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Abstract: To ensure riding comfort, vibration generated
by engine, drive system and ground need to be
considered in designing an agricultural vehicle. This
study examines multi-body dynamics model of an
agricultural vehicle, and focuses on the distributed
electric-drive agricultural vehicle. To simulate the
response of an electric-drive agricultural vehicle to
vibrations excited by the drive motors, engine and road
roughness, this study proposes a vibration model of a
distributed electric-drive agricultural vehicle that has 11
degrees of freedom and coupled excitation sources. The
model was derived from vehicle dynamics equations and
solved numerically employing fast Fourier transform. The
model was validated in experiments on a real distributed
electric-drive  agricultural vehicle. Simulations and
experiments showed that the amplitude of low-frequency
vibration of the cab was increased by simultaneous
excitations, which could not be ignored. This result is
useful for the design of the suspension component and
overall design of agricultural machinery.
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INTRODUCTION

An electric-drive agricultural vehicle is energetically
efficient, environmentally friendly and convenient. It is
increasingly being used for transportation work in farm
lands. However, because of road roughness,
simultaneous shocks generated by farming land and
vehicle systems have a significant effect on the health of
the driver and the reliability of the vehicle. A distributed
electric-drive agricultural vehicle is powered by hybrid of
diesel engine and battery. Compared with the traditional
mechanical transmission, the vehicle is specially
designed for farming lands with in-motor wheel, and
deleting the gearbox, driveshaft, final drive, differential,
so the vehicle has advantages of simple structure, small
space requirement, easy high torque performing,
convenient feedback control and continuous speed
change. Thus, the wheel electric drive has great
application potential for agricultural vehicles. However,
an electric-drive agricultural vehicle has a significant
unsprung load. Additionally, the connection of the hydro-
pneumatic spring and wheel rim drive unit generates
interacting vibrations from the engine and drive motor
and reduces the ride comfort. Thus, the relationship
between ride comfort and the structure of the distributed
electric-drive agricultural vehicle should be examined.

Present studies on the effects of drive motor
vibration on vehicle power and riding comfort usually
focus on passenger cars, and the drive motor is typically
designed as a sprung load [1,5,7,14,17]. Researchers
have analyzed the vibration of a switched reluctance
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motor and pointed out that the effect of motor excitation
on the suspension cannot be ignored [9]. Tan [12] built a
Y, vehicle model and discussed the effect of increasing
the unsprung load on the riding comfort. Li, using road
excitation as the main source of motivation, established
a nonlinear model of riding comfort with 11 degrees of
freedom (DOFs) for a passenger car [6]. The analysis of
riding comfort by Wellman and Wang showed that the
powertrain and road excitation cannot be ignored [15,
16]. However, few studies on riding comfort have
investigated the coupled excitation effects of the in-
wheel motor, engine and road for a distributed electric-
drive agricultural vehicle. This paper initiates modeling
and discussion on this topic.

Taking the distributed electric-drive agricultural
vehicle as the study object, this paper proposes a
method of describing the coupled vibration generated by
multiple systems of the vehicle and builds a vibration
model with 11 DOFs. Moreover, the riding comfort of the
vehicle travelling on random surfaces is simulated by
employing white-noise filtering. The model and
simulation are validated in experiments on a real vehicle
undergoing coupled vibration.

MATERIALS AND METHODS
Vibration subsystem analysis of the electric-drive
agricultural vehicle

An engine vibration system has a variety of vibration
forms. The dominant vibration is the oscillation of the
whole machinery, which is much stronger than the
vibration of an axle or local vibration [2].

As mentioned, the road roughness, engine vibration
and in-wheel electric motor vibration are excitation
sources of vibration. The vibration subsystem includes
the engine vibration system and in-wheel electric motor
vibration system. The electric-drive agricultural vehicle
studied in this paper has a Cummings engine. The
vibration of the engine is mainly due to the unbalanced
forces and torques produced in operating the engine.
According to the characteristics of the engine, the
excitation frequency is [4]:

f

Where, 7—the stroke number, n—the engine speed
(r/min), Z—the cylinder number, and A—the incentive
order.

The engine exciting force is mainly generated by the
imbalance torque and moment produced by the running
of the engine. According to the working characteristics of
the four-cylinder engine, a cycle of crank shaft rotation
has two instances of torque fluctuation. Based on the
traditional dynamic analysis formula, two reciprocating
inertia force expressions are [18]:

— 2
P,=—42m;rw’ cos(2a) = —4Am,rw’ cos(wt + )
m, =m,, +m,

Where, Pi—twice the reciprocating inertia force, A—the
link ratio, r—the radius of the crank, my,—the quality of
the piston assembly, and ma—the quality of the small
end of the link.

In the experiment conducted in this study, the engine
speed measured using a controller area network was
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1500 rpm when the vehicle speed reached 30 km/h.
Using equation (1), we calculated the first-order
excitation frequency of the engine as 37.5 Hz and the
force as 25.3 kN. These results are consistent with data
provided by the engine manufacturer.

The drive motor vibration comprises electromagnetic
vibration, mechanical vibration and pneumatic vibration
[3]. The electromagnetic vibration is generated by the
interaction of the magnetic field in the air gap, and varies
with time and space. It is also a major vibration source
[8]. The main frequency of the drive motor is twice the
power frequency. For a synchronous motor, the relation
between the revolving speed and power frequency is)
[11]:
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Where, f—
motor pole pairs, n—the drive motor speed (r/min).

The Maxwell stress tensor is used to calculate the
electromagnetic exciting force acting on the stator. Here,
the magnetic field strength on the surface of the strain
object is H, the object is surrounded by air and the
electromagnetic force acting on the object is[10]:

the power frequency, p—the number of drive

Fof|-Hne 0K H s

The force can be decomposed into x (vertical) and y
(horizontal) directions:

Fo=J, 4,HH ds

Fyzjs%(Hj—Hf)ds

Where, K p—the permeability of air, n—a unit vector
normal to the surface S, and Hyx and Hy are the magnetic
strength in the x and y directions respectively. The
magnetic field distribution of the motor can be obtained
by employing the finite element method (FEM). The
electromagnetic force and road excitation are input into
differential equations to calculate the system response.
In the experiment, the revolving speed of the electric
motor in stable operation was 1200 r/min. The excitation
force of the electric motor was calculated as 15.6 kN by
employing the FEM software ANSOFT. The equation
shows that the excitation frequency is approximately 120
Hz. The frequency in other segments can be similarly
estimated.
vibration

Establishment of a three-dimensional

model

To control the torque of the in-wheel drive motor and
monitor the revolving speed of the wheel, a dynamic
model of a distributed electric-drive agricultural vehicle
that can be used to analyze the force between the
vehicle and ground surface was constructed. Three
DOFs in the vertical, horizontal and transverse directions
were adopted for the whole vehicle.

The following preconditions were proposed to be
taken into consideration for the dynamic model [13].

(1) The vehicle speed is less than 30 km/h; thus, the
unbalanced excitations of tires and transmission shaft
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can be ignored;

(2) The frame stiffness is sufficiently high, so the
vibration generated by elastic deformation of the frame is
ignored;

(3) The articulated body has no effect on the vertical
vibration of the vehicle, and the DOF of steering is
ignored;

(4) The non-suspended load is simplified as having a
single DOF. Only the vertical DOF is considered in this
model because it is significantly more influential than
other DOFs of the load;

(5) Under the excitation of the engine, wheel electric
motor and ground, the vibrations are only slightly near
the equilibrium position. Therefore, the linear vibration of
the vehicle bar centered on the horizontal plane and the
angular vibration of the vehicle around the z-axis can be
ignored.

Under these preconditions, an 11-DOF model of an
agricultural vehicle is built as shown in Fig 1. In the
figure, the front suspension is a hydro-pneumatic
suspended structure and the rear suspension is a
balanced beam structure. The vertical vibration, because
of its effect on riding comfort, is the only factor
considered for the engine vibration and drive motor
vibration. The excitations from the road roughness,
engine vibration and drive-motor vibration are
considered. The vertical, roll and pitch DOFs of the
engine are also introduced to reflect the effects of the
stiffness and damping of the four mounts at the front and
rear of the engine.

The 11 DOFs are listed as follows:

Z,—barycentre displacement of the sprung mass in
the vertical direction;

A—displacement of the pitch angle of the vehicle
sprung mass around the bary centre;

61 and 6>—roll angular displacements of front and
rear frames, respectively;

Z.—engine displacement in the vertical direction;

ae.—pitch angular displacement around
barycentre;

6.—engine roll angle displacement around the centre
of mass of the engine;

Z; and Z,—displacements of the vehicle’s front
wheels in the vertical direction;

B1 and pfB,—angular displacements of the
suspensions ;

Other parameters in the model are described as
follows. Z;1—Zei—the input displacements of the road
that act on the six wheels, Fq1—Fdgs—the input forces
given by the vibrations of the six drive motors, Fge—the
input force arising from engine vibration, Z; and Z,—the
vertical displacements of the hydro-pneumatic springs,
Z3—Zeg—the vertical displacements of middle- and rear-
axle tires, K; and Ko—the stiffness coefficients of the
hydro-pneumatic  springs, K7—Kio—the  stiffness
coefficients of the tires, C; and C,—the damping
coefficients of the hydro-pneumatic springs, C—Ci,—the
damping coefficients of the tires, L;—the horizontal
distance between a front wheel and the vehicle centre of
mass, L, —the distance between a middle wheel and the
centre of mass, Ls—the distance between middle and
rear wheels, Ls.—the distance between front wheels,
Ls—the distance between rear wheels, Ls—the
horizontal distance between the cab and the vehicle’s
centre of mass, Lg—the distance between the rear

the
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engine and barycentre of the cab, Lo—the length of
engine, L+—the distance between front suspensions,
L—the distance between rear suspensions, Moy—the
sprung mass of the vehicle, Mo1 and Mg>—the sprung
masses of front and rear frames respectively, Mi—Me—
the unsprung masses of the six wheels, Mc—the engine
mass, and |;—the longitudinal moment of inertia of the
sprung mass that turns around the vehicle centre of
mass. |,—the horizontal inertia moment of the sprung
load of the front frame, I;—the horizontal inertia moment
of the sprung load of the rear frame, |,,—the inertia
moment produced by the rotation of the engine around
its longitudinal axis, and |.,—inertia moment produced
by the rotation of the engine around its horizontal axis.
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Fig.1- Model of an agricultural vehicle with 11 DOFs

The equations that govern the micro-vibration of the
machinery are:

BN IR0 15 T RE 0T -

Moza = C1(212 - Zl )+ Kl(ZIZ - Zl )+C2(222 - Z.2 >t Kz(zzz B Zz )+C11(231 B 23 )+ Kll(z3l - Zs )

+C12(Z41 - Z.4 )+ K12(241 - Z4 )+C13(251 - Zs )+ K13(251 - Zs )+C14(261 - 26 )+ K14(Ze1 - Ze )

®

'Ke(zes + Zee + Ze7 + Zeg )' Ce(zes + Ze5 + Ze7 + Zeg )+ Fdl + Fdz + Fd3 + Fd4 + Fd5 + Fde

8= (L, +Lg/2)[Cyy(Zsy - Z3)+ Kyy(Zsy - Z5 )+ Crp(Zyy - 24 )+ Ko (Zsy - Z5 )+ Cig(Zsy - Zs)

+Ky3(Zsy - Z5 )+ Cpy(Zgy - Z )+ Ky (Zoy - Zg )+ Fyz + Fyy + Fys + Py 1 - L [C1(Zy5 - Z;)

©

K (Zyy -2,)+Cy(Z gy - 25 )+ Ky(Zyy -2y )+ Py + Fyp 1 - Ko [(Zeg + Zeg )Ly + L)
H(Zes + Zog )+ Lg + L)1 -Co[(Zer + Zeg )Ly + Lg )+ (Zos + Zes Ny + Lg + Lg)]

|2q1 = L4 [C1(212 - Z'1 )+ Kl(ZIZ - Zl )' Cz(zzz - Zz )' Kz(zzz - Zz )] + Iezqe

I3é2 = Ls[C11(231 - Zs) + Kll(z31 - Za) + C13(251 - Zs) + K13(251 - Zs)+Fd3 + Fds

(10)

11)

_C12 (241 - 24) - K12 (241 - Z4) - C14 (Zel - Ze) - K14 (Zel - Ze) - Fd4 - Fde]

Mlzlz = C7(211 - Z.12 )+ K7 (211 - le )+C1(Zl - Z'12 )+ Kl(Zl - Z12 )+ Fdl
Mzzzz = C8(221 - Zzz) + Ks(zzl - Zzz) +C2(Zz - Z'22) + Kz(zz - Zzz) + Fd2
I461 = L3/2 [C13(251 - Zs )+ Kl3(251 - Zs )+ FdS - Cll(z31 - 23 )' K11(231 - Z3 )' Fda]

Isﬁz = L3/2 : [C14 (261 - Ze)+K14(Zel - Ze)+Fd6 _C12 (241 - 24) - K12 (241 _24) - Fd4]

133

(12
(13)
(14)

(15)



Vol.45, No.1 /2015

Meze = Ke (ZeS + ZeG + Ze7 +ZeS) +Ce (ZeS +Ze6 +Ze7 + Zes) + Fe
Ielclie = [Ke (_ZeS - Ze6 + Ze7 + Zes) + Ce (_ZeS - ZeG + Ze? + Zes)] L9/2

Iezée = Ke [(Ze7 - ZeB) LI’ + (Zes - Ze6) Lf I+ Ce [(Ze7 - ZeB) LI’ + (Zes - ZeG)Lf |

In the preceding equations, Zes—Zeg are the engine
mount vertical displacements. The following dynamic
equation can be obtained by solving the preceding
equations:

MY +CY +KY = K,Q+C,Q+A F,+A F,

Where, M—an 11 x 11 mass matrix, C—an 11 x 11
stiffness matrix, K—an 11 x 11 damping matrix, C—an
11 x 6 stiffness matrix of the tires, K—an 11 x 6
damping matrix of the tires, Aq—the drive motor
excitation  coefficient matrix, Aes—the excitation
coefficient matrix of the engine, Q—the excitation matrix
of the ground surface, Fq—the excitation matrix of the
drive motor, and Fe—the excitation matrix of the engine.
These matrices are expressed as:

Y:[Za a 91 ‘92 le Zzz /31 182 Ze a, ee]T! Q:[le z

F=[F. F, Fs R, Fs Fde]T’
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M=0 000 0 M, 00 0 0 O Ki
0o 0000 0100 00
0 0000 O0OO0OI 0 00
0 0000 0 O0O0M 00
0 0000 O0OCO0OO0TUO0OTI, O
0 0000 O0OO0OO0TO0O O0O°1I

e2

The analytic solution can be obtained by putting the
experimental parameters into the above equations.
Given that road roughness is an important excitation for
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a moving vehicle, the input model of road excitation with
accurate road information must be built before the
vehicle riding comfort simulation and performance
assessment is conducted. The road excitation is built by
employing harmonic superposition as [19]:

qa)=§iIZ%OMMJAWSMQHQM4M+@)

Where, 6; is an independent random variable distributed
uniformly in the range of 0 to 21, Sq(n) is the power
spectral density (PSD) of the road roughness, and the
spatial frequency n ranges from n; to n (n; = 0.011 m™,
n, = 2.83 m'l). The spatial frequency n is divided into
multiple intervals between n; and np, and the centre
frequency of each interval is expressed as Nmig-i (i = 1,
2,...,n).

The random displacement of the road at the front left
wheel gi(t) and that at the front right wheel g(t) can be
determined by assigning corresponding values to 6; The
random displacements of the road at the rear wheels
can be deduced from those of the front wheels according
to a time delay as:
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0, (t) =0, (t+(L1+L2)/U) 1 Qg (t) = qz(t+(|—1+|-2 +L3)/U) J

According to the Chinese National Standard GB7031-
1986, roads are classified into eight levels based on road
roughness. The road condition in the experiment
corresponds to the standard level D. Employing
harmonic superposition, the excitation of the road
roughness on the left and right of the travelling vehicle at
a speed of 30 km/h is simulated (see Fig. 2 for the
excitation of the front left wheel of the vehicle).

In a test conducted to verify the coupled vibration
model, a vehicle travelled along a random road on which
two pieces of wood were placed. Figure 3 shows the
road roughness excitation when the machinery travelled
at 10 km/h on the B grade standard pavement.
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Fig.2- Road excitation of machinery’s front left wheel

RESULTS
Simulation results

A simulation of an idling machinery moving at a
speed of 30 km/h on a road corresponding to ISO level
D was performed. The coupled vibration was simulated
by inputting the structural parameters, excitation of
random roads, engine excitation and drive-motor
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excitation into the model established in the previous
section. A time-domain plot and the PSD of the vertical
vibration of the cab are shown in Figs. 4 and 5
respectively. For comparison, the results obtained when
ignoring the excitations of the engine and drive motor
are also shown.

The simulation started from a static state. Figure 4
reveals that the maximum acceleration is 2.5 m/s* when
the excitations of the engine and drive motor are
included. After 1 s, a state of stable vibration is reached
regardless of whether the excitations of the engine and
drive motor are included or not. The maximum
acceleration is 0.5 m/s®> when the excitations of the
engine and drive motor vibration are included, whereas it
is only 0.4 m/s® when the excitations are excluded. The
trend is seen more clearly when the result is converted
to the frequency domain by Fourier transformation as
shown in Fig 5.
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Fig.4 - Vertical acceleration of the cab vibration
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Fig.5 - Vertical acceleration PSD of the cab vibration

The comparison of Fig. 5 (a) and (b) shows that the
power at low frequency is affected by the engine and
drive motor. The maximum power increases from 0.6
m?/s® to 0.85 m?s® after the inclusion of the excitations
from the engine and drive motor. Additionally, obvious
spikes in the power spectrum appear at the frequency of
the engine (37.5 Hz) and at the frequency of the drive
motor (120 Hz). Significant power increases in the
frequency domain analysis cannot be ignored.

Experimental validation

To validate the coupled vibration model, an
experiment was conducted using an agricultural vehicle.
The machinery was controlled by six-wheel-drive motors
independently. Acceleration sensors were placed on
fixed surfaces of the cab, the rear frame, the left
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suspension, the right suspension and a drive motor as
shown in Fig. 6. The signals of vibration acceleration
were measured using a data capture card. The signals
of the engine and drive motor speeds were collected
using a controller area network (CAN) bus device.
Acceleration signals of motor vibration at low frequency
were filtered to remove the vibration excitation of the
road. The sampling frequency of each sensor was 2560
Hz, which was appropriate for signal analysis.

|NMATEH'-'8‘qticuctmat csgnqéllccu)tq.
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Fig.6 - Sensors placed on the vehicle

The experiment was conducted on a fine-gravel road
corresponding to ISO level D. The vehicle was driven at
an even speed of 30 km/h with relative error less than
+5%. The mean value was calculated for three
repetitions of the experiment. The vertical vibration
acceleration of the cab at the stage of stable running is
shown in Fig. 7. Figure 8 presents the vertical vibration
PSD after fast Fourier transformation. Fig 9 clearly
shows the PSD of the drive motor at high frequency by
focusing on the data range of 0-0.2 m%/s®.
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Comparison of the acceleration time-domain curves
and PSD curves of the cab obtained in the experiment
with the simulation results reveals that the coupled
vibration model and experimental results are basically
consistent. The power spectrum obtained in the
experiment mainly ranged from 1 Hz to 20 Hz and had a
peak value of 0.85 m%s® at 2 Hz. Additional peaks at the
excitation position of the engine and drive motor were
found in both simulation and experiment. Figure 9 shows
that the PSD had a second peak of 0.06 m?/s* near the
excitation frequency of the drive motor, 120 Hz. Another
obvious peak value of 0.09 m%s® was recorded at a
frequency of approximately 37 Hz. The result obtained
excluding the vibrations of the engine and drive motors
showed a peak value of only 0.6 m?s® which was
obviously lower than the value when these two vibrations
were included. The good match of simulation and
experimental results shows that the multisystem coupled
vibration model including the excitations of the engine
and drive motors can be used to simulate the vibrations
and riding comfort of the cab.

We next consider the vehicle running at a speed of
10 km/h over two blocks with heights of 0.06 m and 0.09
m and spaced 10 m. Table 1 provides the root mean
square of the vibration acceleration in both simulation
and experiment.
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Table 1

Root mean square of vibration acceleration under pulse excitation (m/s)

Measuring point Test value Simulation value
Cab 0.2801 0.2967
Upper fulcrum of the left suspension 0.3124 0.3019
Rear frame 0.4933 0.5123
Upper fulcrum of the left motor 0.7123 0.7506

The acceleration results obtained under the impulse
excitation are similar to those obtained for the random
road. The experimental acceleration (Fig. 11) differs from
the simulation acceleration (Fig. 10) by only less than
10%, and the trends of the acceleration are consistent
between simulation and experiment.
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Fig.10 - Vibration acceleration in simulation

Fig 10 and Fig 11 reveal obvious fluctuations in
acceleration near 4.5 s. The instantaneous acceleration
reached 0.93 m/s® and 1.29 m/s” in the experiment and
simulation, respectively. Then, under the effect of
suspension damping, the acceleration began to
attenuate. At 12 s, a second obvious fluctuation
occurred, with the instantaneous acceleration reaching
1.41 m/s® in the experiment and 2.06 m/s? in the
simulation. The acceleration then gradually decayed.
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Fig.12 - Power spectrum of the vibration acceleration of the cab

Figure 12 shows the power spectra of the vibration
acceleration of the cab in the experiment and simulation.
The peak value is 40.26 dB at 1.75 Hz in the experiment
and 46.1 dB at 1.98 Hz in the simulation, showing good
agreement. Both power spectra are concentrated at low
frequency within 1-5 Hz. Owing to the differences
between the model and the real machinery, the
acceleration of cab vibration is higher in the simulation
than in the experiment, but the acceleration fluctuation
time and trend of acceleration are roughly the same. The
same results are observed in the frequency domain as in
the time domain, further verifying the accuracy of the
single-point contact model of a machinery.

CONCLUSION

A model was constructed to analyze the vibration
response of a distributed electric-drive agricultural
vehicle considering coupled excitations of the road
roughness, engine and drive motors. The conclusions
are shown as follows:

(1) The experiment result shows that the 11-DOF
vibration model built in consideration of the coupled
excitations of the road can accurately describe the
vibration characteristics of the distributed electric-drive
agricultural vehicle.

(2) The excitation forces of the engine and drive
motors increased the PSD of the vehicle acceleration,
and obvious PSD peaks registered at the excitation
frequency. Therefore, the excitation forces of the road
roughness, drive motors and engine must all be
considered to ensure the riding comfort and reliability of
the distributed electric-drive agricultural vehicle.

Compared with the research on a passenger vehicle,
that on the riding comfort of agricultural vehicle has
obvious differences. Air suspension with variable
stiffness can improve riding comfort and has a good
application prospect in the field of agricultural vehicle.
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