting to

develop products that meet a variety of needs. This time, the high-output PF engine was fully remodeled for the first

time in 15 years. This paper introduces the initiatives in the development of PWC’s representative model “FX HO".
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Development of “FX-HO” Equipped with the New Flagship Engine
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Current Model New Model
Engine Type L4
Bore 86mm 88mm
Stroke 78mm 78mm
Engine Displacement 1,812cm? 1,898cm’
Maxmum Power 125kw/7600rpm 146kw/7600rpm
Maxmum Torque 159.3Nm/6852rpm | 185Nm/7353rpm
Engine Weight Dry 107kg 104kg
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Yamaha adds “Helm Master EX” on “255 FSH SPORT H” Sports Boats

ZHRE BIA

Abstract

Yamaha Motor Co., Ltd. (hereinafter, The Company) offers the sports boat category (SB) equipped with water jet
propulsion systems, which generate propulsion by sucking water from beneath the boat and pumping it out backward.
SB is classified into two sub-categories: the Family Fun (FF) models (Figure 1) which is a runabout boat that provides
a space for families to relax on a wake board or similar craft out at sea, and the Family Sport Hybrid (FSH) models
(Figure 2) which is a center console boat designed mainly for fishing use. For FF models, the “275SDX"!!?
announced in 2023 is equipped with the steering assistance system “DRiVE X”. The “DRIiVE X" is a new system that
makes it easier to leave and arrive at the dock by placing buttons for using various functions around the steering
wheel for intuitive operation, enabling the operator to steer the boat without removing both hands from the steering
wheel (Figure 3). This advanced steering assist system was rolled out to FSH models as well, to make the SB more of
a premium brand and to expand the market size. This paper introduces the “Helm Master EX"®! (“HM EX"), which is
equipped in the 25ft FSH model “255 FSH SPORT H”.
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Yamaha adds “Helm Master EX” on “255 FSH SPORT H” Sports Boats
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Yamaha adds “Helm Master EX” on “255 FSH SPORT H” Sports Boats
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Yamaha adds “Helm Master EX” on “255 FSH SPORT H” Sports Boats
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Bracket-internal Steering Unit for “F200” Outboard Motor
B FH BN RE

C

& |I

ik 2H

—t
)

Hydraulic
Pipes

.« jd"":

Steering
Cylinder

Abstract

Yamaha Motor Hydraulic Systems Japan, Inc. (YHS]) develops and manufactures electro-hydraulic products such as
power tilt and trim (PTT)for outboard motors for Yamaha Motor (YMC)as well as hydraulic products such as shock
absorbers for four-wheel and two-wheel vehicles. YHS] also offers a wide range of products, including
electro-hydraulic products that can contribute to the mechanization of agriculture to customers. In 2014, we
introduced the product of the platform PTT for the “F115” outboard motor!!. PTT is a component part consisting of
a motor pump unit and a cylinder. In the marine market, needs are diversifying as the market size expands, and
expectations are growing for simple and inexpensive products that allow boats to be steered comfortably and easily
through integrated control.

This paper introduces a bracket-internal steering unit developed by applying PTT technology to meet the above

market needs.
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Bracket-internal Steering Unit for “F200” Outboard Motor
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- 2024 model ROV, “XYZ1000R SS/MT”
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Abstract

Principally in North America, the ROV (Recreational Off-Highway Vehicle) market enjoys high demand with its wide

range of uses from agricultural and dairy farming work to recreational uses such as hunting and trail driving, as well

as for sport driving. Demand is expected to further increase in the future. To help cover the wide range of uses,
Yamaha Motor has developed and launched the “VIKING”, “WOLVERINE”, and “YXZ" series of models since 2013.

The drivability of the pure sport “YXZ1000R MT” model(equipped with a sequential manual five-speed transmission)
was further enhanced in the “YXZ1000R SS” with the addition of the YCC-S (Yamaha Chip Controlled Shift) system.

Yamaha Motor has pursued the evolution of this model to make it more friendly for a wide range of customers in the

sport category. While CVT vehicles are the majority in the ROV market, we developed the new “YXZ1000R SS” as a

2024 model with the concept of “Making everyone feel the Direct Connection of sport riding”.
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“Make everyone feel the Direct Connection of sport riding.”
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2024 model ROV, “XYZ1000R SS/MT”
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Product introduction of golf cars equipped with lithium-ion iron phosphate
battery packs for the US market

Al it

Abstract

In North America, the largest market for the LLV (Low Speed & Light Vehicle) business, the company launched the
“Drive2 QuieTech EFI", a quiet vehicle that uses an engine as a power source but is as quiet as an electric vehicle (EL
model) . With this model, YAMAHA succeeded in differentiating itself from its competitors and firmly established its
position as the No. 1 gasoline engine vehicle (GAS model).

On the other hand, in addition to the high percentage of EL models in the golf car market, due to changes in the
external environment, it is expected that the market will become more electrified in the future, and the introduction
of a competitive EL model has been a long-standing issue.

Vehicles equipped with lithium-ion batteries from other companies have been introduced in advance, and as a
countermeasure, the 2021 model has adopted an AGM (Absorbed Glass Mat) lead battery that does not require
refilling. However, the market demand for lithium-ion batteries is strong and is based on the model concept “The
Lithium from YAMAHA”, the 2022 model introduced the “Drive2 PowerTech AC Lithium,” the industry’s first
lithium-ion iron phosphate battery.

This paper introduces this development model.
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“FAZER R AP” Unmanned Helicopter with Automatic Flight Function for
Agricultural Applications
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Abstract

Yamaha Motor launched the “R-50", the world’s first unmanned helicopter equipped with a two-stroke engine for
spraying agricultural chemicals in 1987. Since then, various features have been added and the model has undergone
a series of modifications. The current “FAZER R” model with its four cycle engine was launched in 2017.

One of the major challenges in Japanese agriculture is the decline in the farming population due to the nature of
heavy workloads and the aging of many farmers. Since sales began, Yamaha Motor’s unmanned helicopters have
contributed to solving these issues by providing efficiency in spraying operations.

The “FAZER R AP” model with automatic flight function was developed to provide a more efficient spraying
functionality for the smart agriculture that will develop in the future and for rice paddies and fields, which are

becoming larger in size. This paper will provide the overview of the development of this model.
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“FAZER R AP” Unmanned Helicopter with Automatic Flight Function for Agricultural Applications
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“FAZER R AP” Unmanned Helicopter with Automatic Flight Function for Agricultural Applications
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Development of compact headlights with cornering and variable color

temperature functions

Abstract

In recent years, motorcycle headlights are on a trend to become more compact and more multi-functional while

having a unique design. Market research also shows that many consumers use additional auxiliary lights to illuminate

dark blind spots on the periphery of the illuminated area when cornering, and those who prefer warmer colors on wet

roads are changing the lens color from clear to yellow. The headlight module presented in this paper does not only

have high- and low-beams, but also features tilting auxiliary lights and variable color temperature low-beams as

additional functions. This module was developed to provide additional functions and a unique design while achieving

the compact light body size demanded by consumers.
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Application of Cellulose Nanofiber Injection Molding Material to Cover Parts
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Abstract

Currently, environmental pollution caused by the problem of marine micro and waste plastics is an issue that needs

to be solved on a global scale. In the Yamaha Motor Group Environmental Plan 2050!"!, Yamaha Motor has set the

goals the Company aims to achieve by 2050 in the areas of climate change, resource recycling, and biodiversity.

Cover products such as exteriors parts are made of resin materials derived from petroleum and the recyclability has

been an issue, especially for composite resin containing glass fiber or talc for strength reinforcement. The authors have

focused on cellulose nanofibers (hereafter CNF), a plant-derived component, to address the issues of petroleum-based

plastics, and began collaborating with pulp and paper manufacturer Nippon Paper Industries Co., Ltd (hereinafter

Nippon Paper Industries)since 2015. Continued development led to its adoption for the 1,900 cm® engine cover of the

WV (Water Vehicle)in 2023. This is the world’s first CNF adoption'® as a transportation equipment manufacturer, and

this paper introduces this initiative accordingly.
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Lightweight technology for the flagship model “PW-XM"
Development of magnesium housings
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Abstract

In November 1993, the world’s first electrically power assisted bicycle, “Yamaha PAS” was released in Japan. Today,
30 years on from the release, in addition to engaging in the development and manufacturing of vehicles as finished
products such as the “PAS” and “YP]” series, the company also has a B-to-B business of supplying components to
bicycle manufacturers -i.e. “power assist systems” - consisting of a drive unit, battery, and display (which are
considered a central part of an electrically power assisted bicycle) . Yamaha's OEM supply to bicycle manufacturers
outside Japan began in 2013. In recent years, electrically power assisted bicycles have seen their international market
expanding. They have been popularized as sports-type electrically power assisted bicycles (“eBikes”) especially in
Western countries, where bicycles have traditionally been a common means of transportation. The sales of eBikes in
Europe are expected reach 17 million units a year by 2030\, Not only more and more bicycle brands have been
entering the eBikes market, but the number of companies developing and supplying drive units is also increasing. This
heightens the need for further improving and differentiating our products. Against this background, we have

developed a drive unit with industry-leading torque and weight properties.
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Lightweight technology for the flagship model “PW-XM"
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Development of a Waste Reduction Method for the Fe-Ni Alloy Plating Process
of “PAS” Magnetostrictive Torque Sensors
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Abstract

The power assisted electric bicycle “PAS” is named after the initials of the Power Assist System, and was launched by
Yamaha Motor in 1993 as the world’s first bicycle that assists the user in response to human power input. The market
for power assisted electric bicycles with extremely low CO; emissions has been expanding in recent years due to
growing interest in the Sustainable Development Goals, and further environmental considerations are required in the
manufacturing process.

Yamaha Motor Electronics Co., Ltd. (hereinafter “the Company”)develops and manufactures drive units that sense and
generate drive power for the “PAS”, and is taking various measures to reduce environmental impact, including
power-saving and resource conservation in the manufacturing process. This study introduces the Company’s resource

conservation efforts in the Fe-Ni alloy plating process for magnetostrictive torque sensors that detect pedal force.
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Development of a Waste Reduction Method for the Fe-Ni Alloy
Plating Process of “PAS” Magnetostrictive Torque Sensors
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Development of a Waste Reduction Method for the Fe-Ni Alloy
Plating Process of “PAS” Magnetostrictive Torque Sensors
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Development of a Waste Reduction Method for the Fe-Ni Alloy
Plating Process of “PAS” Magnetostrictive Torque Sensors
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Development of a Waste Reduction Method for the Fe-Ni Alloy
Plating Process of “PAS” Magnetostrictive Torque Sensors
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Application research and technological development to achieve mounting
accuracy of 15um

#57K FR5A

Abstract

In recent years, as smartphones and communication devices have become more sophisticated, electronic component
packages such as communication modules that are inserted into these products have continued to become more
compact. To achieve miniaturization, small electronic components must be densely arranged within the limited space on
an electronic board. As a result, advanced mounting technologies, such as the mounting of extremely small components
of 0.25 mm X 0.125 mm size called 0201 chips and narrow adjacent mounting with extremely narrow adjacent pitch
between components (Figure 1) are required of surface mounters (hereinafter referred to as “mounters”) manufactured
and marketed by Yamaha Motor Co., Ltd. (hereinafter referred to as “the Company”). In particular, the demand for
mounting accuracy (the maximum amount of deviation from the target mounting position) has been increasing year by
year. To meet this demand, the Company has promoted the development of mounter’s mounting accuracy and has
continued to meet these expectations (Figure 2). This paper introduces some of the mounting research processes and

mounting accuracy improvement technologies that we have been working on in recent years.
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Construction of Electric Outboard Motor Assembly Process using a Projection
Assembly System
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Abstract

Yamaha Motor (hereinafter “the Company”), in its marine business, has launched a marine version of its CASE
strategy, which utilizes cutting-edge technology to transform customers’ marine life into an even safer and more
comfortable experience. Electric as a key element, is about the provision of comfort, and aims to appeal to the
customer by providing the quietness of the electric propulsion unit using the system. The “HARMO", developed as the
basis of this system, was produced as a limited model of only 200 units, as it was a predecessor model working
towards electrification and autonomous driving. The challenge in this limited production was to achieve a process
setup that is not dependent on work proficiency and ensures stable quality with minimal investment (Figure 1). This
paper describes the process of setting up the “HARMO” assembly process, which achieved both reduction in

investment and ensuring all pass products by using the projection assembly system to solve this issue.
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EV/2WD (Axis Control Vehicle) “BiBeey”

Abstract

In recent years, it has become popular for electric mobility vehicles, particularly four-wheeled types to be equipped

with multiple drive motors. This enables simultaneous control of multiple purposes, such as driving, power generation,

and regenerative braking, allowing higher value to be provided. Furthermore, compared to conventional ICE (Internal

Combustion Engine)drive vehicles, multi-axis models are more compact.

In response to this trend, Yamaha Motor Engineering Co., Ltd. (hereinafter, the Company) has developed a control

technology that allows multiple motors to communicate with each other, with the Company developing the concept

electric mobility vehicle “BiBeey” incorporating this technology, as the advanced theme.

In this paper, the Company will introduce the development of the multi-axis control technology which is the core

technology of the “BiBeey”, as well as the initiatives working towards the creation of the concept mobility.
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Investigation of the Effects of Adherend Material and Thickness on the Fatigue
Strength of Adhesive Bonded Joints with Dissimilar Materials (Steel/Aluminum Alloy)

7 #F
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Abstract
Adhesive bonding is suitable for dissimilar materials joining, and understanding its fatigue strength is an important
topic. In this paper, static strength and fatigue properties of adhesive bonded joints with dissimilar materials using

steel plate and aluminum alloy plate are investigated. After comparing test results and numerical analysis results and

analyzing phenomena, attempts are conducted to clarify phenomena by using numerical analysis parameters.
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Reproducing the motorcycle equation of motion with lumped stiffness on
multi-body dynamics model
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Abstract

Motorcycle equations of motion have long been researched and used as analysis methods for the straight line stability
characteristics of motorcycles. However, it has been difficult to add degrees of freedom due to mathematical
difficulties. Therefore, taking into consideration the additional study of new degrees of freedom, a multi-body model

was constructed to obtain the same results as equations of motion.
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multi-body dynamics model
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Reproducing the motorcycle equation of motion with lumped stiffness on

4-2. BB {ERER TR ORERE

A5 RS SR D TR K 23 A5 % 7 il /i B K U=
WFRTABZAFIVAET ViR LIz TA, T L— Ll
M KB HEINFREE D KRB OV THHF BV D H B EH
HIHL Iz, 2D BORIVF R T4 XA FIVAET IV T
FRTH NN K658 TH 5, —77. 10H HHEES 5 #:0T
BT OV T TR DDD VR L TEREL TV
W, RIVFRT ¢ BAF AT IV EFR U RSE DD
BHORETZIETHNT FISH D BR8] DEPAEL TS
Tehbholce A AT ZKAUTIRT,

Bending Point

Lateral Force on Bending Point
(not exist in equation)

Lateral Force on Front Wheel Mass

Lateral Force of Front Tyre

4 Equilibrium of Lateral Force on Front Fork

FRCDEA AR O TERE R & E 25N 200, AR T
RIVFRT A EZAFTITAETIVERIUKHIT OERBICE5 K
SN TR EEEHITZE T MERHMAETIVETS
Zklicllz,

EBHEIITA—T AL TU—L VT AA VT T —LOK
HhiF ORI OWTTR DD HVEUNBTE—AV FDDD
HOXINDEHTH B, DED, [E—AVFEDDHHNY
£33 THNDDO AWK ID S DOBEHIC T EHET
DHDEIZFLTE— AV e L, Ee. T HEDOD
E—AVRETBIET, MF RIS DB FHTE T
%o A A= 72 KI5ITRT,

i
Bending Point ‘.‘

i Moment around Bending Point

Moment by

Lateral Force of Front Tyre ' Moment by

Lateral Force on Front Wheel Mass

&5 Equilibrium of Moment around Front Fork
Bending Point

multi-body dynamics model

4-3. 108HEETIVDEES SRR EERDOLEBER

B TRAL ROV F KT ZAFITAETIVE D
AR D L2 X617, ISR KIS i A il a4
—H L,

V- e i 51 Weave £ — F T Real -4.4%. Imaginary
-0.13%.wobble E—FTC Real -2.9 %, Imaginary 0.71%C
H-oTz,

HEBF TORMZRE LTI BB R e L E
MiZET IV TEILHMWT LTz,

40
W L
35 Wobble g 20km/h
30 2°
160km/h
225 160km/h
[ =t
‘s 20 Qﬂm
g Weave aof
E 15
@
10 5
S O Equation of motion Fa al a
0 A Multibody Dynamics Model
-15 -10 -5 0 5
Real

X6 Root Locus

EIA)

AHE T i B B o H B AT IC B 1 AR — R E
TIVEUTEHT 278, —HBHEO 10HHEET )V O
R HBLIEIVF R T A ZAFITAET IVEERL
feo 7z, 10HHET TV OMEE) RO —HBOZEH Lz I
T METNVOIRIFHETIHIR T Z2 L TREZLEHTIENT
-

WETIVOIEH kL UT, REMD DD 0 g F B
DT TORGER KBRS A=A 2T LT DWTUIGEE
RO MO HEE) RO HANEL THD ., Hirzic H g
FEBLUMHTEHEREIVFRTAZAFIIAETIVD
EHAMNELTONDEEZ TN, i, Wl O HHEZ
EHITEZREDHL5E. IV FRTAETIVEHTES L
HCETHEEAEAD, HEVIEHBEOMAL L TEFIHET
BHTEMNTES,

YAMAHA MOTOR TECHNICAL REVIEW 1 1 O



RIVFRTAZAFEIVRAETIVCESERAIN ZSE R EEE HERNOBHR

Reproducing the motorcycle equation of motion with lumped stiffness on
multi-body dynamics model
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A Proposal for a Crop Volume Estimation Methods Using Photogrammetry
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Abstract

In recent years, the use of 3D data in agriculture has attracted much attention. Photogrammetry, which can construct
3D point clouds from 2D images alone, has the advantages of non-contact and non-destructive measurement of objects,
faster model generation, and lower implementation costs compared to laser scanning. The 3D point cloud constructed
by photogrammetry has three-dimensional information that is not available in 2D and is expected to be used for crop
volume estimation for yield prediction. However, there are issues such as the difficulty of estimating volumes directly
from point clouds due to the boundaries being vague in the images. In addition, in the case of weighing the volume of
only the fruit portion of a crop, it is difficult to automatically extract only the fruit portion from the constructed 3D
point cloud. This is because the object detection and segmentation models for 3D point clouds are in the early stages
of development, compared to the learning models for 2D images. This study shows that an alpha-shape can be used to
recover the surface shape of a 3D point cloud constructed using photogrammetry from a video image of a vineyard and
to estimate the volume of the field with high accuracy. Furthermore, this study proposes a method of estimating the
volume by constructing a 3D point cloud for a fruit cluster from the field image. This method uses a semantic
segmentation model for 2D images, creating a mask image of only the fruit cluster which the volume will be estimated

from the field image, and adding it into the input when constructing the point cloud during the photogrammetry.
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Simulation of Press Forming of Aluminum Alloy Sheets

hnk E=

ﬁmmxll

S

gk mibemEriee L e, FRNBORRNRDEN, TVARIEEZ S P53 Ia L— g VRO EEN:
WEE> TS I LD —DTH LT LARIBIEMARDIM R Z BRL OS> F LA ) THRIRAL TEIZ KD JEZZE A TZDIT
B0 2B T BEH O BABRMOBLE TIE RN T LD TERWEIMNTH S, E—2—F A7)V TET L ARIFICE -
THESNTOSEMD DY, EERENSBEREIC K ORRA M E R REDN SN2 AR TIE T IV I =D LA RO
22 KO ST 172 R IUC BT 5 CRIC KO IE Y R a L — 3 ORI 2 HERUICIROM A Z TS %,

Abstract

Simulation technology to predict press formability is becoming increasingly important as shorter development period,
as well as vehicle weight reduction and higher design quality are required. Press forming, one of the plastic forming
processes, is a forming method that reshapes or punches out plate materials by placing them between dies (punches
and dies), and is an important technology in the manufacturing of automobile body parts. Motorcycles also have parts
that are manufactured by press forming, and various materials and thicknesses are used depending on the required
product function. This paper introduces the Company’s efforts to improve the accuracy of forming simulations by

faithfully reproducing the elasto-plastic deformation behavior and plastic anisotropy of aluminum alloy sheets.
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Abstract

Laser powder bed fusion is one of the metal additive manufacturing technologies, so-called 3D printing. It has
attracted great attentions due to high geometrical flexibility and remarkable metallurgical characteristics. An oil catch
tank has been widely used in automotive industries for filtering oil vapors or carbon sludge from blow-by gas as a
conventional usage. A pneumatic valve system mainly adopted to high-performance engines is also a potential
application of it because undesirable oil infiltrates into air springs during engine operation, resulting in an excess
spring pressure. This work focused on developing a lightweight oil catch tank which can be applied to a pneumatic
valve system by taking advantage of additive manufacturing techniques. Al-Mg-Sc alloy powder with high tensile
strength as well as high ductility were used under the consideration of specific strength, printability and availability.
Test specimens fabricated with optimal printing parameters exhibited mechanical properties comparable to a high-
strength wrought material as well as unique metallurgical characteristics due to rapid solidification. The newly
developed oil catch tank was designed taking into account material properties acquired in this study and functional
requirements of the component. The developed tank had a monolithic structure whereas conventional one consists of
multiple parts. Moreover, the wall thickness was minimized from location to location based on the induced stress
distribution. These are distinct geometrical features which are very difficult to be created by classical processes. As a
result, the novel 3D-printed tank in this work was around 60% lighter than conventional one, and experimentally

demonstrated to meet the functional requirements.

flows into and out of the vessel through the inlet and the

INTRODUCTION

outlet respectively, resulting in separation due to a

Oil catch tanks have been widely used in automotive
industries to separate gas and other substances such as oil.
They basically consist of a vessel, an inlet, an outlet, and a

drain as illustrated in Figure 1. Gas including impurities
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difference of specific weight. It is typically installed into a
ventilation circuit of blow-by gas to filter oil vapors or
carbon sludge!"’. Another is placed in a transmission case

of a hybrid vehicle to collect automatic transmission fluid
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and distribute it to a motor for cooling®. A pneumatic
valve system (PVS) often adopted in high-performance
engines is also a potential application of an oil catch tank.
The system employs compressed air springs instead of
conventional coil springs as shown in Figure 2(a) and play
a key role to precisely drive both intake and exhaust
valves even in extremely high revolution. During engine
operation, lubricant oil surrounding the system gradually
infiltrates into the air springs, leading to unwanted
increase in pressure. Figure 2(b) shows the conceptual
design of a ventilation circuit for a PVS in which
compression air is regularly vented out from the springs
and flows into the oil catch tank through the gallery
installed in the cylinder head. In this case, the oil catch
tank is required to withstand high pressure equivalent to
or greater than that of the air springs. In addition, the
temperature of the tank is expected to reach up to 150°C
due to heat generated from the engine because the tank is
supposed to be mounted closed to the engine. It also can
be said that the lighter, the better for high-performance
engines. For these reasons, the oil catch tank compatible

to a PVS should achieve both lightness and durability.

Inlet

Outlet

(@ (b)

Fig. 1 Schematically illustrated (a) appearance and
(b) cross-sectional view of general oil catch tank

Air tank
= Head cylinder

Camshaft

Rocker arm —
Seali ist o e
€aling piston Gallery
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d o| |[© L Engine valve
9| O/ Recirculating air
ol |l©
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Galler Engine valve & S, Solenoid valve

(@) (b)

Fig. 2 Schematic illustration of (a) cross-sectional view
of PVS and (b) ventilation circuit concept

Additive manufacturing technologies, also called as 3D
printing, have been gradually put to practical applications
in various industries such as medical, aerospace, aviation
and automotive. As explained in more detail later, they are
characterized by a layer-by-layer process which can offer
high design flexibility. This work aims to develop a
lightweight oil catch tank that can be applied to a PVS by

means of an additive manufacturing technique.

EXPERIMENTAL

2-1. Laser powder bed fusion

Laser powder bed fusion (L-PBF) is one of the most
widely used metal additive manufacturing technologies.
In a L-PBF process, a thin layer of powder is distributed
across a building platform and selectively melted by a
high-power laser according to two-dimensionally sliced
data of a product, and this sequence is repeated until a
three-dimensional structure is completely built. This
unique layer-by-layer technique offers design flexibility
with a high resolution®*. During the L-PBF process, the
laser irradiation spot is very small and moves around so
rapidly that the melted material experiences immediate
solidification with a high cooling rate. Tang et al. estimated
the cooling rate of the L-PBF process is approximately
2 X 10° K/sec in AISi10Mg alloy™, which is extremely
faster than conventional casting processes with cooling
rate of 100 K/sec at most'®’. The rapid solidification and
high cooling rate serve to create very fine microstructures
accompanying with remarkable metallurgical characteristics
demonstrated in the various materials''®°!, Nowadays, it
has also attracted a lot of interests from the viewpoint of

carbon neutrality!"%.

Figure 3 shows a schematic
illustration of the L-PBF process and its key parameters.
In the L-PBF process, volumetric energy density E, (J/
mm?®) calculated by the following equation has been often

utilized to explore optimal process parameters!'!).

E, = (1)

where P is the laser power (W), v is the laser scanning
speed (mm/sec), S is the hatch spacing (mm) between the

adjacent tracks, and ¢ is the powder layer thickness (mm).
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P: Laser power

Laser irradiation

Solidification area

S: Hatch spacing

b __\,\;/
HE
Melt pool Y

t: Powdér layer thickness

Fig. 3 Schematic illustration of L-PBF process
and key parameters

2-2. Al-Mg-Sc alloy

Strength-to-weight ratio is of importance in the material
selection for weight reduction. From this perspective,
both Al alloys and Ti alloys can be potential materials
since they have a great strength-to-weight ratio and are
available in the L-PBF technology. However, if a Ti alloy
is used, design features such as a wall thickness and a
strut are required to be much finer than those in case of
Al alloys to achieve the same weight because the density
of Ti alloys is around 60% greater than Al alloys.
Extremely fine features could make printing more
difficult and, in severe cases, lead to a deformation or a
collapse. Additionally, Ti alloys often exhibit a martensitic
transformation accompanying with a rapid volume
change, which could also increase a risk of deformation.
For these reasons, one of the high-strength Al alloys
available in the L-PBF process, an Al-Mg-Sc alloy was
adopted in this work. The effects of Sc addition to
conventional casting Al alloys have been widely
investigated"?!"¥l, In the solidification process of Al
alloys including Sc, AlsSc intermetallic particles
preliminarily precipitate in the molten alloy before the
a-Al phase forms. AlsSc has L1, lattice structure, which is
a fcc-based structure, and it was reported the lattice
misfit between the o-Al matrix and AlsSc is considerably
small, approximately 1.3%!'*. Due to the high coherence
with the matrix, Al3Sc can disperse homogenously with
high density and subsequently act as a nucleation site for
the a-Al phase to solidify, resulting in a remarkable grain
refinement. Furthermore, the homogenously dispersed

Al;Sc precipitates serve to inhibit dislocations from
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moving. Hence, the alloys exert a great precipitation
strengthening effect as well as recrystallization
suppression up to a certain elevated temperature. Several
researchers have investigated Al-Mg-Sc alloys fabricated
by the L-PBF process. A.B. Spierings et al. conducted
comprehensive studies related to the microstructural
features and suggested that AlsSc particles contribute
grain refinement in the additively manufactured Al-Mg-Sc
alloy as well"™'%! Kimura et al. studied aging behaviors
of this alloy and found that the hardness is not likely to
be susceptible to the aging condition if the temperature
ranges from 300°C to 350°C and holding time is more
than 4 hours""”. 325°C for 4 hours is proposed as the
peak aging condition in their work. Shi et al. evaluated
effects of the building platform temperature and the
building orientation on the mechanical properties of an
Al-Mg-Sc alloy containing small amount of Cu®. Tt was
reported that both affect the as-fabricated mechanical
properties, however, all the specimens built with the
different condition exhibit almost the same tensile
properties after the aging treatment. That is to say, the aging

treatment can give this alloy consistent tensile properties.

2-3. Investigation on metallurgical characteristic

Metallurgical characteristics of the Al-Mg-Sc alloy were
firstly investigated. Centrifugal-atomized powder whose
chemical composition is shown in Table 1 was used. The
cumulative distribution of the particle size showed
28.6um for djp, 43.4um for dsp and 65.0pm for dgy. One of
the L-PBF printer, LUMEX Avance-25, were employed.
Laser power, laser scanning speed, hatch spacing and
layer thickness were 340W, 900mm/sec, 0.1mm and
0.04mm respectively. The volumetric energy density E; is
calculated as 94.4]/mm?® based on the equation (1). The
above optimal parameters to create a fully dense
specimen were established through the preliminary
experiment. In the experiment, 35 X 8 X 15mm cuboid
specimens were fabricated with varying laser power, laser
scanning speed and hatch spacing. The fabricated
specimens went through a density measurement by
Archimedes method. Figure 4 shows the relationship
between the density of the specimen and the volumetric

energy density. The density of the specimen increases as
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the volumetric energy density increases. At volumetric
energy densities above 80J/mm?, the specimen densities
reach up to around 2.67g/cm® which is the theoretical
density of the material. The data point in red corresponds
to the condition used in this work as the optimal
parameters described above. The cross-sectional view of
the cuboid specimen printed with the optimal parameters
is shown in Figure 5 where no evident defects can be

observed.

Table 1 Chemical composition of powder material

mass%

Mg Sc Zr Mn Si Fe Al
4.90 0.78 0.29 0.41 0.06 0.17 Bal.
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Fig. 4 Relationship between specimen density
and volumetric energy density
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Fig. 5 Cross-sectional view of specimen fabricated
with optimal parameters

Sheet-shaped specimens with the dimension of 23 X
119 X 4mm referred to as specimen A, 33 X 95 X 4mm
referred to as specimen B were produced. Specimen A
was fabricated with the orientation where the
longitudinal direction was aligned with the stacking
direction (Vertical direction). A part of specimen B was
produced with the same orientation as specimen A.
Additionally, specimen B was built with the orientation at
45° to the building platform as described in Figure 6.
The building platform was kept at 40°C during the
fabrication. The produced specimens were aged at 325°C
for 4 hours followed by air cooling. Surface roughness
was evaluated using optical 3D surface profilometer,
KEYENCE VR-3000. For the microstructure observation,
specimen A was grounded and polished followed by
etching in Keller’s reagent. Microstructures were analyzed
by an optical microscopy, a scanning electron microscope
(SEM) and a transmission electron microscope (TEM).
Electron backscatter diffractions (EBSD) were obtained
with a step size of 0.5um using JEOL JSM-6490A with
TSL-OIM device. The specimen surfaces went through ion
milling using JEOL SM-09010 before the EBSD analysis.
A grain boundary was defined if the misorientation
between two points was greater than 15°. Thermo
Scientific Talos F200X operated at 200kV was used for
TEM observation. A thin foil specimen for TEM
observation was prepared using JEOL EM-09100IS ion
milling. Bright field (BF) images were captured in
scanning transmission electron microscopy (STEM) mode.
Energy dispersive X-ray spectroscopy (EDS) analyses were
also conducted. AVK-A Vickers hardness tester was used
to evaluate the hardness at ambient temperature on five
(5) points for one of test specimen A and the average was
calculated. The load and the loading time were 5kgf and
15sec respectively. Specimen A and B were processed
into the tensile test coupons and the fatigue test coupons
respectively as described in Figure 7. All the surfaces in
the tensile test coupons were finished by machining. In
case of the fatigue test coupons, only the contour and the
holes were machined, which means most of the surface
remained in the as-built state. Tensile tests at ambient
temperature were carried out using an universal tester,

AG-100kN IS with the tensile speed of 0.13mm/min up to
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the yield strength, and afterward 2.5mm/min. Tensile
tests at 150°C were conducted using an universal testing
machine, AG-100kNXplus with the strain rate of 0.42%/
min up to the yield strength, and afterward 8.4%/min.
Averages of the tensile properties were calculated from
18 measurements. Fatigue properties at 150°C were
examined using a bending fatigue tester with the stress
ratio (Minimum stress divided maximum stress) of -1 and

the frequency of 25Hz.

Stacking direction

Specimen B
(45°)

Specimen B
(Vertical)

Specimen A
(Vertical)

Fig. 6 Schematic drawing of fabricated specimen

12.5
= w
®© S
.

20
6
%

110

30
o
N

Tensile test coupon
at ambient temperature

Tensile test coupon
at 150°C at 150°C

Fatigue test coupon

Fig. 7 Test coupon geometry for mechanical property test

RESULT.AND.DISCUSSION

3-1. Microstructural characterization

Figure 8 shows a microstructure along the stacking
direction. There are no noticeable defects such as a lack
of fusion or a keyhole. The relative density of this
specimen evaluated by an image analysis was 99.9%. It
can be considered fully dense owing to the optimized

printing parameters. The microstructure comprises full of
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semi-circular microstructures with the width of around
200um. The profile of the melt pool track during the
laser irradiation is evident. One semi-circular track is
overlapping with the adjacent, underneath and upper
tracks, which implies the material experienced multiple
melting and solidification. In addition, the heat that
dissipated from a melt pool to a solidified material could

cause an intrinsic heat treatment. It was reported this

treatment encourages precipitations in age-hardening
[19]

alloys including the Al-Mg-Sc alloy

Stacking direction

Fig. 8 Optical micrograph (Area enclosed by red
dotted line describes single melt pool)

Two regions of different grain sizes are clearly
distinguishable in the EBSD analysis results as shown in
Figure 9. Very fine equiaxed grains are formed along the
melt pool boundaries whereas columnar grains develop
from the vicinity of the melt pool boundaries toward the
center of the melt pools. The approximate size of the
equiaxed grains ranges from 1 to 3um while that of the
columnar grains ranges from 2 to 20um in the
longitudinal direction. It is notable that the observed
grains are remarkably finer than those of conventional
casting Al alloys whose grain sizes are from several tens

to hundreds of micrometers??.

The finer grains
potentially lead to the greater yield strength according to
the Hall-Petch relation. Additionally, Kimura et al
reported the Al-Mg-Sc alloy exhibits the greater volume
fraction of the fine equiaxed grains than that of
AlSi10Mg, a typical Al alloy for L-PBF!'®. Therefore, these
refined grains can be one of the strengthening factors for

the Al-Mg-Sc alloy. The two distinct regions also exhibit
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difference in the grain orientation. The pole figures in
Figure 10 displays the columnar grains have a strong
texture of <001> direction along the stacking direction,
on the contrary, the fine grains show no tendency of such
texture. This indicates grains oriented to <001> direction
developed from the bottom to the center of the melt
pools during solidification, resulting in the columnar

grains.

(@) (b)

Fig. 10 [001] pole figure of (a) fine grain and (b)
columnar grain

EDS mappings of the columnar grain region at low
magnification are shown in Figure 11. Fe-Mn rich and
Mg-Si rich precipitates are observed within the grain as
well as on the grain boundary. The precipitates on the
grain boundary appear to be larger than those within the
grain itself. Sc is spread throughout but appears to
slightly segregate at the grain boundaries. The high
magnification mapping in Figure 12 shows an evidence
of Sc rich precipitates that are much finer than the other
precipitates, with the size of around 5nm. This Sc rich

precipitates are considered as AlsSc according to the

previous studies!!*1SI16II7]

Figure 11 and Figure 12
additionally suggest that Mg still exists as a solute
element dissolving into the matrix although a certain

amount of Mg is consumed as the precipitates.

Fig. 12 High magnification EDS mapping

3-2. Mechanical characteristic

Table 2 represents the hardness and the mechanical
properties at ambient temperature and 150°C obtained in
this study. The Al-Mg-Sc alloy fabricated through the
L-PBF process exhibited mechanical properties superior
to wrought A2024-T6 alloy?!, a typical high-strength Al
alloy. Referring to the microstructural features observed
in the previous section, this can be attributed to
extremely refined grains, precipitation strengthening
mainly of Al3Sc and solid solution strengthening of Mg. In
this work, the printing parameters were determined by
evaluating density as an indicator through the
preliminary experiment. However, further study is
required to elucidate the relationship between mechanical
properties, microstructure and printing parameters since

they are expected to affect each other.
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Table 2 Hardness and tensile characteristic

Test temperature: Ambient

Hardness UTS YS EL
(HV5)  (MPa) (MPa) (%)
ALMeSe all Ave. 1710 5264 4985 154
-Mg-Sc alloy
fabricated by L-PBF Max. 175 530 504 1638
Min. 169 524 488 136
Wrought - - 475 395 10

A2024-T6 alloy

Test temperature: 150°C

Hardness UTS YS EL

(HV5) (MPa) (MPa) (%)

ALMeSe all Ave. — 344.1 2626 409
-Mg-oc alloy _

fabricated by L-PBF Max. 349 213 48

Min. — 340 249 37

Wrought - - 310 250 17

A2024-T6 alloy

The fatigue properties at 150°C are shown in Figure 13.
As mentioned earlier, the specimens with the different
building orientations to the building platform, vertical or
45°, were evaluated. The fatigue strength of the specimen
with 45° orientation was 51MPa and that with vertical
orientation was 65MPa. Before the fatigue test, it was
expected that the orientation vertical to the building
platform would be weaker than 45° orientation because
the stress could act to split off the intrinsic laminated
structure derived from the layer-by-layer process in case
of the vertically orientated specimen. However, the
results obtained were the opposite of the expectation.
That may be explained by the effect of surface roughness.
It is well known, in the L-PBF process, a downfacing
surface tends to exhibit a rougher surface compared to a
surface vertical to a building platform due to adhesion of
un-melted powders and the staircase effect. The previous
studies have proven that rougher surface can deteriorate
the fatigue properties of additively manufactured
AISi10Mg alloys'?. As a results of surface roughness
measurement, the mean roughness Ra of the vertical
specimen is 7.8um whereas that of the downfacing
surface in the specimen with 45° orientation is 27.5pm.
This difference would have a considerable influence on
the fatigue property. Hence, in this study, the fatigue
property deterioration can be attributed to the difference

in the surface roughness of the material.
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Fig. 13 Fatigue strength

3-3. Lightweight design

As the first step in the design process, requirements for
the durability and the structure of the component were
defined. One of the functional targets was set to be leak-
tight and durable at 1.5MPa and 150°C because, as
mentioned above, this tank is expected to receive the
high-pressure air from a PVS system and be exposed to
high temperature up to 150°C. The internal capacity was
aimed to be 200cc for the sufficiently continuous use.
Structures to be connected to or assembled with
peripheral parts such as a mounting arm and a port were
also determined. All the requirements for the oil catch
tank are listed in Table 3. Subsequently, the design
strategy was discussed considering the high design
flexibility of the L-PBF process. As a result, it was decided
to adopt a monolithic structure without any fastenings
and welds whereas conventional tanks consist of multiple
components as exemplified in Figure 1. A monolithic
structure is expected to lead to a drastic weight reduction
because of not only the absence of fasteners but the
omission of screw hole or welding also allows for a
thinner wall design. Based on the requirements and the
design strategy, a conceptual structure was established as
described in Figure 14. The design has the monolithic
hollow structure with the walls of 0.5mm thick which is
obviously difficult, or even impossible to fabricate
through classical processes. In turn, a Mises stress
distribution on the conceptual design was investigated by
the FEM analysis under the conditions listed in Table 4.

The result in Figure 15 displays that the stresses over the
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minimum yield strength at 150°C obtained in this study,
249MPa, are induced extensively, which indicates that a
deformation of the tank potentially takes place during
usage. Moreover, this geometry has an issue from
viewpoint of the printing process. There are small radii
on the corners of the vessel part and the bases of the
mounting arms and the ports. The L-PBF process brings
a complex thermal history to the material because of the
dynamic and high energy input. Thus, some thermal
stresses and residual stresses during printing will always
occur in any cases and can be amplified by the small

radius, leading to a part failure or deformation.

Table 3 Design requirements

Pressure resistance Internal pressure of 1.5MPa at 150°C

Durability
Vibration resistance 40G at 150°C
Inner capacity 200cc
Structure Quantity of port 5
Quantity of mounting arm 3

Mounting arm C

Mounting arm A

Arm base

Mounting arm B

Fig. 14 Conceptual design

Table 4 FEM analysis conditions

Material Young'’s modulus 64.4GPa
Characteristic Poisson’s ratio 0.33

Mounting arm A Completely fixed

Boun.d ary Mounting arm B Fixed along Y and Z axis

condition
Mounting arm C Fixed along X and Z axis
Internal pressure 1.5MPa

Load

Vibrational acceleration 40G along Z axis

Mises stress

(MPa
+1.394e+03

Fig. 15 Mises stress distribution on conceptual design

Hence, the design was modified so that the stresses
associated with both the actual usage and the printing
process can be lower. As a consequence, the updated
design for the tank has become a more rounded outline as
described in Figure 16. The rounded shape relieves the
high stress at the edges and the sharp corners. It should
be noted that the wall thicknesses have been tailored
varying from location to location according to the induced
stress distribution. Owing to the design flexibility of the
L-PBF process, there is no need to make the walls thicker
uniformly, instead, appropriate amount of material is
supplemented as needed in the area where it is required.
The shapes of the ports have been also changed for ease
of assembly. The FEM analysis was again carried out and
has revealed all the induced stresses are lower than the
material yield strength as described in Figure 17.
Interestingly, the stresses induced around the mounting
arms have also decreased remarkably even though the
geometries around them have hardly changed. The
following mechanism is considered to reduce the stresses
around the mounting arms. Before the design modification,
the induced internal pressure causes a large deformation
on the vessel part together with the displacement of all the
mounting arm bases. Based on the analysis conditions
shown in Table 4, despite the displacement of the bases,
the mounting arms are not allowed to move freely. This
can generate large stresses especially for completely fixed
mounting arm A. Thus, reinforcing the vessel part can
reduce displacement of the bases, which can consequently

decrease the stresses around the mounting arms as well.
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Fig. 16 (a) Appearance and (b) cross-sectional
view of redesigned tank

Mises stress

(MPa)
+2.490e+02
+2.283e+02
+2.075e+02
+1.868e+02

+0.000e+00

Fig. 17 Mises stress distribution on redesigned tank

The modified Goodman diagram is utilized to validate the
reliability from the perspective of fatigue behavior. The
minimum tensile strength at 150°C (340MPa), the
minimum yield strength at 150°C (249MPa) and the
fatigue strength of the 45°-orientated specimen (51MPa)
are used to draw the diagram. Relatively high mean
principal stresses ¢, and stress amplitudes o, on several
locations are detected by the FEM analysis as shown in
Figure 18. These values are then plotted in the modified
Goodman diagram as shown in Figure 19. This diagram
shows all the plotted points are below the line given by
the modified Goodman relation, which suggests this tank
could withstand the prescribed fatigue stress. To evaluate
the contribution of the redesign to the weight reduction,
the weight of the redesigned tank has been compared to
that of a conventionally manufactured tank comprising

multiple components. The conventional tanks have an
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estimated weight of 295g. On the other hand, the weight
of the redesigned tank in this work is calculated to be
110g, which is 63% lighter than a conventionally

designed one.

Maximum
Principal stress
(MPa)

+2.490e+02

Mounting arm C

210756+02
-2.490e+02

Mounting arm A

Fig. 18 Principal stress distribution on redesigned tank
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Fig. 19 Modified Goodman diagram with
plots of analyzed stress

3-4. Experimental validation of newly designed
tank

A fabrication of the redesigned tank was conducted with
the same printing parameters as when the test specimens
were produced. In fact, the rounded outline in the
redesigned tank has a negative effect on the support
structure design. The challenge is that, inside the
rounded vessel part, there are always downward facing
surfaces almost parallel to the building platform
regardless of the part orientation. As it is well known, the
L-PBF process basically needs support structures
underneath the downfacing surfaces having an angle
smaller than a critical angle to prevent the surfaces from
warping or collapsing during building. However, internal
support structures must be avoided since it cannot be
removed afterward. Therefore, the printing parameters
for the internal surfaces with the angle lower than 45°

were slightly modified in order to build with no support
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structures. Specifically, they were printed under a lower
energy density condition. As a result, the redesigned tank
was successfully fabricated as shown in Figure 20. X-ray
computed tomography (X-ray CT) was carried out using
FF35 CT with the voltage of 150kV and the current of
70pA, which can provide images with 70um voxel size.
The result shows no visible defects as shown in Figure
21. A piece taken from the vessel part of the fabricated
tank was used for a Vickers hardness test and a chemical
composition analysis with inductively coupled plasma
(ICP-AES)

spectrophotometry. The averaged hardness was 172.0

atomic emission spectrometry and
HV5, which almost corresponds to that of the test
coupon. On the other hand, the composition of the
fabricated tank differs from that of powder, particularly
for Mg as shown in Table 5. This can be attributed to the
high energy input to the powder bed during the laser
irradiation. According to the previous studies'®/?!], the
FEM analyses have indicated that the melt pool
temperature of Al alloys momentarily reaches up to
around 2,000°C. Such an extremely high temperature
could encourage evaporation of volatile elements
including Mg. Kimura et al. also reported Mg depletion in
Al-Si-Mg alloy fabricated by the L-PBF process?.
Although it is difficult to quantitatively evaluate the
influence of the decrease in Mg on the mechanical
properties, this phenomenon should be taken into careful
consideration because Mg, as a solid solution strengthening
and precipitation strengthening element, is a key element

to enhance the mechanical properties of Al alloys.

Fig. 20 Appearance of fabricated tank

Fig. 21 Transparent image by X-ray CT

Table 5 Chemical composition variation before and

after fabrication
mass%

Mg Sc Zr Mn Si Fe Al

Powder 490 078 029 041 006 0.17 Bal.
Fabricated tank 3.79 0.80 0.27 040 0.02 0.16 Bal.
Variation -1.11 002 -0.02 -0.01 -0.04 -0.01 —

The pressure resistance of the redesigned 3D-printed
tank was investigated by the method sketched in Figure
22. The tank was filled with perfluoropolyether
fluorinated fluid as the pressure medium and placed in a
furnace heated to 150°C. 4 of the 5 ports were plugged
for sealing and the another was connected to a pressure
source through an intensifier. The pressure was increased
statically from ambient to 1.5MPa and then held for 4
hours. As a result, the test was completed with no
mechanical failure of the tank. After that, the geometry
change due to the pressure resistance test was evaluated
by an optical CMM (Coordinate Measuring Machine)
-scanner, MetraSCAN750 Elite as shown in Figure 23.
Only very slight deformation less than 0.15mm was
observed, indicating the tank is sufficiently resistant to

the prescribed pressure and temperature.
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Oil hydraulic pump

Pressure
Sensor

Hydraulic jack

Intensifier

Furnace

Fig. 22 Schematic diagram of pressure resistance test
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Fig. 23 Deformation of front and back side after
pressure resistance test
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CONCLUSIONS

This work attempted to develop the lightweight oil catch
tank for the PVS using the Al-Mg-Sc alloy and the L-PBF

technique, and which has led following conclusions.

(1) The Al-Mg-Sc alloy fabricated by the L-PBF process
exhibited the tensile characteristics superior to the
wrought high-strength Al alloy, which can be attributed
to the distinct metallurgical features such as extremely

refined grains, uniformly dispersed fine precipitates.

(2) The printing parameters were optimized to produce

the highly dense part with no evident defects.

(3) The lightweight design has been created considering
the design flexibility of the L-PBF process and the
material strength. The design has the monolithic
hollow structure with varying the wall thickness from
location to location, which cannot be produced by

conventional processes.
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(4) By further parameter adjustment based on the optimal
conditions, the lightweight tank was successfully
produced with no internal support structures despite
the downward facing surfaces almost parallel to the

building platform.

(5) The fabricated tank was demonstrated to have the

prescribed pressure resistance.
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Abstract

Spark knock suppression with hydrogen addition was investigated at two engine speeds (2000 rpm and 4800 rpm).
The experimental results showed that the spark knock is strongly suppressed with increasing hydrogen fraction at
2000 rpm while the effect is much smaller at 4800 rpm. To explain these results, chemical kinetic analyses with a
two-zone combustion model were performed. The calculated results showed that the heat release in the end gas zone
rises in two stages with a remarkable appearance of low temperature oxidation (LTO) at 2000 rpm, while a single
stage heat release without apparent LTO process is presented at 4800 rpm due to the shorter residence time in the
low temperature region. The mechanism of the spark knock suppression with hydrogen addition can be explained by
inhibition of the LTO reactions and H,0, loop reactions by the OH radical consuming reaction with hydrogen, leading
to a reduction in the heat release from hydrocarbon fuel at the initial stage of the ignition process. However, the OH
radical is simultaneously produced from H radical with hydrogen addition at the later stage of the ignition process.
The reduction in the heat release with hydrogen addition can only be obtained at the initial stage of the ignition
process, and the differences in spark knock suppression with hydrogen addition under low and high engine speeds

are due to absence or appearance of LTO at the initial stage of the ignition process.

INTRODUCTION heat ratio of the in-cylinder gas, the compression ratio,

the combustion phase and the combustion period as

In spark ignition engines, a large exhaust loss is one of  detailed in Figure 1. Among these factors, the compression
the primary issues preventing improvements in thermal ratio and the combustion phase are particularly limited

efficiency. The exhaust loss is dependent on the specific by spark knock.
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Spark knock is known as abnormal combustion induced
by the self-ignition in the end gas mixture!"!"!. Spark
knock generally occurs at low engine speeds and tends to
be suppressed with increasing engine speed due to the
shortened high temperature residence time of the end gas
mixture. However, further increase in the engine speed
may also cause the spark knock phenomena called “high-

speed knock” distinguishing it from “low-speed knock”®!,

As a way to avoid the spark knock, the utilization of
hydrogen as an additive fuel has attracted attention.
Hydrogen is known as an alternative fuel produced from
renewable energy, and also can be produced on-board via
fuel reforming. The reformed exhaust gas recirculation
(REGR)'“"'? can reform hydrocarbon fuels into hydrogen,
carbon monoxide, and methane with a reformer catalyst
equipped in the path of the exhaust gas recirculation
(EGR). The REGR has the potential to suppress the spark
knock with the chemical effects of hydrogen as well as
with EGR!"¥'19] Additionally, as the reforming reactions
are endothermic, the exhaust heat can be regenerated to
the energy input!'”. The spark knock suppression with
hydrogen addition has been widely investigated in the
previous studies?”% Naruke et al. showed that the
hydrogen addition extended the knock limit at the engine
speed of 2000 rpm under lean conditions?®’, Topinka et
al. demonstrated that the required octane number of the
primary reference fuel (PRF) to avoid spark knock can be
decreased with increasing the hydrogen concentration at
1500 rpm under lean conditions?”. Ashida et al.
demonstrated that the spark knock resistance improves
with reformate hydrogen at an engine speed of 1200

rpm under stoichiometric conditions®,

Gerty and
Heywood investigated the effect of simulated fuel
reformate (a mixture of hydrogen, carbon monoxide, and
nitrogen) on the spark timing at the knock limit for a
variety of fuels at 1500 rpm under lean conditions and
showed that the required combustion retardation to avoid
knock can be decreased with reformate addition for PRFs
and TRFs'?!, Shinagawa et al. investigated the effect of
hydrogen addition at 1600 rpm under rich conditions
and elucidated that the spark knock suppression with

hydrogen addition is obtained with the inhibition of fuel
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decomposition and hydroxyl radical production®°!

As described above, there are many reports of the
influence of hydrogen addition on knocking characteristics
at various conditions. However, most of the investigations
were focused on the low-speed knock and the effects on

the high-speed knock have not been clarified.

The previous studies have suggested that the
phenomenon of the high-speed knock is different from
that of the low-speed knock. Spicher et al. showed that
the knock intensity at high engine speeds has higher
sensitivity to spark ignition advance than at low engine
speeds”®!. Tijima et al. visualized the combustion with
spark knock over a wide range of engine speeds and
revealed that the combustion proceeds at supersonic
speed in the high-speed region, proposing that the
phenomenon corresponds to a “developing detonation”
extending to the strong knock events®?. Goto et al.
suggested that the spark knock at high engine speeds has
a smaller dependence of the low temperature oxidation
(LTO) on the ignition process as the end gas mixture has
the shorter residence time in the low temperature

331 However, the detailed mechanism of the

region
difference between low and high-speed knock is still not
clearly explained. The ordinary way to avoid the high-
speed knock was the fuel enrichment, but due to the
upcoming enhanced emission regulations including Real
Driving Emissions (RDE)"®%, the fuel enrichment will not
be acceptable in the future. Consequently, understanding
the phenomenon and establishing new solutions for

avoiding high-speed knock will be essential.

The objective of this study is to clarify the effect of
hydrogen addition on the high-speed knock as well as on
the low-speed knock and to obtain new insight into the
difference between low and high-speed knock. The
experiments were conducted at the two engine speeds of
2000 rpm and 4800 rpm and the crank angle at the
spark knock onset changing with the quantity of
hydrogen were assessed. Further, the chemical kinetic
analyses with the two-zone model were performed to

elucidate the influence of hydrogen addition on the
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ignition process of the low and high-speed knock. Note
that the motivation of this research is to improve the
thermal efficiency with applying REGR. However, to
understand the basic effects of hydrogen addition and to
distinguish the effects of other reformed gas
compositions, hydrogen was directly introduced to the

intake pipe without REGR application in the present

study.
Specific
~ Theoretical heat ratio
thermal efficiency .
Compression
ratio
Exhaust _|
loss Combustion
| Degree of phase
constant volume
Combustion
period

Fig. 1 Parameters related to the exhaust loss

EXPERIMENLAILSELUR

2-1. Engine Specifications and Experimental
Procedures

The engine specifications are detailed in Table 1 and a
schematic of the experimental system is shown in Figure
2. The experiments were conducted on a single cylinder,
four-stroke, water cooled, naturally aspirated spark
ignition engine. The main fuel was injected into the
intake port and hydrogen was introduced into the intake
pipe upstream of the throttle valve. The quantity of
hydrogen was controlled with a mass flow controller
(ALICAT, MCR-100SLPM-D), and the overall excess air
ratio, 4, was maintained by adjusting the injection
quantity of the main fuel based on the output of a
universal exhaust gas oxygen (UEGO) air-fuel ratio sensor
(Tsukasa Sokken, PLR-5) equipped in the exhaust pipe.
The intake temperature was controlled with a heater in
the intake pipe and the net indicated mean effective
pressure, nIMEP, was maintained with a throttle valve.
The in-cylinder pressure was measured with a
piezoelectric pressure sensor (Kistler, 6053CC). The

signal was amplified with a charge amplifier (Kistler,

5018A) and was recorded with a crank angle detector
(ONO SOKKI, CP-5110A and CA-5004).

2-2. Experimental Conditions

The experimental conditions are detailed in Table 2. The
engine operating conditions were set to the nIMEP of
900 kPa, intake temperature of 318 K, and 4 of unity
(1.0). The primary reference fuel with an octane number
of 90, PRF90, a blend of iso-octane and n-heptane at
90:10 by volume, was used as the main fuel. The
hydrogen addition fraction in the total lower heating
value (LHV) was varied from 0 HV% to 15 HV%.

The onset of spark knock was determined by setting a
specified limit to the band-pass filtered in-cylinder
pressure profiles of 500 cycles over the frequency range
of 9 to 18 kHz. The 50% mass burned crank angle, CA50,
at the most advanced spark ignition timing without the

occurrence of spark knock was defined as the knock limit.

Fuel pump
Flow meter AJF sensor
Mass flow E & controller

Throttle gas

Crank angle sensor

Fig. 2 Experimental arrangement

Table 1 Engine specifications

Number of cylinders [-] 1

Bore [mm] X Stroke [mm] 96 X 96
Displacement volume [cm] 695
Compression ratio 12.5:1

Fuel injection system

Port injection

Table 2 Experimental conditions

Engine speed [rpm] 2000, 4800
Net IMEP [kPa] 900

Intake air temperature [K] 318

EGR rate (%] 0

Main fuel PRF90

H, additive fraction [HV%] 0-15

2 1
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The engine speeds at the conditions of low and high-
speed knock were determined with preliminary
experiments. Figure 3 shows the relationship between the
engine speeds and the CA50 at the knock limit. The
tested gasoline here was a 50:50 blend of commercially
available premium gasoline (research octane number,
RON 100) and regular gasoline (RON 90). Increasing the
engine speed from 2000 rpm, the spark knock tends to
be suppressed and the CA50 at the knock limit
temporarily advances below 3600 rpm. However, the
further increase in the engine speed from 3600 rpm to
4800 rpm causes the spark knock to show up again and
results in the retardation of the CA50 at the knock limit.
From this result, the engine speeds were determined at
2000 rpm as the low-speed knock and at 4800 rpm as
the high-speed knock.

1

[°CA ATDC]

CA50 at knock limit

0
8
6
4 1 1

2 3000 4000
Engine speed [rpm]

000 5000

Fig. 3 Relationship between the engine speed
and the CA50 at the knock limit

EXPERIMENTALRESULTS

Figure 4 shows the effect of hydrogen addition on CA50
at the knock limit under the engine speeds of 2000 rpm
and 4800 rpm. Increasing the hydrogen addition fraction,
the CA50 at knock limit advances at both engine speeds.
However, the advance of the knock limit is more
significant at 2000 rpm than at 4800 rpm. This indicates
that hydrogen addition strongly suppresses the low-speed
knock, but the effect becomes smaller on the high-speed
knock.
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Fig. 4 Effect of hydrogen addition on the CA50 at the knock
limit under engine speeds of 2000 rpm and 4800 rpm

A previous study by Goto et al. has investigated the effect
of hydrogen addition on the ignition process with the
chemical kinetic analyses at the initial temperatures of
700 K as a condition with a remarkable appearance of
LTO and 1100 K as a condition skipping the LTO process
under constant volume and adiabatic conditions®®. The
results showed that hydrogen addition inhibits the LTO
reactions and increases the ignition delay at low initial
temperature, but rather promotes the temperature rise at
the high temperature region resulting in no increase in
the ignition delay at the condition without the
appearance of LTO. This result suggests that the smaller
knock suppression effect at higher engine speeds may be
due to the smaller dependence of the LTO process on
high-speed knock. In the present study, the chemical
kinetic analysis with a two-zone combustion model was
applied for the further investigation of hydrogen addition
effects on low and high-speed knock under actual engine

operating conditions including piston compression.

CALCULATION.METHOD

4-1. Two-zone Combustion Model

In the two-zone combustion model, the combustion
chamber is divided into unburned and burned zones as
shown in Figure 5. The mass of the mixture moves from
the unburned zone to the burned zone in proportion to
the heat release rate with the flame propagation. There is
a virtual flame surface with no volume between the two

zones and the chemical species in the flame surface
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moved from the unburned zone instantly reach chemical
equilibrium before moving to the burned zone. The
chemical reactions depending on the temperature and the
pressure proceed in the unburned and burned zones. It is
assumed that there is no heat transfer between the two
zones and that the pressures in the two zones are

equivalent.

Burned zone Propagating flame

Fig. 5 Schematic of the two-zone combustion model

In this model, MATLAB (Math Works) was used as a

B% was used for the chemical

platform, and Cantera
kinetic calculations in the unburned and burned zones as
well as for the chemical equilibrium calculations at the
flame surface. A reduced reaction mechanism, SIP-Gr2.0

developed by Sakai and Miyoshi*/*7

was applied for the
reaction model. The mechanism consists of the sub-
mechanisms of a gasoline surrogate fuel (consisting of
iso-octane, n-heptane, toluene, methylcyclohexane, and
diisobutylene) and the base mechanism with the reactions
of chemical species of zero to two carbon atoms,
including hydrogen. The governing equations described
below are formulated in the form of ordinary differential
equations with respect to time, and the simultaneous

equations were solved by the ODE solver of MATLAB.

4-1-1. Governing Equations

The governing equations for the unburned and burned
zones can be described as follows.

Conservation of energy:
4U, =d(mY Y=V ) = 5Quay ~ bV, ~hdm, (1)

AUy =AY WY, =V ), =6Quans —pdVs-+ by, (2)

Conservation of chemical species:

d(mY,,)=V. W, o, ~Y; dm, 3)

d(myY;, )=ViWi i, +Y; dm, (4)
Conservation of volume:
V=V,+V, ®)

Equation of state:
pav, +V,ap=R,T,dm, + m,R,dT, (6)

pav, +V,dp= Ry Tydmy +myR,dT, (7)

Here, the subscript # indicates the unburned zone, b the
burned zone, and f the flame surface. Y; is the mass
fraction of the chemical species i, dm, the mass of the
mixture moved from the unburned zone to the burned
zone with the combustion, W; the molecular weight of the
chemical species 7, and ®; the chemical reaction rate per
unit time and unit volume. In equations (6) and (7), the
derivative term of the gas constant is not considered,
assuming that the change in the gas constant is

sufficiently small and can be disregarded.

The first term on the right-hand side of equations (1) and
(2) represents the heat transfer obtained from Woschni’s

equation®® as follows:

SQwall = hcA(T - Twall )dt (8)
hc :CdM—lpmmeOJS—l.GZm (9)
VT,
—CiSy + G2 (p—p,
w=CS, + ZPer(p D) (10)

Here, h. is the heat transfer coefficient, T the gas
temperature in the combustion chamber, 7., the wall
temperature of each part of the combustion chamber, and
A the area. In this model, the heat transfers from the
piston, the cylinder head, and the cylinder liner have been
taken into consideration. The notation w is the
representative velocity and corresponds to the average
gas velocity in the cylinder. S, is the average piston speed,
and V; is the displacement volume. 7, p,, and V, are the
temperature, pressure, and volume of the working gas at
a specific timing, respectively, and the intake valve
closing (IVC) timing was applied as the initial condition.
The experimental constants C; was set at 2.28, and C; at
zero before the spark ignition and at 3.24 < 107 after the

spark ignition.
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In the present study, the initial conditions described later
were obtained by the one-dimensional engine modeling
and simulation tool, GT-POWER (Gamma Technologies)
and equation (9) was replaced as follows to be equalized
with the analysis conditions of GT-POWER.

h, =3.01426C, d 2 p* S ST 05 (11)

A fitting parameter C; was set at 1.3, applied from the
experimental results of the heat loss over a wide range of
engine speeds. The cylinder diameter was used as a

representative length d.

4-1-2. Simultaneous Ordinary Differential Equations
The ordinary differential equations of each physical
quantity derived from the above governing equations can
be described as follows.

Differentiation of pressure:

-1
i~ [V RV, RuVuJ {_ s + o 0Quas | Ru5Quas

Cpb Cou Cpb Cou

+{R,,T,, SR+ iy - hﬁ,)}dmx
Cpb

Ry W —&‘Vuzhiumm} (12)
Cpb Cou
Differentiation of temperature:
8Quany +Vudp -V, Xl W; o,
dTu — ( L, p u lu ’u) (13)
(M)
AT, = 5Quany +Vidd—~Vy Y 1, Wi a3,
+dm, Y Y, (e, —hi,) () (14)
Differentiation of volume:
dv, = RT,dm, +m,RdT, -Vdp (15)
p
dV, =dV -dv, (16)

The simultaneous ordinary differential adding the
chemical species conservation equations (3) and (4) to

the above are solved in this model.

4-1-3. Heat Release Rates

The heat release rate with the flame propagation was
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obtained by approximating the composition of two Wiebe

functions.

m; m+1
aQ m+1( 0" (e "
40 = aQOQmultl 921 (911 J €Xpy—a 911

) my 0 my+1
+a Q@2 m;:z- (a] eXp{—a(eﬂj } (17)

Here, @ is the total heat release, and 6, is the

combustion period. The notations @ and m are constants
and were determined from the experimental results
under the conditions without hydrogen addition at each
engine speed. There is the following relationship between
dm,, the mass transferred from the unburned zone to the
burned zone, and d® / do, the heat release rate.

4Q _ 1 gy 9
o o

(18)

where LHYV is the lower heating value.

4-1-4. Validation of the Model

The parameters of the Wiebe function are determined
based on the experimental results at the engine speeds of
2000 rpm and 4800 rpm and are detailed in Table 3,
and the comparison of heat release rates obtained with
the experiments and the approximated Wiebe function at
each engine speed are shown in Figure 6. Here, the start
of combustion (where the heat release starts) was set at
-9°CA ATDC for 2000 rpm and -19°CA ATDC for 4800
rpm, and hydrogen was not added at these engine
speeds. Although there is a slight difference in the late
combustion period, the approximated Wiebe function

sufficiently reproduces the experimental results.

Table 3 Parameters of the Wiebe function

Engine speed [rpm] 2000 4800

a 6.9

my/my 2.2/2.3 2.5/2.0
@mult1/ @mule2 0.36/0.64 0.85/0.15
0,1/ 0 2(0 sota) 36.0/33.0 (47.0) | 51.0/40.0 (65.0)
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Fig. 6 Plots of the heat release rate obtained by the
experiments and the approximated Wiebe
function

Figure 7 shows the comparison of in-cylinder pressure
obtained by the experiment and the calculation of the
two-zone combustion model with the parameters of the
Wiebe function shown in Table 3. The calculation results
of the two-zone combustion model can well reproduce
the experimental results at both engine speeds. Here, the
rapid pressure rise in the calculation result at 4800 rpm
is caused by the autoignition in the unburned zone. Note
that the experimental results are the ensemble average of
500 cycles and there is no pressure oscillation caused by

spark knock.

2000 rpm

N W B~ O

Pressure [MPa]

—

-60 -30 0 30
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O =~ N W H 01 ONO
T

-90 60 90

Fig. 7 Plots of the in-cylinder pressure obtained by the
experiments and the two-zone combustion model

4-2. Calculation Conditions

The calculation conditions are detailed in Table 4. The
engine speeds were set at 2000 rpm and 4800 rpm. In
addition to PRF90 and real hydrogen, virtual inert-
hydrogen with the same thermodynamic properties as the
real hydrogen without contributions from any chemical

reaction™”

was applied to distinguish the effects of
dilution and chemical reactions of hydrogen addition. The
additive fraction of hydrogen or inert-hydrogen was set
to 12.8 HV%, and 4 to unity with adjustments to the mole
fraction of the mixture. As the purpose of this study is to
clarify the effect of hydrogen addition on low and high-
speed knock from the point of view in chemical kinetics,
the same heat release rates, the combustion start timings,
and the initial conditions were applied both with and
without hydrogen addition at each engine speed to
eliminate the effects of differences in the pressure and
temperature changes. Note that the difference is
sufficiently small for the results not to change whether
with or without considering the difference. The values of
Table 3 were used for the parameters of the Wiebe
functions, and the combustion start timings were

determined as the points where the sufficiently large

YAMAHA MOTOR TECHNICAL REVIEW 146



Chemical Kinetic Analysis with Two-Zone Model on Spark Knock Suppression Effects
with Hydrogen Addition at Low and High Engine Speeds

spark knock occurs under the conditions with hydrogen
addition at each engine speed. As the initial conditions,
the in-cylinder pressure, the temperature, and the
residual gas ratio at the IVC timing were calculated with
GT-POWER with the Three Pressure Analysis (TPA)
method. The TPA method is a non-predictive analysis to
calculate the parameters which are difficult to measure
directly such as the above-mentioned initial conditions by
applying the measured intake, exhaust, and in-cylinder
pressures referenced to the crank angle as the boundary
conditions. The initial conditions were calculated after
fitting the model with the measured in-cylinder pressure
by adjusting the pressure loss and heat transfer

parameters at each part of the engine.

Table 4 Calculation conditions

Engine speed [rpm] 2000 4800
Main fuel PRF90
Additives 12.8 HV% of H,, inert-H,
2 -] 1

Start of combustion [°CA ATDC] -23 ‘ =27

CALCULATION,RESUITS

5-1. Difference Between Low-speed Knock and
High-speed Knock

Figure 8 shows the effects of hydrogen and inert-
hydrogen addition on the in-cylinder pressure and the
end gas temperature under the engine speeds of (a)
2000 rpm and (b) 4800 rpm calculated with the two-
zone combustion model. The spark knock occurs at both
engine speeds, and significant pressure and temperature
rises can be observed due to the self-ignition in the end
gas. With hydrogen addition, the start of spark knock is
retarded, and the pressure rise is suppressed due to the
reduction of end gas volume at the spark knock timing,
showing spark knock suppression effect at both engine
speeds. However, the effect at 4800 rpm with the high-
speed knock is smaller than at 2000 rpm with the low-
speed knock, indicating that the calculation results are

qualitatively consistent with the experimental results.
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Fig. 8 Effects of hydrogen and inert-hydrogen addition on
the in-cylinder pressure and the end gas temperature

Figure 9 shows the effects of hydrogen and inert-
hydrogen addition on the heat release rate in the end gas
under the engine speeds of (a) 2000 rpm and (b) 4800
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rpm calculated with the two-zone combustion model.
Under the condition with inert-hydrogen addition at
2000 rpm, a remarkable LTO appears between -5 to 0°
CA ATDC, followed by a high temperature oxidation
(HTO), and the heat is released in two stages. With
hydrogen addition, LTO is suppressed and the
appearance of HTO is significantly retarded. However, at
4800 rpm, the heat is released in a single stage without
appearance of LTO even under the condition with inert-
hydrogen addition, and hydrogen addition only slightly
retards the appearance of HTO.
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Fig. 9 Effects of hydrogen and inert-hydrogen addition on
the heat release rate in the end gas

Figure 10 shows the end gas temperature under the
engine speeds of 2000 rpm and 4800 rpm, plotting the
time after the IVC in the abscissa. The residence time in
the temperature range of 600 to 900 K where LTO
appears is longer at the low engine speed than at the
high engine speed. This longer residence time at 2000

rpm leads to a larger dependence of LTO on the ignition

process of the low-speed knock than of the high-speed
knock at 4800 rpm, explaining the difference of the
spark knock suppression effect with hydrogen addition

between low and high engine speeds.
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Fig. 10 End gas temperature vs time after IVC
(with inert-hydrogen addition)

5-2. Effect of Hydrogen Addition on Low-speed Knock
Figure 11 shows the effects of hydrogen and inert-
hydrogen addition on the heat release rates of
representative elementary reactions in the end gas, and
Figure 12 shows the concentrations of OH, iCgH,7, CH20,
H,0,, HO,, and H with the additions of hydrogen and
inert-hydrogen at the engine speed of 2000 rpm, plotting
the temperature change with the reaction process in the
abscissa. The fuel series is a group of reactions consisting
of reactions (R1) to (R12), related to iso-octane, the major
component of the main fuel. The oxidation process of iso-
octane initiates from producing alkyl radicals by
hydrogen abstraction with hydroxyl radicals (OH)
(reaction (R1)). Under the low temperature conditions
from 600 to 900 K, OH increases via the primary oxygen
addition reaction, internal isomerization reaction, and
secondary oxygen addition reaction (reactions (R2), (R5),
(R6), (R8), and (RI)). The series of these processes is

"0 and activates the reactions in

called “RO, chemistry
the system. In addition, as the reactions (R1), (R2), and
(R8) are exothermic, a heat release occurs as LTO in the

above temperature range.

iCgH;s + OH — iCgH;7 + H20 (Rl)
iCgHi7 + O, — iCgH ;7,00 (R2)
iC8H17 — CH3 + iC7H14 (Rg)
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iCgH;7 — iC4Hg + iC4Hg (R4)
iCgH;700 — iCgH;s00H (R5)
iCgH1s00H + O, — iHOOCgH ;500 (R6)
iCgH;600H — CH,0 + OH + iC7Hy4 (R7)
iHOOCgH;600 — OH + iCgKET (R8)
iCsKET — CH,0 + OH + iC;H;30 (R9)
iC7Hy4 + OH — H,0 + iC7H;3 (R10)
iC4Hg + OH — H,0 + iC4H; (R11)
iC4H7 + H — iC4Hg (R12)

With the progress of the reactions, the main route of OH
consumption shifts from reaction (R1) to (R13) due to the
decrease in fuel and the increase in formaldehyde (CH20).
This results in the degeneration of LTO, and the reaction
system moves to the thermal ignition preparation period.
In this period, the reaction with hydrogen peroxide
(H20,) produced from CH,O via reaction (R13) to (R16)
promotes the OH production by the thermal
decomposition. The elementary reaction group consisting
of reactions (R13) to (R16) is called the “H,0, loop™*!!!42]
The overall reaction of the H;0; loop is exothermic as
represented by reaction (R17), and greatly contributes to

the heat release until the thermal ignition occurs.

CH,0 + OH — H,0 + HCO (
HCO + 0, — CO + HO, (
HO; + HO, — H,0; + O, (R15)
H.0, + (M) — OH + OH + (M) (
2CH,0 + O, — 2H,0 + 2CO + 473 kJ/mol (

The onset of thermal ignition can be defined as the point
where the reaction rate of reaction (R18) exceeds that of
reaction (R19)"*®. Reaction (R18) is a chain branching
reaction which activates the reactions in the system
increasing the number of radicals. However, the reaction
itself is endothermic and does not contribute directly to
the temperature rise. On the other hand, reaction (R19)
is exothermic and considerably affects the temperature
rise during the later stage of the thermal ignition

preparation period.

H+ 0, — 0+ 0OH
H+0,+M — HO, + M

(R18)
(R19)
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As shown in Figure 11 under the condition with inert-
hydrogen addition, LTO appears at 850 to 900 K,
followed by the gradually increase in the heat release
with the H,0; loop above 900 K. When the temperature
reaches above 950 K with further increases, the heat
release rate from reaction (R19) increases and the

thermal ignition eventually occurs.

With hydrogen addition below 1000 K, the OH
concentration is decreased due to the OH consumption
by hydrogen as represented by reaction (R20), and due to
the suppression of reaction (R1) around the start of iso-
octane oxidation, the heat release from the subsequent
LTO is reduced. The decrease in OH concentration also
leads to the decrease in the CH,O concentration,
resulting in the reduction of the heat released from the
H,0, loop. However, the decrease in the OH
concentration with hydrogen addition cannot be obtained
above 1000 K with the increase in the H, HO,, and H,0»
concentrations. This is due to the H produced by reaction
(R20) eventually produces OH via the HO; and H,0; by
reactions (R19), (R15), and (R16). Thus, the heat release
rate from the fuel series and H,0; loop is less likely to be
reduced, and the heat release rate from reaction (R19)
increases. In addition, as reaction (R20) is exothermic, the
activation of this reaction by hydrogen addition
contributes to the temperature rise. The above results
suggest that hydrogen addition has a large effect in
reducing the heat release rate in the relatively low
temperature region at the initial stage of the ignition
process with LTO, but it rather promotes the temperature
rise in the high temperature region with the progress of
the reactions.

H, + OH — H + H,0 (R20)
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5-3. Effect of Hydrogen Addition on High-speed 10 7
ook . |
2= s} /
Figure 13 shows the heat release rates of representative ; ME /
elementary reactions in the end gas, and Figure 14 shows § s 61 All reactions— T
the concentrations of OH, iCsH,7, CH,0, H,0,, HO,, and H [ 90 4| /4" .
with the additions of hydrogen and inert-hydrogen at the '§ ‘;
engine speed of 4800 rpm, plotting the temperature T— 27
change with the reaction process in the abscissa. At 0 ! '
4800 rpm, the temperature rapidly increases before the 10 ]
H,0, loo
progress of LTO reactions, resulting in the absence of any -% = 8°f 22 000
significant heat release below 1000 K. Although the start ; "’E 5
12} ~ B .
of iso-octane oxidation is reaction (R1) as the low-speed S All reactions
knock, the reactions in the high temperature region g % 4
which alkyl radical decomposes to olefins and alkyl § X ol
radicals with a small number of carbon atoms by /
reactions (R3) and (R4) becomes dominant over the heat 0 ' bt
release from the fuel series instead of LTO“Y. The 10 H+O.+M—
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subsequent reactions, and the temperature is raised Q cV)E 6
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appearance of LTO, the reduction in the heat release D2 4 /
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higher temperature, the heat release from reactions (R19) 0 — 1)/
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and (R20) activated by hydrogen addition increases at
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almost the same temperature as the fuel series and H,0,

loop. The effect of suppressing the temperature rise is ~ Fig. 13 Effects of hydrogen and inert-hydrogen addition on
the heat release rates of representative elementary

cancelled, resulting in the small reduction effect in the reactions in the end gas (4800 rpm)

overall heat release. The smaller effect of suppressing the
high-speed knock with hydrogen addition can be
explained by the absence of LTO at the initial stage of the
ignition process with a shorter residence time in the low

temperature region.
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10 < CONCLUSIONS
— 106
g’ In the present study, engine experiments and chemical
210 kinetic analyses with a two-zone combustion model were
6 10+10 performed to investigate the spark knock suppression
effects of hydrogen addition at low and high engine
1312 speeds. The results may be summarized as follows:
gi 10 51 & 1. Hydrogen addition can advance the combustion phase
% 1071 ‘A\\OQ' s\qw at knock limit at 2000 rpm, showing a large effect on
ol suppressing the low-speed knock. However, the advance
S 10 9 F of the knock limit becomes smaller at 4800 rpm, and
101 . . . hydrogen addition is not effective for suppressing the
10 -1 high-speed knock.
2. In the calculation with the two-zone combustion model,
E’ 10y 78 the similar results as in the experiments were obtained,
% 10 5 \“\\QQ 5\ showing the smaller knock suppression with hydrogen
T addition at higher engine speeds.
©107r 3. At low engine speeds, the heat is released in two stages
10 © - - - with a remarkable appearance of LTO, whereas at high
10 2 | engine speeds, the heat is released in a single stage
= 104 due to the shorter residence time in the LTO temperature
3 range.
= 10 . . .
3 4. The mechanism of spark knock suppression with
T 10 hydrogen addition is the reduction in the heat release
at the initial stage of the ignition process due to the
11%_1_:) OH consumption by hydrogen, and the temperature
rise is promoted somewhat with hydrogen at the later
£ 10 stage of the ignition process under high temperatures.
2 10 -5 5. The differences in the spark knock suppression with
o hydrogen addition under low and high engine speeds
T 107 are due to the absence or presence of LTO at the
10 9 initial stage of the ignition process.
10 6
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EGR
REGR
PRF
LTO
HTO
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exhaust gas recirculation
reformed exhaust gas recirculation
primary reference fuel

low temperature oxidation

high temperature oxidation

net indicated mean effective pressure
excess air ratio

lower heating value

crank angle

after top dead center

50% mass burned crank angle
internal energy

mass

specific enthalpy

mass fraction

pressure

motoring pressure

Volume

displacement volume

heat release

heat transfer

molecular wight

chemical reaction rate per unit time and unit volume
gas constant

temperature

wall temperature

heat transfer coefficient

heat transfer area

representative length
representative velocity

average piston speed

specific heat at constant pressure

chemical species index
unburned zone
burned zone

flame surface
Representative
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