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Abstract

variety of structures resonate when they are excited

by external forces at, or near, their natural frequen-

cies. This can lead to high deformation which may
cause damage to the integrity of the structure. There
have been many applications of external devices to
dampen the effects of this excitation, such as tuned mass
dampers or both semi-active and active dampers, which
have been implemented in buildings, bridges, and other
large structures. One of the active cancellation methods
uses centrifugal forces generated by the rotation of an

1. Introduction

n the past there have been many techniques developed

to reduce vibrations or dissipate energy in a system to

improve comfort, design, durability, and product life.
These techniques have been utilized and implemented in
many engineering disciplines such as civil, aerospace,
marine and vehicle. Most of these techniques rely on mass
damping or force cancellation. With the advent of new
technologies, active control has become very popular in
various industry applications. Active control monitors and
excites the state variables of a system to achieve vibration
reduction, typically using mass dampers or force cancelling
actuators during the operation cycle of the structure. For
example, when an engine is operating, the acoustic vibra-
tions coming from the engine can be reduced by gener-
ating forces with equal amplitude and opposite phase
which cancel out the noise. This can be done by building
a closed loop controller which can modify the feedback
based on the input of the system within milliseconds. In
addition, the state space system can have an imbalance
mass which can rotate and create an equal and opposite
force to counter the forcing function. This can be done
directly by controlling the imbalance mass rotation and
using it in a feed-forward loop by predicting the response

Accepted: 24 Jan 2024

unbalanced mass. These forces help to counter the
external excitation force coming into the structure. This
research focuses on active force cancellation using centrif-
ugal forces (CFG) due to mass imbalance and provides a
virtual solution to simulate and predict the forces required
to cancel external excitation to an automotive structure.
This research tries to address the challenges to minia-
turize the CFG model for a body-on-frame truck. The
virtual tool presented in this paper will help predict the
maximum amplitude cancellation at resonance for given
imbalance mass and frequency of forced excitation.

before the output or by a feedback loop by studying the
response output and then generating an appropriate
function to counter the forces and reduce output. Road
shake issues have been common in automotive industry
and many countermeasures have been identified to tackle
this issue. When a vehicle goes over a bump or rides over
a pothole, then forces are transmitted from the tires into
the knuckle and the spindle which then transmits the
forces into the body directly in case of unibody vehicles
or through the frame in case of body on frame vehicles.
Suspension bushing and shock tuning is thereby critical
to manage road excitations and provide relief for a good
ride performance. In some cases, the forcing frequency
of the road input excites the suspension hop or tramp
modes which may align with the global bending or torsion
frequency of the body or frame. This leads to resonance
and amplifies the vibration amplitudes which is felt by the
driver or the passengers in vehicle. The motivation behind
this study and development of this tool comes from a field
issue on a body on frame truck where the suspension hop
mode aligns with the bending frequency of the frame
resulting in resonance and a vertical shake issue. This
degrades the ride performance and causes discomfort to
the driver and the passengers in vehicle.
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In this section the existing methods of damping are illus-
trated. Mass dampers essentially work on the principle
that an added mass-spring- damper system will help
reduce the amplitudes of resonance of the exciting force
and natural mode of a system, or to move the natural
modes of a system away from the exciting frequency. A
tuned mass damper (TMD) is configured to resonate at
a particular frequency. When that frequency is excited by
an external force, the tuned mass damper resonates out
of phase with the structural motion, hence dissipating
the energy [1]. Tuned mass dampers have been used in
many applications such as crankshaft torsional dampers,
steering wheel torsional dampers etc. In another paper
[2], a simulation model of a centrifugal pendulum absorber
has been presented which has been analyzed to reduce
vibrations within the drivetrain. The author [2] provides a
list of limitations to the simulation model, such as Coriolis
forces are neglected, only torsional vibrations have been
considered, only one vehicle configuration with a single
gear and 6 cylinders have been used for simulation etc.
In the above-mentioned study, the author placed masses
on rollers on either side of a flywheel at an offset from
the carrier. The carriers have cutout paths on which the
rollers move so that the masses act as pendulums. When
the flywheel is connected to the gearbox and engine,
centrifugal forces are generated from the rotation of
these pendulum masses at different velocities and are
used to regulate unwanted torsional vibrations originating
from the firing pulses of the engine [2]. The author consid-
ered epicyloidal paths for the rollers to induce tauto-
chronus motion, that is, the same oscillatory frequency
through the range of amplitudes [3]. The author [2] illus-
trated a multi-body dynamics model for the flywheel
subsystem and used a scripting software to define the
epicycloidal curved path which the pendulum masses
follow during the drivetrain simulation. The centrifugal
forces produced with these masses are directed towards
the center of flywheel which helps counter the incoming
torsional vibrations. The author [2] concludes by listing
the limitations of the simulation model and describes
areas for improvement. The future work recommended
includes improvement in the centrifugal pendulum
absorber geometry by including cutouts, end-stops,
rollers, mirrored masses etc.

Application and development of semi-active dampers
have been presented in [4]. A numerical method to build
semi active dampers to control the appropriate tuning of
tuned mass dampers has been discussed. This model has
been developed to be applied in bridges to control/
dampen the lateral vibrations of long suspension bridges.
The initial numerical model is built using a simple 2 degree
of freedom system, the 1%t degree of freedom repre-
senting the structure and the other degree of freedom
representing the tuned mass damper. An additional
damper is placed in the system between the structure
and TMD which has a control switch. The model works

on the principle that when the velocity of the TMD and
the displacement of the structure are in same phase then
the control of the semi-active damper remains off and
when they are not in opposite phase then the control is
switched on which then allows the semi-active damper
to either create impulses causing a phase lead or locking
the mass of the TMD causing a phase lag [4]. Author [4],
has also presented numerical modelling of semi-active
dampers for multi degree of freedom structures. This
principle has been used to model the MDOF system for
this paper as a starting point.

Active mass dampers have been developed for
slender structures, high-rise buildings, bridges, and auto-
motive vehicles. It works on the principle of accelerating
masses to generate inertial forces, with a control loop to
regulate this movement and dampen input vibrations.
One such application has been presented in [5]. In this
paper, the author has presented the working principle
and development of an active mass damper for bridges.
The focus of the paper is on the lateral vibration reduction
of bridges due to pedestrians, and the flutter control of
a bridge deck section. Author has also presented a test
setup to validate the functioning of the developed active
mass damper. The rotating mass unbalance presented in
[2] is the main principle used for developing the virtual
force cancellation technique presented in [3]. These forces
can be controlled by the number of unbalanced rotating
masses [5]. In the rotating unbalanced mass system
presented in the paper, the system relies on the fact that
there are two actuators on both sides of the device with
masses attached to a rod which rotates with same
angular frequency in the opposite direction. The centrif-
ugal force generated is the sum of two vertical forces as
the horizontal components cancel out each other. An
assumption here is that the rod connecting the mass to
the actuator is massless. The author [5] also illustrates
that the direction of the generated centrifugal force can
be manipulated by changing the relative position between
the left and right rotors. The paper also mentions the
additional moments created in the model and how they
can be eliminated to generate pure horizontal control
forces. The author describes combinations of damper
units for various applications.

In another paper [6], authors have theoretically
modeled an active mass damper with negative accelera-
tion feedback control of single degree of freedom struc-
ture, shown theoretically and experimentally through the
application of the NAF [6] control algorithm to reduce
vibrations in multi degree of freedom structures. The
authors have used AC servo motors controlled by PID
controller to control the movement of the active masses.
A multi-input and multi-output feedback control for vibra-
tion suppression in buildings has also been proposed in
[7]. The authors have modeled a negative acceleration
feedback control to support multiple accelerometers and
multiple active mass dampers. This has also been vali-
dated theoretically and experimentally using a 2-story
building like structure [7]. Chang and Yang [8] have also
presented a closed loop control system to control vibra-
tions in building structures modeled as a SDOF system.
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Active tuned mass damper with velocity feedback and
complete feedback has been presented in the paper [8].

Samali and Al-Dawod [9], have presented a five-story
benchmark model with active tuned mass damper
controlled by a fuzzy control. The advantage of fuzzy
controller being its ability to handle nonlinear behavior
and robustness. The authors have also compared active
control between a fuzzy controller and a LQR controller.
The benchmark model has been analyzed under earth-
quake excitations. In conclusion from the research study,
it was found that response reduction using fuzzy control-
lers is comparable and, in some case, better than LQR
controller although one needs to have good knowledge
base and an expert understanding of fuzzy logic to build
the control system [9]. Active control of coupled struc-
tures has been demonstrated in [10]. Acceleration
feedback control and DC servo motor have been used to
design and validate the control system developed [10].
H2/LQG approach has been implemented to design the
control strategy and minimize accelerations in both
building structures under seismic excitations. In another
paper [11], active mass dampers have been modeled using
rotating actuators. A mathematical model has been
derived to suppress vibrations in SDOF system due to
external excitations. In this paper [11], Lagrange equations
have been used to derive the system of equations and
hierarchical sliding mode controller has been presented
to control the state variables. Numerical and experimental
analysis has been performed to validate the model and
reduce vibrations in the system due to external excita-
tions. Vertical vibrations in the system are neglected as
they are deemed to negligible in comparison with the
horizontal vibrations in the system presented in the paper
[11]. The forces generated by an actuator in an ATMD
controlled by linear quadratic Gaussian controller has
been presented by Young-Moon Kim et.al. [12]. The
authors have presented a composite tuned mass damper
controlled using LQG controller to minimize vibrations
due to wind responses in tall buildings. A composite tuned
mass damper consists of both passive and active tuned
mass dampers which are used to suppress the vibrations
in a structure. In control theory, optimal control is deduced
when all states of the system and output are a combina-
tion of all the states [12]. Due to the random nature of
the wind induced vibrations, the input and output are a
function of random vibrations with a constant power
spectral density of Gaussian white noise and an observer
is modeled to estimate all the state variables of the
system. LQG controller is used to define the system of
equations and state variables in which the linear dynamic
system is a function of Gaussian white noise with constant
power spectral density. An active hybrid control, which is
a combination of an active tuned mass damper and base
isolation has been presented in [13]. A proportional integral
derivative (PID) controller with negative feedback error
closed loop has been used to control the system under
earthquake excitations. The required control forces are
computed using feedback error which is calculated as the
difference between desired response and actual output
[13]. A simulation model has also been presented in the

paper. In addition, a few more articles related to control
system design and its application in automotive struc-
tures have been researched. [16], highlights the use of
active disturbance rejection control to mitigate vibrations
in electric drive systems of electric vehicles. The authors
focus on vibrations due to impact such as potholes and
bumps and reducing them with use of active disturbance
rejection and electric current compensation. The electric
current compensation helps in managing the sudden
changes in the motor current during impact. A set of data
on electric drive system response with and without the
active vibration control has been presented. Stabilization
of the current variation using current compensation tech-
nigue has also been demonstrated. The design and
construction of car’s body and the perception of vehicle
dynamics felt by the occupant has been presented in [17].
Experimental studies conducted on the car’'s body and
drivers’ response to driving on various road surfaces have
been presented. The authors observed that certain
frequencies and amplitudes of vibrations were more
strongly associated with specific driving characteristics,
such as acceleration, braking, and cornering. Study
concluded that low frequency range vibrations from
4-8 Hz were influential in determining the driver’s percep-
tion of the driving dynamics. The paper suggests that by
reducing or modifying specific vibrations, manufacturers
may be able to create a more desirable driving sensation
that aligns with the intended performance characteristics
of the vehicle. Overall, the article highlights the role of
feelable structure vibrations in shaping the perceived
driving dynamics and emphasizes the potential for car
manufacturers to leverage these insights to improve the
overall driving experience for their customers.

Derrix, D. and Prokop, G. [18], have investigated the
impact of body stiffness on the drivability and dynamic
behavior of a vehicle through on-road experiments. The
authors observed that higher body stiffness was associ-
ated with improved steering response, increased stability,
and reduced body roll during cornering. On the other
hand, lower body stiffness resulted in a more comfortable
ride but potentially compromised the vehicle's handling
and responsiveness. The paper concluded with high-
lighting the importance of finding an optimal balance
between comfort and performance when it comes to
adjusting body stiffness.

Even though physical prototypes have been built in large-
scale, small-scale units for implementation in cars is new
and limited. The control system designed to control this
system is proprietary to the corporations building these
products. Therefore, limiting the application of these
products in vehicles as physical prototypes. Also as
mentioned above, majority of the research has been done
in civil structures with rectilinear actuators. Different
control algorithms have also been researched in past to
control the systems and state variable each having their
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advantages and disadvantages. Having a control system
design integrated with finite element modelling will help
build a virtual tool which can be used as a directional/
predictive tool to aid in vehicle product development and
suppress vibrations in automotive structures. The objec-
tive of this research is to research active force cancelation
technigues and develop a virtual tool which works on the
force cancellation technique using centrifugal force gener-
ation with imbalance mass and provide a directional input
to the engineers to identify the percentage of amplitude
reduction for the vertical shake issue for a given imbal-
ance weight and eccentricity. This knowledge helps the
automotive engineers to determine a packaging scope
of an Active CFG and the weight penalty to the program
for a percentage improvement in ride performance. The
proposed research also shows the working principle and
characteristics of a DC motors which are used in this
system to drive the actuators used to generate the
cancelation forces. This is essential to understand the
equations used in the simulation model blocks of the tool
to define the cancellation force actuator. Finally, a study
to identify the optimum location for the tool has also
been presented showing the results for different
locations.

3.1. DC Motors

Figure 1 shows a circuit containing current, resistance,
inductance, source voltage and back EMF voltage.

Vv, =R*i(t)+L*d(;(tt))+VB M

V; is source voltage, R is armature resistance, i(t) is
current at given time, L is armature inductance and Vg is
back EMF.

Ve = 0*Kp )

Cricune 1 [T
oy ;
£

“O

)
<
w

w is rotation velocity of the shaft and Kj is back
EMF constant.

T=J%a 3)

T is Motor Torque, J is Moment of Inertia and o is
rotational acceleration

T =K, i(t) ()

K; is motor torque constant

From equations (3) and (4),
Kp*i(t)=J=a(t) ()

From eguations (1) and (2),
VS:R*i(t)+L*d(;(tt))+(KB*a)(t)) ©)

From equation (5),

From equation (6),
d(ift)) Vi =R*i(t)=(Ks * (1)) ®)
a L
Integrating equations (7) and (8) with Initial

Condition = O over time period,

o(t) = o(0)+ T+ (i(e)) ot )

And

i(t):i(0)+%*f{vs—R*i(t)—(KB*w(t))} (10)
»(0)=0andi(0)=0

From equation (10), @ varying with time has been
calculated for a given current varying with time, source
voltage, resistance, inductance and constant Kj.

However, the above set of equations represent a
theoretical DC motor than a practical DC motor as friction
is assumed to be 0. Next, the equations for a more prac-
tical DC motor which includes friction have been derived.

T-(B*o)=J*o (1)

Where, B¢ is the rotational friction damping
coefficient.

From equations (4) and (1),
Kr*i(t)= (B * @)= J*a(t) (12)

Assuming for now, Ky = Kg = K
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Therefore equations (6) and (12) can be written as

VS=R*i(t)+L*d((;(tt)+(K*w(t)) (13)
K*i(t)—(Bf *a)(t)) = Jxa(t) (14)

Taking Laplace of equations (13) and (14)
Vi =Rx(s)-Luswi(s)=(Kxs+6(s))=0 (15
Kei(s)=(:#s0(s)) = Jxs*+0(s) (1)

I(s) and s = e(s) are Laplace transform of
i(t) and w(t) respectively and initial conditions are consid-
ered to be 0.

From equation (16),

I(s) = (5*9(5))“;((“5*&) (17)

Substituting equation (17) in equation (15) and since

s+0(s)=6(s),

v ={(L*5+R)*(J*S+Bf)+K}*é(s) (18)

K
Which gives,
.\/5 ={(L*S+R)*(J*S+Bf)+K} (19)
0(s) K

This can be rewritten as,

6(s) K
= 5 (20)
V, (L*S+R)*(J*S+Bf)+l<
Assuming i and w as state variable,
ézK/J*i—EV*wzd—w (27
J dt

And,
di _ /_R K 22
- 4*1 4*0) (22)
This can be written in state space form as,
—&/ K 0
C(Ijt|:a):| = KJ ? *{w}+[y:l*vs (23)
i — — |
LN L

This can now be represented in the simulation model
as shown in Figure 2.

m Representation of the DC motor.

Load Torque2| || l i

Armature

\ V_emf . Load
~J

3.2. CFG Working Principle

In this section, the fundamental principle on which the
force cancellation is based on has been discussed. One
must define mass imbalance and dynamic behavior of a
system under the influence of mass imbalance. An imbal-
ance mass m, is introduced and the lumped mass as m,
is assumed which is located at a distance of e which is
termed as eccentricity. Figure 3 describes the system.
Figure 4 describes the free body diagram of the system.
From this system the equation of motion can be derived
as following,

A single degree of freedom (SDOF) system consists
of lumped mass m, spring stiffness k and damper c. Force
f is applied to the right-hand side of the system and
equation of motion can be defined and acceleration,
velocity and displacement can be computed as following,

mk(t)+o’<(t)+kx(t) = f(t) (24)

m SDOF System with Unbalanced Mass

Frictionless surface

m Free Body Diagram

>

6

fi=

fa=
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Which gives,

%(t)= (f(t) —~cx(t)- kx(t))/m (25)

Where X(t)is the acceleration, x(t) is the velocity

and x(t) is the displacement of the lumped mass under
forced excitation f(t). Applying Newton’s second law to
the SDOF system with mass imbalance,

ZF:mZ*%=mz*a%+mz*% (26)
=> m,X +m, [(é—eéz)é+(eé+2éé)é} (27)

where € =¢€ =0 since arm length does not change
over time and 6 = @ which is a constant.

=> M,Ki —m,ed’6 => é = Cosati +Sinwt]  (28)

=> M¥i — e’ (Coswtf + Sinet ]) +mygj (29
Resolving in X and Y components,

S, = MoK - m,ew’Coswt = XFo, (30)

XF, = ~m,ea’Sinwt + m,g (31)

Since one is interested in the X direction only for this
paper, this can further used as

YF, =mX=-XF, =-mX+meo’Cosat (32)
Which gives,
(m1 + mz)k = mew’Coswt (33)

Considering the forces due to the damper and spring
from Figure 3, equation (33) can be rewritten as

(m1 + m2)>'<' = m,ea’Cosat — kx — cx (34)

Note, m,ew?Coswt is the centrifugal force whose
direction depends on the rotational direction of the imbal-
anced mass. In this paper, it is used to provide counter
force to the external force to reduce acceleration, velocity,
and displacement of the system.

In this section the Single degree of freedom system and
its definition in a virtual simulation model and its behavior
under external force excitation has been discussed. Force

cancelation using the force actuator definition and how
the accelerations, velocities and displacements can
be cancelled for an ideal system (no losses) has also been
illustrated. The equations and findings from the previous
section to define a virtual simulation model consisting of
a SDOF system with external force excitation and a DC
motor with a PID controller to feed into a force actuator
used to cancel the external force in real time have also
been shown. Figure 5 shows a single degree of freedom
representation in simulation model. To cancel an unit force
excitation, equal and opposite force is introduced into the
system. Figure 6 shows calculation of equal and opposite
force based on the output response from the single
degree of freedom system which is fed back into the
system to cancel the initial force. The phase lag error
between the excitation force and cancellation force is
controlled using a PID controller. This is the most simplistic
representation of force cancellation in theory and is
shown in Figure 7.

The actuator represents the physics of centrifugal
force generation using imbalance mass. The difference in
response output measured in terms of acceleration when
the actuator is switched off and the response output
when it is switched on has been compared. Learnings
from sections described earlier have been applied in this
section to come up with this virtual tool. Some of the key
differences between what is represented in this section
vs the model described above is the use of a DC motor
to generate the angular velocity used by the centrifugal
force actuator to generate the cancellation force and
create a closed loop system which helps in reducing the
response output for a given force excitation to a SDOF
system. Using these learnings from one can represent
the SDOF system with the mass imbalance in state space
form as following,

Assuming the same system described in Figure 3 for
which the equation of motion is described in equation
(34). Therefore, in state space form,

m SDOF System

Forcing Input Signal

Gain Integrator Integrator

Displacement Output t)

Velocity Output
Kcceleration Output—

| Subsystem 1

m Cancellation Force representation

(D
Acceleration Input from Subsystem 1 [

! [ ] 1k

<<y U 3 <

™ Force Output to cancel acceleration output of subsystem L_‘)

w (rpm) output for generating the cancelation force l

Subsystem 2
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Force Cancellation for ideal SDOF using PID

Controller
\ ‘ [ 9
PID Controller + + Phase aflex force calculated to
- | negate the
== [ e,
—7 } = {iF through
‘onstant — = i SDOF symem
E\p\l”v nj " ') - — a
g Y B A L Qp—
response [
El’lﬂ;’np“' I ' *‘; r T 4 ./,, .J i)
T Response generated through
J — . SDOF sy;lemroxg&veu input force.
B—0 L - Compultg non-Active CFG response
Response without Active CPG— 'IJ 'vs Active CFG response for SDOF
X =Ax+Bu;y =Cx+Du
Y 35)
Where,
0 1 0 0
_m7+m2 my+m, my,+m, m1+m2_
1 0 0 0 (36)
0 1 0 0
C = —k —C sD = 1 1 ’
my+m, m;+m, my+m, m;+m,
0 0 1 1

This can be represented in simulation model using
the state space block and filling up the A, B, C and D
matrices from equation (36) as shown in figure below.

m State Space Form of SDOF System

State Space
State-space model:

| dx/dt = Ax + Bu
N \:_\-\~I¢u P y=Cx +Du
y=Cx+Du
A

[0 1; -k/(m1+m2) -c/(m1+m2)] [E
B:
[0 0; 1/(m1+m2) 1/(m1+m2)] |:
for
[[10; 0 1; -k/(m1+m2) -c/(m1+m2); 0 0] |
D:
[00; 0 0; 1/(m1+m2) 1/(m1+m2); 1 1] i

Next, an input to the system has been defined. This
will represent the external excitation of the force into the
SDOF system defined in state space. Referencing funda-
mentals of state space system, it can clearly be seen that
from the system defined in equation (36), the B matrix is
of dimension 2X2 which means that 2 inputs to the
system are required. Out of the 2 inputs, the 15t will be the
external excitation force and the 2™ will be the actuation
force coming from the centrifugal force generator which
will be defined ahead. This would be the cancellation force

used to cancel the external force to reduce the response
of the system. Prior to this the state space system being
excited by an external force has been tested to see if it
correctly generated the desired output. For now, the 2™
input has been kept zero the state space system has been
excited with a sinusoidal input of 10 Hz and amplitude of
7000 N. For this test, mass m; = 200 Kgs, m, = 0.2 Kgs,
k =1000 N/mm and ¢ = 3.8 Ns/mm have been assumed.
After validating the system, the next step is to define a
block to measure the frequency of excitation and a DC
motor as described in section 3.1. In addition, an actuator
has also been defined which will take the angular velocity
generated from the DC motor output shaft to then
generate a force which will eventually become the cancel-
lation force. The PID controller inside the DC motor will
help control the angular velocity of the shaft based on
input voltage and load torque.

A PID controller could have been used directly to
control the output response from the system and
generate a signal to cancel the excitation but that would
not serve the practical purpose as in reality an external
motor with an actuator is needed to generate the force
that can reduce the response from the system. Figure 9,
shows the system with DC motor, CFG actuator and
frequency counter added to the system.

The tool also includes a switch to see the response
with and without the cancellation force coming through
the CFG actuator. For test, an external force excitation
has been added in form of a sinusoidal wave of amplitude
7T KN and frequency of 10 Hz shown in Figure 10. The
simulation is run for 1 second and since for a given motor
torque is proportional to current and back emf is propor-
tional to rpm therefore a standard DC motor has been
used with following numerical values of the coefficients.
L = 0.5 Henrys, R =2 Ohms, Kf = 0.2 Nms, Kb =01, J =
0.02 Kgm2/s2 and Km = 0.1.

The switch is turned on at 0.07 seconds and the
actuator supplies the cancellation force generated from
the angular velocity achieved for the DC motor used.
Figure 11 shows the time taken by the DC motor to
achieve 10 Hz speed which is equivalent to 60 rps. It takes
about 0.13 seconds to achieve a steady state of the
velocity. The maximum centrifugal force generated for
given mass and eccentricity and this angular velocity is

Y SDOF Active CFG Virtual Tool

DC Motor
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m Sinusoidal Excitation Force

Amplitude (N)

Time

m Angular Velocity Output from DC Motor
Controlled by PID

m Excitation Force vs CFG Cancellation Force

Amplitude (N)

Time

m Acceleration Response Output with Amplitude
Reduction

Frequency (Radians per sec)

Time

about T KN. Due to the time taken by the DC motor to
achieve steady state, there is a slight difference in
frequency of the CFG force and the external force and
since this is a transient analysis, some cancellation to
reduce the acceleration response is expected but not
complete O and the force reduction from the force output
through the system has also been checked.

Figure 12, shows a comparison of the external force
with the CFG cancelation force which starts its maximum
amplitude at about 0.13 seconds as it is proportional to
the time taken by the DC motor to reach its steady state
velocity of the shaft.

Figure 13 shows the acceleration response when the
CFGis switch on. A reduction in the response output and
the force has been observed.

For complete cancellation the time taken by the DC
motor to achieve the steady state needs to be minimized
thereby reducing the difference in frequency between the
excitation force and the CFG force. Theoretically if the
frequency is identical then the cancellation will be 100%
but, there will be some loss due to time lag required for
achieving steady state of the velocity. This can be optimized
further to improve performance by tuning the PID controller

f\
| |
J‘ Il 51% Reduction in Amplitude using Active CFG tool
s00
l N \ |/
1 NN NN i

t

Amplitude (mm/s?)

Time

better but for this test it was not done as the objective
was to see if the tool is performing the cancellation to
reduce the output through the system which it did achieve.

In the next sections, a deep dive into MDOF system
has been shown staring with defining a truck frame and
illustrating the state space model of the frame using finite
elements, scripting and FEM. Use of the virtual tool to
simulate and cancel responses for this truck frame has
also been shown.

With the learnings from all the previous sections, a state
space model for a full vehicle truck frame with multiple
degree of freedom has been defined in this section. The
first step in this is to model a finite element model of a
169-inch wheelbase truck frame. Figure 14 shows the finite
element model of the truck frame. After model checks,
the first step is to run the normal mode analysis to deter-
mine the first bending mode of the frame. A full vehicle
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m Finite Element Frame Model

issue has been identified in this vehicle which was a vertical
shake issue which has been observed at around 8.5 Hz at
a full vehicle level. This is primarily due to high amplitudes
above the target due to the vertical bending mode of the
full vehicle which at frame level is noted to be at around
19.7 Hz and therefore the objective has been defined to
reduce the output acceleration amplitude at the bending
node of the first bending mode of the frame. To work with
this problem without making it computationally expensive
the full vehicle has been stripped down to frame level
without any trims and the issue has been addressed at
this stage. The finite element model has a total of 156271
elements. Total mass of the frame is 295 Kgs. The model
details and degradation concerns have been summarized
in Table 1 below. The frame is excited at the suspension
location in Z direction to induce bending mode and the
CFG is placed at the center node of the frame cross
member to cancel/reduce the maximum amplitude for
the bending mode. Figure 15 shows this configuration and
the location of the force excitation, Active CFG location
and the response output measurement point. This model
is then converted to modal domain to reduce computa-
tional time and the mass, stiffness, damping and force
matrices have been extracted using DMAP in FEM
software. This is then represented in state space format
and modal superposition has been used to compute the
response with the Active cancellation switched OFF and
then switch ON at about 0.4 seconds. The simulation is
run for 2 seconds. Figure 16 shows the time taken by the

TABLE1 FE Model & Issue Summary

Mode Size 156271
Weight 295 Kgs

Issue Vertical Shake
Problem Frequency in Vehicle 8.5Hz

Bending Mode - Full Vehicle 8Hz
Bending Mode - Frame 19.7Hz

m Loading, Response and Active CFG Locations

Force Excitation Location
B Active CFG Location
. Response Measurement Location

o

m Angular Velocity Output from DC Motor
Controlled by PID

Frequency (Radians per sec)

PID controller to control the required angular velocity and
stabilize it. Figure 17 shows the amplitude reduction once
the Active cancellation is switch ON.

A sinusoidal excitation force of 10 KN is introduced to
the system to excite the truck frame at the bending
frequency of 19.7 Hz. The imbalance mass is assumed to
be 2Kgs for the truck frame weighing at 295 Kgs. The
eccentricity is assumed to be 250mm. Figure 17 also depicts
when the Active CFG tool is switched OFF initially, the accel-
eration output is high and after it is switched on at about
0.4 seconds, it then takes about 0.2 seconds for the PID
controller to stabilize the angular velocity of the output shaft
in the DC motor. Following this the amplitude reduction of
about 55% is observed in the acceleration response output.

Following this a study has been conducted to identify
the optimized location of the virtual tool which would provide
the maximum amplitude reduction. To identify this location,
multiple locations were selected based on the packaging
constraints of the program. Figure 18 shows 9 locations that
were initially identified. The reduced mass, stiffness and
damping matrices were extracted from FEM using DMAP
for all the 9 locations and the state space system repre-
senting each of the 9 iterations were created using scripting.

Acceleration Output Reduction Using Active CFG
Tool
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The response amplitude improvement and the stabilization
time for the controller have been presented in a bar chart
format as seen in Figure 19. Figure 20 shows the acceleration
output reduction location 4. In addition, it has been observed
that placing the ACFG tool in any location may not show
positive reduction and based on the mode shape and the
load path may result in negatively impacting the perfor-
mance as shown in locations 3, 5 and 6. Also the time take
by the controller to stabilize the angular velocity of the DC
motor to compute the cancellation force from the actuator
varies. As seen in Figure 19, the least time taken for stabiliza-
tion is at location 6 but it negatively impacts the perfor-
mance. The next best solution from the stabilization perspec-
tive is for location 7 which shows about 37% amplitude

IEIIREY Loading, Response and Active CFG Points for
Optimum Location Identification

Force Excitation Location
B Active CFG Location
s Response Measurement Location

m Response Amplitude Improvement &

Stabilisation Time Chart

Response Amplitude Improvement &
Stabilization Time

Percentage Improvement in Peak Amplitude Stabilization Time for Controller

Higher the better
Lower the better

0.126
0.127

12%
6%

-3%

m Acceleration Output Reduction Using Active
CFG Tool for Location 4
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“I'“ I “ ‘!”'r“l,'w"\"n‘\ “'
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l\'i H 'h HHM

Amplitude (mm/s?)

Time

reduction. This highlights a requirement to have a balance
between the amplitude reduction improvement and the
time taken to get this improvement. This tool helps the
engineers to plan the design of the structure and use of
ACFG more accurately and answer the questions related to
how much improvement can be achieved virtually for a given
imbalance mass, eccentricity and DC motor properties and
finding the most optimum location prior to constructing a
physical prototype.

In conclusion fundamental principles of mass imbalance
and DC motors have been presented and a SDOF system
representation has been shown in the simulation model.
A virtual tool for active force cancellation using CFG prin-
ciple has been demonstrated and its successful imple-
mentation for a SDOF system has been shown.

It has been concluded that the frequency of the exci-
tation force needs to match the angular velocity of the
DC motor shaft for effective cancellation. Additional obser-
vations showed that minor phase lag between the excita-
tion and cancellation forces result in cyclical reduction and
amplification of the final output, therefore an additional
inclusion of error correction was deemed necessary for
consistent reduction without any amplification of the final
output. The study also concluded that for a given imbal-
ance mass and eccentricity which is limited due to product
cost, weight and size requirements, only partial reduction
of final output response can be achieved instead of 100%
negation of the amplitudes which is only possible theoreti-
cally but not practical for the actual program.

A finite element model of a truck frame has been
built and reduced in modal domain and represented in
simulation model by extracting the mass, stiffness,
damping, eigenvalue. displacement and force matrices
using DMAP from FEM and scripting. It has been observed
that solving the system of equations for the finite element
model in physical domain is computationally very expen-
sive as the matrices were huge, therefore reduction of
the model using eigenvalues in modal domain helps
reduce the computation time significantly without
compromising on the accuracy of the solution. Successful
demonstration of amplitude reduction for a truck frame
at the bending frequency has been shown using the
Active CFG tool and modal super position principle. This
study helped in identification of the imbalance mass and
designing the physical prototype required for achieving
required percentage reduction in the output response for
vertical shake issue presented in the vehicle.

Finally, an optimum location for placing the ACFG tool
has been shown highlighting the percentage of amplitude
reduction improvement and time taken for the controller
to stabilize the angular velocity of the motor shaft for
actuation for given imbalance mass, eccentricity and DC
motor properties. This helped in designing the fixture and
identifying the best package and manufacture feasible
location to place the physical prototype on the frame.
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TMD - Tuned Mass Damper

CFG - Centrifugal Force Generator

ACFG - Active Centrifugal Force Generator
MDOF - Multiple Degrees of Freedom
SDOF - Single Degree of Freedom

ATMD - Active Tuned Mass Damper

LQR - Linear Quadratic Regulator

LQG - Linear Quadratic Gaussian

PID - Proportional Integral Derivative

DC - Direct Current

EMF - Electro Magnetic Force

DMAP - Direct Matrix Abstraction Program
FEM - Finite Element Model

NAF - Negative Acceleration Feedback
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