
Planar Dynamics of a Motorcycle with Electric
Powertrain: Modeling Inertia Effect of Mounting
System
Sudhir Kaul
Department of Mechanical Engineering, Milwaukee School of Engineering, Milwaukee, WI, 53202, USA. Email:
kaul@msoe.edu

(Received 5 February 2025; accepted 1 June 2025)

This paper examines the planar (in-plane) dynamics of a motorcycle with a specific focus on modeling the influence
of the inertia effect of the mounting system of an electric powertrain. The inertia effect of the mounting system is
examined by capturing wave effects and internal resonances of the vibration isolation system through a discretized
model that is capable of high frequency characterization. Since an electric drive system exhibits vibroacoustic
characteristics that are significantly different from an internal combustion engine, the model is particularly aimed
at analyzing the planar dynamics of a motorcycle with an electric powertrain. The specific contribution of this
paper is the integration of a discretized model of the mounting system with the planar model of the motorcycle.
The planar model has been used to evaluate ride comfort and handling when the motorcycle is traveling in a
straight line. Results indicate that the model can capture internal resonances of the mounting system at relatively
higher frequencies (above 1 kHz) that may not be possible with a conventional spring-damper representation. The
planar model presented in this paper is comprehensive and can be adapted to investigate critical design parameters
associated with the mounting and suspension systems in motorcycles with electric powertrains.

NOMENCLATURE

θ Sprung mass pitch
γ Powertrain pitch
p Motorcycle wheelbase
b Distance from center of mass of

sprung mass to point of
contact of rear tire

xr1, yr1, xf1, yf1 Location of elastic center of front
engine mount and rear engine
mount from center of
mass of powertrain

y, yf , yr, yp Vertical displacements of
the sprung mass, front unsprung
mass, rear unsprung mass,
and powertrain respectively

z1fy, . . . , zNfy; Displacements of discretized
z1ry, . . . , zNry; elements of
z1fx, . . . , zNfx; the mounting
z1rx, . . . , zNrx system
cf , cr Equivalent damping constants of

front and rear suspension respectively
cpf , cpr Equivalent damping constants of

front and rear tire respectively
kf , kr Equivalent stiffness constants of

front and rear suspension respectively
kpf , kpr Equivalent stiffness constants of

front and rear tire respectively

m, I Mass and mass moment of inertia of
sprung mass about its center of mass

mp, Ip Mass and mass moment of inertia of
powertrain about its center of mass

mf ,mr Front and rear unsprung
mass respectively

E0, Eαx, Eβx, Modulus of elasticity and
Eαy, Eβy non-equilibrium moduli

for engine mounting system

1. INTRODUCTION

The increasing use of electric powertrains has introduced
some new aspects to noise, vibration, and harshness (NVH)
in motorcycle dynamics that need to be thoroughly analyzed.
Motorcycle dynamics has been an active area of research for
several decades,1, 2 with studies investigating aspects such as
handling, maneuverability, cornering, ride comfort, etc. How-
ever, the use of electric powertrains poses alternate design re-
quirements and constraints on the mounting systems that may
not have been prevalent for internal combustion engines. The
use of engine mounts (or vibration isolation systems) is not
common in motorcycle powertrains except for a few commer-
cial manufacturers who use isolators for mitigating shaking
forces produced by the engine, or for isolating the frame from
torque recoil, or for isolating at idling or low speeds.3, 4 Many
of these factors are not critical or may not even be relevant in
electric powertrains. For example, torque fluctuation is signif-
icantly lower in an electric powertrain, as a result torque recoil
is not an important parameter for the mounting system. On
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the other hand, the internal resonances of the mounting sys-
tem may play a significant role in an electric powertrain, there-
fore modeling the mounts as lumped spring-damper systems
may not be sufficient since such a model would not capture
the inertia effects and internal resonances.5, 6 Due to these crit-
ical distinctions, it is necessary to develop updated models of
mounting systems that can be integrated with the overall planar
models of motorcycles with electric powertrains.

The most commonly used motors in the current designs of
electric vehicles include the permanent-magnet synchronous
motor (PMSM), the induction motor (IM), and the switched
reluctance motor.7 It is commonly acknowledged in the litera-
ture that electric motors exhibit high frequency harmonics that
are typically related to phenomena such as electric whistling
or high frequency buzz.8–10 High frequency noise and vibra-
tion have been investigated in a PMSM through experimental
evaluation and multiphysics modeling, it is observed that the
harmonics of electromagnetic forces are critical contributors
in the vibroacoustic response of such motors.8 In a PMSM,
electromagnetic vibroacoustics are typically associated with
the interaction between the stator and the permanent magnets.
The three-phase PMSM has been commonly adopted in many
electric vehicles due to relatively higher efficiency and a sig-
nificantly higher power-to-torque density. On the other hand,
induction motors are preferred by some manufactures due to
high torque density but these motors continue to remain de-
pendent on the availability of rare earth metals that could entail
relatively higher manufacturing costs.11 Multiple other consid-
erations are typically taken into account before selecting the
appropriate electric motor for an application and can be found
in detail from recent literature.11 The rapid development of
electric motorcycles by multiple manufacturers necessitates an
in-depth analysis of planar dynamics due to some key distinc-
tions between internal combustion engines and different kinds
of electric powertrains.12 This study aims to provide one such
analysis.

The study of motorcycle dynamics has been significantly
enabled over the last couple of decades with the availability
of commercial programs such as BikeSim,13 Fastbike,14 etc.
Most of the multibody models can be generally classified as
spatial or planar. While the spatial models are typically used
to investigate maneuverability, stability, cornering, and con-
trol, planar models are generally used to comprehend ride com-
fort and suspension characteristics at constant speeds under
straight-running conditions. The planar modes are typically
decoupled from the spatial modes, however specific design at-
tributes of the planar modes can directly influence some char-
acteristics of the spatial modes. Although the use of commer-
cial programs is very beneficial in the overall analysis of multi-
body dynamics, such programs are of limited use for analyz-
ing the integration of component-level models with the over-
all planar model to determine the specific attributes of compo-
nents such as the design parameters of the mounting system.
There are a few studies in the existing literature that have in-
vestigated the mounting layouts of electric powertrains,15–17

while other studies have considered possible means of vibra-

tion suppression in electric powertrains.18–20 There are addi-
tional studies in the recent literature that have focused on as-
pects such as rubber-metal simulations of engine mounts,21 use
of smart mounting systems made of magnetorheological mate-
rials,22 and effects of exposure to vibration on motorcyclists.23

This study aims to comprehend the role of the mounting
system of an electric powertrain in the planar dynamics of a
motorcycle. Such a model is not available in the current litera-
ture on electric motorcycles even though there is an increasing
number of electric motorcycle manufacturers.24, 25 The model
developed in this study accounts for the internal resonances
of the mounting system while evaluating ride comfort and in-
plane handling of a motorcycle. The proposed model can be
particularly useful for the analysis of key design parameters of
the mounting system and the investigation of sensitivity of ride
comfort and planar handling to specific variables associated
with the mounting system.

In this paper, Section 2 presents the planar model along with
a discussion on the main assumptions that have been used to
develop this model. The proposed model has been used for
analysis and results are presented in Section 3 along with a
discussion of the results. Overall conclusions from the simula-
tion results are summarized in Section 4 and possible areas of
future work have also been discussed in this section.

2. MODEL — PLANAR DYNAMICS WITH
INERTIA EFFECT

The governing equations of motion (EOM) for the planar
model are derived in this section and the main assumptions as-
sociated with the EOM are discussed along with an overall de-
scription of the model. The planar model was divided into four
rigid bodies — sprung mass (chassis and rider together), front
unsprung mass, rear unsprung mass, and powertrain. This dis-
tribution of rigid bodies was like other studies in the literature
that investigate the planar dynamics of motorcycles.2, 4 The
four rigid bodies were interconnected either through the sus-
pension system or the mounting system. Each suspension sys-
tem was represented as a spring-damper unit while each engine
mount was modeled as a discretized chain of lumped masses
that were interconnected through a series of viscoelastic ele-
ments. Such a representation of the engine mounts enables the
model to capture internal resonance effects that are essential
for capturing high frequency response and wave effects typi-
cally associated with electric powertrains.5, 25 Two horizontal
mounts and two vertical mounts were used in the model dis-
cussed in this study, and the layout of the entire model can be
seen in Figure 1. It may be noted that the model was not limited
to two engine mounts, a varying number of mounts and mount-
ing layouts can be accommodated in the model presented in
this study.

The powertrain was modeled with three planar degrees-of-
freedom. The governing EOM of the powertrain are derived as
follows:

mpẍp = −Fsa cosφ− Ffx − Frx; (1)

mpÿp = −Fsa sinφ− Ffy − Fry; (2)
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Figure 1. Eight degree-of-freedom planar model.

Ipγ̈ =Ffxyf1 − Ffyxf1 − Frxyr1 + Fryxr1−
Fsa cosφysa + Fsa sinφxsa. (3)

In Eqs. (1)–(3), Ffx, Ffy , Frx, and Fry were the time vary-
ing dynamic forces at the front and rear mounting points of the
powertrain in the horizontal and vertical directions while xp,
yp, and γ were the three degrees-of-freedom of the powertrain.
The position of the mounts was identified at the elastic center
of each mount with respect to the center of mass of the pow-
ertrain. The front and rear mounts were located at (xf1, yf1)

and (xr1, yr1) respectively while (xsa, ysa) was the location
of the swing arm connection point from the center of mass of
the powertrain. Also, mp was the mass of the powertrain while
Ip was the mass moment of inertia of the powertrain along the
z-axis about its center of mass. Furthermore, Fsa was the re-
action force at the powertrain due to the swing arm connection
between the powertrain and the rear axle and φ was the an-
gle of inclination of the swing arm from the horizontal axis.
It may be noted that this angle of inclination varies with the
overall trim and may change to a limited extent with the rear
wheel hop.

To capture the internal resonances of the mounting system,
each mount was modeled as a chain of (N) lumped masses in
series connected through viscoelastic elements. For an engine
mount with an overall mass of me, each lumped mass was dis-
cretized such that m = me

N . For simplicity, the front and rear
mounts were assumed to be identical so that the viscoelastic
elements of the mounts were identical, k1fy = k1ry = ky and
k1fx = k1rx = kx. A representation of one of the discretized
engine mounts between the powertrain and the sprung mass is
shown in Figure 2. The number of discretized elements can be
determined by using a convergence criterion or an experimen-
tal evaluation.

The dynamic forces at the front and rear mounting points on
the powertrain can be expressed as:

Ffy = k1fy (yp + xf1γ − z1fy) ; (4)

Ffx = k1fx (xp − yf1γ − z1fx) ; (5)

Fry = k1ry (yp − xr1γ − z1ry) ; (6)

Frx = k1rx (xp + yr1γ − z1rx) . (7)

Figure 2. Discretized engine mount model — front mount — vertical.

In Eqs. (4)–(7), k1fy , k1fx, k1ry , k1rx represented the ef-
fective stiffness of the viscoelastic elements connecting the
lumped masses together, as shown in the discretized engine
mount model in Figure 2. For identical cylindrical engine
mounts in compression, k1fy = k1ry = ky =

(Ny+1)AyEy

hy

and k1fx = k1rx = kx = (Nx+1)AxEx

hx
, where Ay and Ax

are the cross-sections of the cylindrical engine mounts, and hy

and hx were the heights of the cylindrical mounts while Ey and
Ex were the complex moduli of the elastomeric material. For
the two-fractional element model, Ey = E0 + Eαy(iωτ)

α +

Eβy(iωτ)
β and Ex = E0 + Eαx(iωτ)

α + Eβx(iωτ)
β . For

the complex moduli, E0 was the modulus of elasticity of the
elastomeric material, τ was the time constant, α and β were
fractional orders, and Eαy , Eαx, Eβy , Eβx were the non-
equilibrium moduli. Also, Ny and Nx were the number of
elements used to represent the vertical and horizontal engine
mounts, the number of elements of the discretized model can
be determined iteratively by using a convergence criterion.26

Applying Fourier transform to Eqs. (1)–(3) and substituting
the dynamic forces from Eqs.(4)–(7) results in the following
equations in the frequency domain:

− ω2mpXp + 2kxXp + (−kxyf1 + kxyr1) Γ =

− Fsa cosφ+ kxZ1fx + kxZ1rx; (8)
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− ω2mpYp + 2kyYp + (kyxf1 − kyxr1) Γ =

− Fsa sinφ+ kyZ1fy + kyZ1ry; (9)

− ω2IpΓ +
(
kxy

2
f1 + kyx

2
f1 + kxy

2
r1 + kyx

2
r1

)
Γ+

(−kxyf1 + kxyr1)Xp + (kyxf1 − kyxr1)Yp =

− Fsa cosφysa + Fsa sinφxsa − kxyf1Z1fx+

kyxf1Z1fy + kxyr1Z1rx − kyxr1Z1ry. (10)

The EOM of the discretized engine mounts at the front and
rear ends of the powertrain can be derived for the first element
(j = 1), the intermediate elements (j = 2, · · · , N − 1), and
the last element (j = N). For the first discretized element
(j = 1) that was connected at the powertrain end, the EOM
were derived as:

mz̈1ry = Fry − f1ry; (11)

mz̈1fy = Ffy − f1fy; (12)

mz̈1rx = Frx − f1rx; (13)

mz̈1fx = Ffx − f1fx. (14)

The EOM for the discretized elements can be generalized
for the series of intermediate elements, j = 2, · · · , N − 1, as
follows:

mz̈jry = f(j−1)ry − fjry; (15)

mz̈jfy = f(j−1)fy − fjfy; (16)

mz̈jrx = f(j−1)rx − fjrx; (17)

mz̈jfx = f(j−1)fx − fjfx. (18)

In Eqs. (15)–(18), fjfy = ky
(
zjfy − z(j+1)fy

)
, fjry =

ky
(
zjry − z(j+1)ry

)
, fjfx = kx

(
zjfx − z(j+1)fx

)
, and

fjrx = kx
(
zjrx − z(j+1)rx

)
for j = 1, · · · , N − 1.

Finally, the EOM for the last discretized element (j = N)

connecting the mount to the sprung mass were:

mz̈Nry = f(N−1)ry − FTry; (19)

mz̈Nfy = f(N−1)fy − FTfy; (20)

mz̈Nrx = f(N−1)rx − FTrx; (21)

mz̈Nfx = f(N−1)fx − FTfx. (22)

In Eqs. (19)–(22), FTfy = ky (zNfy − y − xf1θ) , FTry =

ky (zNry − y + xr1θ), FTfx = kxzNfx, and FTrx =

kxzNrx, represented the forces transmitted to the sprung mass
through the last discretized element. Furthermore, in Eqs. (7)–
(22), zjfy , zjry, zjfx, and zjrx represent translation of the
discretized elements used to represent the front and rear en-
gine mounts in the vertical and horizontal directions as j =

1, · · · , N .
Applying the Fourier transform to Eqs. (11)–(22) yields the

frequency response of the discretized elements of the mounting
system as follows:(

2ky −mω2
)
Z1ry − kyZ2ry = kyYp − kyxr1Γ; (23)

(
2ky −mω2

)
Z1fy − kyZ2fy = kyYp + kyxf1Γ; (24)(

2kx −mω2
)
Z1rx − kxZ2rx = kxXp + kxyr1Γ; (25)(

2kx −mω2
)
Z1fx − kxZ2fx = kxXp − kxyf1Γ; (26)(

2ky −mω2
)
Zjry − kyZ(j−1)ry − kyZ(j+1)ry = 0; (27)(

2ky −mω2
)
Zjfy − kyZ(j−1)fy − kyZ(j+1)fy = 0; (28)(

2kx −mω2
)
Zjrx − kxZ(j−1)rx − kxZ(j+1)rx = 0; (29)(

2kx −mω2
)
Zjfx − kxZ(j−1)fx − kxZ(j+1)fx = 0; (30)(

2ky −mω2
)
ZNry − kyZ(N−1)ry = kyY − kyxr1Θ; (31)(

2ky −mω2
)
ZNfy − kyZ(N−1)fy = kyY + kyxf1Θ; (32)(

2kx −mω2
)
ZNrx − kxZ(N−1)rx = 0; (33)(

2kx −mω2
)
ZNfx − kxZ(N−1)fx = 0. (34)

Overall, Eqs. (23)–(34) represent the frequency response
of all the discretized elements, and j = 2, · · · , N − 1 in
Eqs. (27)–(30). It may be noted that Y (ω) and Θ(ω) repre-
sented the frequency response of the two degrees-of-freedom
of the sprung mass in time domain — y(t) and θ(t) respec-
tively. The frequency response was coupled to the rest of the
system since the engine mounts were assembled between the
sprung mass and the powertrain. The frequency response of
the sprung mass, rear unsprung mass, and front unsprung mass
was derived from the governing EOM of the three rigid bodies.
The frequency response of the sprung mass was derived as:

−mω2Y + jω (cf + cr)Y+

(kf + kr + 2ky)Y + jω [cf (p− b)− crb] Θ+

[kf (p− b)− krb+ kyxf1 − kyxr1] Θ− jωcfYf−
jωcrYr − kfYf − krYr = ky (ZNfy + ZNry) ; (35)

− Iω2Θ+ jω
[
cf (p− b)2 + crb

2
]
Θ+[

kf (p− b)2 + krb
2 + kyx

2
f1 + kyx

2
r1

]
Θ+

jω [cf (p− b)− crb]Y + [−krb+ kf (p− b)+

kyxf1 − kyxr1]Y − jωcf (p− b)Yf−
kf (p− b)Yf + jωcrbYr + krbYr =

ky (ZNfyxf1 − ZNryxr1)+

kx (ZNrxy1 − ZNfxy1) . (36)

In Eqs. (35) and (36), the frequency response of the verti-
cal displacement (bounce) of the sprung mass was represented
by Y (ω) and the frequency response of the in-plane (pitch)
rotation of the sprung mass was represented by Θ(ω). Also,
p was the wheelbase (distance between the contact point of
the front tire and the contact point of the rear tire, assuming a
point contact) and b was the distance from the center of mass
of the sprung mass to the contact point of the rear tire. Fur-
thermore, (xr1, y1) identified the position of the elastic center
of the rear mount while (xf1, y1) identified the elastic center
of the front mount from the center of mass of the sprung mass.
In Eqs. (35) and (36), kf and cf were the equivalent stiffness
and damping constants of the front suspension while kr and cr
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were the equivalent stiffness and damping constants of the rear
suspension.2 Also, Yf and Yr represented the frequency re-
sponse of the hop (vertical displacement) of the front and rear
unsprung mass respectively. Each unsprung mass was the com-
bined mass of the wheel and other parts of the wheel assembly
such as the tire, brake, axle, etc.

Although the powertrain mounting system was not directly
connected to the unsprung masses, the dynamics of the system
were coupled with the unsprung masses through the sprung
mass, as seen from Eqs. (35) and (36). The frequency response
of the two unsprung masses was derived as follows:

−ω2mrXr = Fsa cosφ; (37)

− ω2mrYr + jω (cpr + cr)Yr − jωcrY + jωcrbΘ+

(kpr + kr)Yr − krY + krbΘ = Fsa sinφ+ Yfi e
−jω p

V ;

(38)

− ω2mfYf + jω (cpf + cf )Yf − jωcfY − jωcf (p− b)Θ+

(kpf + kf )Yf − kfY − kf (p− b)Θ = Yfi. (39)

In Eqs. (37)–(39), Xr(ω) and Yr(ω) was the frequency re-
sponse of the rear unsprung mass (mr) while Yf (ω) was the
frequency response of the front unsprung mass (mf ). Further-
more, the equivalent stiffness and damping constants of the
rear tire were kpr and cpr respectively while the equivalent
stiffness and damping constants of the front tire were kpf and
cpf respectively. Finally, Yfi was the amplitude of excitation
at the front tire due to the irregularity of the road surface while
the motorcycle was traveling in a straight line at a constant
speed, V .

The frequency response of the discretized mounting system
was directly coupled to the degrees-of-freedom of the system.
Therefore, for an input due to the irregularities of the road sur-
face, all eight DOF were expressed in terms of the degrees-
of-freedom of the discretized mounting system. This allows
the determination of the frequency response of the discretized
mounting system first, followed by computing the frequency
response of the eight DOF of the system. For a displacement
input of yfi(t) at the front wheel due to the irregularity of the
road surface, the displacement input at the rear wheel input
was yfi

(
t− p

V

)
due to the time delay between the input at the

two wheels, commonly referred to as wheelbase filtering,1, 2 as
the motorcycle, with a wheelbase of p, travels in a straight line
with a constant speed of V . The combined frequency response
of the system can be expressed as follows:

[
F1 F2 F3 F4 F5 F6 F7 F8

]


Y

Θ

Yf

Xr

Yr

Xp

Yp

Γ


= Zω.

(40)

In Eq. (40), the right-hand side of the equation is expressed
as: Zω =

ky (ZNfy + ZNry)

ky (ZNfyxf1 − ZNryxr1) + kx (ZNrxy1 − ZNfxy1)

kx (Z1fx + Z1rx)

ky (Z1fy + Z1ry)

−kxyf1Z1fx + kyxf1Z1fy + kxyr1Z1rx − kyxr1Z1ry

0

kprYfie
−jω p

V

kpfYfi


.

Furthermore, in Eq. (40), F1, F2, . . . , F8 were the columns
of the matrix using fsa1, fsa2, fsa3 as different components of
the force transmitted through the swing arm, modeled as a pin
connected structure between the unsprung mass at one end and
the powertrain at the other end. The columns of the matrix on
the left-hand side of Eq. (40) are listed on the top of the next
page.

To use the model discussed in this section, Eq. (40) was
solved in conjunction with the system of equations in Eq. (23)–
(34) to determine the frequency response of the eight degrees-
of-freedom along with the frequency response of the N num-
ber of discretized engine mounts. The number of discretized
elements used to represent each engine mount were determined
iteratively by using a convergence criterion of 5% for force
transmitted to the sprung mass. For this study, the conver-
gence criterion yielded N = 80, therefore the system had
been solved for 4N + 8 (total of 328 in this study) degrees-
of-freedom. The force transmitted to the spung mass through
the mounting system is determined as follows:

FTx = kxzNfx + kxzNrx; (41)

FTy = ky (zNfy − y − xf1θ)+ky (zNry − y + xr1θ) . (42)

Using Eqs. (41) and (42), the norm of the force transmitted,
FT , to the sprung mass through the mounting system has been
used for convergence.

To evaluate ride comfort and handling, power spectral den-
sity (PSD) of the sprung mass and unsprung masses has been
calculated as:

Si(ω, V ) = |H∗
i (ω, V )|2 Sr(ω, V ). (43)

In Eq. (43), Sr(ω, V ) is the PSD of the road surface over
which the motorcycle is traveling in a straight line at a con-
stant velocity, V , and Si(ω, V ) was the PSD of the ith DOF
while H∗

i (ω, V ) was the frequency response of the system that
accounts for wheelbase filtering.4 The PSD of the road surface
was a function of motorcycle velocity, nature of road surface,
and frequency, and can be referenced from existing literature.27

The model presented in this section has a total of eight
degrees-of-freedom associated with the rigid bodies shown in
Figure 1. Furthermore, additional degrees-of-freedom were as-
sociated with the discretized engine mounting system. This
model was used for multiple simulations in Section 3. Simu-
lation results are discussed in Section 3 and some of the key
parameters associated with the mounting system are also in-
vestigated.
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F1 =
[
−mω2 + jω (cf + cr) + (kf + kr + 2ky) jω {cf (p− b)− crb}+ {kf (p− b)− krb+ kyxf1 − kyxr1}

0 0 0 0 − jωcr − kr − jωcf − kf ]
T
,

F2 =
[
jω {cf (p− b)− crb}+ {kf (p− b)− krb+ kyxf1 − kyxr1} − Iω2 + jω

{
cf (p− b)2 + crb

2
}
+{

kf (p− b)2 + krb
2 + kyx

2
f1 + kyx

2
r1

}
0 0 0 0 jωcrb+ krb − jωcf (p− b)− kf (p− b)

]T
,

F3 =
[
−jωcf − kf − jωcf (p− b)− kf (p− b) 0 0 0 0 0 −mfω

2 + jω (cf + cpf ) + (kf + kpf )
]T

,

F4 =
[
0 0 fsa1 fsa2 fsa1 − fsa2 − ω2mr − fsa1 − fsa2 0

]T
,

F5 =
[
−jωcr − kr jωcrb+ krb fsa2 fsa3 fsa2 + fsa3 − fsa2 − ω2mr + jω (cpr + cr) + kpr + kr − fsa3 0

]T
,

F6 =
[
0 0 − fsa1 − ω2mp + 2kx − fsa2 − fsa1 + fsa2 − kxyf1 + kxyr1 − fsa1 fsa2 0

]T
,

F7 =
[
0 0 − fsa2 − fsa3 − ω2mp + 2ky − fsa2 + fsa3 + kyxf1 − kyxr1 fsa2 fsa3 0

]T
,

F8 = [0 0 − fsa1ysa + fsa2xsa − fsa2ysa + fsa3xsa + kyxf1 − kyxr1

−fsa1ysa + fsa2xsa + fsa2ysa − fsa3xsa − ω2Ip + kxy
2
f1 + kyx

2
f1 + kxy

2
r1 + kyx

2
r1

fsa1ysa − fsa2xsa fsa2ysa − fsa3xsa 0]
T
.

3. RESULTS

The model presented in Section 2 has been used for mul-
tiple simulations in this section. Some of the motorcycle pa-
rameters have been adapted from existing literature2 while the
engine mount parameters have been adapted from other stud-
ies.4, 5 The following parameters were used for all the sim-
ulations presented in this section: p = 1.4 m, b = 0.7 m,
m = 200 kg, I = 38 kg-m2, kf = 15 kN/m, kr = 24 kN/m,
kpf = 180 kN/m, kpr = 180 kN/m, mf = 15 kg, mr = 18 kg,
mp = 125 kg, Ip = 8 kg-m2, xr1 = 320 mm, yr1 = 55 mm,
xf1 = 325 mm, yf1 = 20 mm, xsa = 270 mm, ysa = 30 mm.
The following data was used for the engine mounting sys-
tem: E0 = 5.5 kPa, Eαy = 0.23 kPa, Eβy = 331 kPa,
Eαx = 0.23 kPa, Eβx = 331 kPa, α = 0.66, β = 0.07,

τ = 1 s, ρ = 1100 kg/m3, A = 0.0025 m2, h = 50 mm.

The first simulation presents transmissibility results of the
sprung mass and the two unsprung masses when the motorcy-
cle is traveling over a bump course with varying bump ampli-
tudes at different velocities. The results for the two unsprung
masses are shown in Figures 3 and 4 while the results for the
sprung mass bounce are shown in Figure 5. A sinusoidal bump
course with an amplitude of 30 mm at three distinct speeds
(low, intermediate, and high) was used as the excitation input
from the road surface. Sprung mass bounce acceleration has
also been evaluated and is shown in Figure 6 for the interme-
diate speed only. As can be observed from Figures 3 and 4,
the front and rear unsprung masses exhibit high transmissi-
bility up to 20 Hz regardless of the speed. This can be at-
tributed to the hop modes of the unsprung masses and is com-
parable to other results of planar dynamics in the literature.4

Furthermore, transmissibility is seen to be relatively higher at
the lower speed of 10 m/s since it corresponds to a relatively
lower wavelength of the bump course of the road profile.

The distinctions between the transmissibility of the front and
rear unsprung hop in Figures 3 and 4 can be attributed to their
natural modes and the nature of their coupling to the sprung
mass. While the front unsprung mass is directly connected to
the sprung mass, the rear unsprung mass is connected to the
powertrain through the swing arm in addition to the direct con-
nection to the sprung mass through the rear suspension. Re-
sults for the sprung mass in Figures 5 and 6 exhibit a high

transmissibility up to 2 Hz regardless of the speed at which the
motorcycle is traveling and a peak of sprung mass bounce ac-
celeration close to 2 Hz. The second peak in the sprung mass
transmissibility plot in Figure 5 is seen to have a direct rela-
tionship with the vehicle speed, this could be attributed to the
coupled bounce and pitch modes of the sprung mass. The na-
ture of the sprung mass transmissibility peak can be directly
influenced by the design of the mounting system and sprung
mass bounce acceleration can be used as a direct indicator of
ride comfort.

The results in Figure 7 demonstrate the essence of the dis-
cretized model presented in this paper. The magnitude of the
norm of force transmitted to the sprung mass through the en-
gine mounting system can be seen in Figure 7 as the motor-
cycle travels over a sinusoidal bump course at a velocity of
30 m/s. While a conventional spring-damper representation
of the mounting system would successfully capture the initial
peak in transmitted force at relatively lower frequencies, the
peaks at higher frequencies have been captured in this study by
successfully modeling the inertia effect of the mounting system
through the discretized model. This may be specifically impor-
tant for the mounting systems of electric powertrains since they
operate at higher speeds and exhibit a high motor order.5, 8 A
typical spring-damper model would not be able to model the
internal resonances of the mounting system.

The model developed in Section 2 has also been used to an-
alyze the response to excitations from the irregularities of the
road surface. The power spectral density (PSD) of a good road
surface as well as an average road surface has been used as
the input while the motorcycle is traveling in a straight line at
a constant velocity. The PSD of a specific road surface can be
directly used from the definitions identified in the existing liter-
ature.24 The resulting PSD of the rear unsprung mass hop and
the sprung mass bounce and pitch are shown in Figures 8, 9,
and 10. As can be observed from Figures 8 to 10, the peak
and the bandwidth resulting from the average road surface are
higher than the good road surface in all three cases. However,
the extent of this increase varies from one mass to another. Al-
though the PSD plots are presented for a velocity of 10 m/s
only, other speeds yielded similar trends.

The rear unsprung hop PSD is seen to peak at 20 Hz with a
relatively higher bandwidth for the average road surface. The
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Figure 3. Displacement Transmissibility — Front unsprung mass hop.

Figure 4. Displacement Transmissibility — Rear unsprung mass hop.

rear unsprung hop is coupled to the dynamics of the mount-
ing system due to the swing arm connecting the rear unsprung
mass to the powertrain, as can be seen from the layout of the
model in Figure 1. Therefore, this coupling could have im-
plications for the planar handling of the motorcycle that can
be evaluated from the PSD of the rear unsprung hop. This
contrasts with the front unsprung hop since the front unsprung
mass is directly connected to the sprung mass through the front
suspension system.

As can be seen from the sprung mass PSD results in Fig-
ures 9 and 10, the peaks for pitch and bounce are within a
narrow range of frequencies with relatively limited bandwidth.
This is directly related to the mounting system and the dis-
cretized representation of the mounting system used in this
study. It can be observed from a comparison of the sprung
mass results with a similar motorcycle with an internal com-
bustion engine that the peaks of power spectral density are
shifted. This will need to be investigated and experimentally
evaluated to comprehend ride comfort and planar handling in
motorcycles with electric powertrains.

Figure 5. Displacement Transmissibility — Sprung mass bounce.

Figure 6. Sprung mass bounce acceleration (V = 30 m/s).

4. CONCLUSIONS

In this paper, a planar model of a motorcycle has been de-
veloped and investigated to examine the influence of the in-
ertia effect of the mounting system of an electric powertrain.
The model derived for this study consists of eight degrees-of-
freedom along with a discretized representation of the mount-
ing system. This model can analyze displacement transmissi-
bility as well as ride comfort and planar handling while the mo-
torcycle is traveling in a straight line. The proposed model is
specifically useful for investigating the influence of parameters
associated with the mounting system and the suspension sys-
tem on ride comfort. Since an electric powertrain is typically
associated with relatively higher frequencies, representation of
the mass and elasticity of the mounting system is important
to model the inertia effect. The model presented in this paper
is successful in capturing high frequency characteristics, that
are well above 1 kHz, and internal resonances of the mounting
system.

Transmissibility results indicate the inherent coupling be-
tween sprung mass pitch and bounce and the influence of ve-
hicle speed while the motorcycle is driving in a straight line
on a bump course. The power spectral density (PSD) results
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Figure 7. Transmitted force — sprung mass (V = 30 m/s).

Figure 8. Power spectral density — Rear unsprung mass hop (V = 10 m/s).

indicate a shift of the peaks for the sprung mass in a motor-
cycle with an electric powertrain. On the other hand, the un-
sprung mass PSD results are like other comparable vehicles in
the literature.4 It can be observed from the results that force
transmitted to the sprung mass through the mounting system
clearly captures the resonance of the mounting system at rela-
tively higher frequencies. This indicates that the model is suc-
cessful in capturing the inertia effect of the mounting system.

Future studies will investigate the impact of different mount-
ing system layouts on the planar dynamics of a motorcycle
with an electric powertrain. Since there are a few different
kinds of electric motors that are commonly used by manufac-
turers, distinctions between these motors and their implications
on the mounting systems will be analyzed in future work. Ex-
perimental evaluation will also be performed for model cor-
relation and validation. Experimental data is expected to be
particularly beneficial for validating the discretized model of
the mounting system and for determining an optimal mount-
ing system layout with constraints that are specific to electric
powertrains.

Figure 9. Power spectral density — Sprung mass bounce (V = 10 m/s).

Figure 10. Power spectral density — Sprung mass pitch (V = 10 m/s).
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