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Abstract

Wheel force transducer (WFT) is a tool which can measure the
three-axis forces and three-axis torques applied to the wheel in
vehicle testing applications. However, the transducer is generally
mounted on the wheel of a moving vehicle, when abruptly acceler-
ating or braking, the mass/inertia of the transducer itself has extra
effects on the sensor response so that inertia/mass loads will be
detected and coupled into the signal outputs. This is the inertia
coupling effect that decreases the sensor accuracy and should be
avoided. In this paper, the inertia coupling problem induced by six
dimensional accelerations is investigated for a universal WFT.
Inertia load distribution of the WFT is solved based on the princi-
ple of equivalent mass and rotary inertia firstly, thus then its im-
pact can be identified with the theoretical derivation. FEM simula-
tion and experimental verification are performed as well. Results
show that strains in simulation agree well with the theoretical
derivation. The relationship between the applied acceleration and
inertia load for both wheel force and moment is the approximate
linear respectively. The relative errors are acceptable within less
than 5% and the maximum impact of inertia loads on the signal
output is about 1.5% in the measuring range.
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When the vehicle is moving on the road, three-axis forces and three-axis torques are applied to the
wheel, which is longitudinal force F, , lateral force F,, vertical force F,, heeling moment M, twist
torque M, , and aligning torque M, , respectively. The interaction between the tyre and ground is
represented by these forces, and therefore, sensing the wheel forces/torque is quite significant in
vehicle testing field (Iombriller and Canale, 2001; Mokhiamar and Abe, 2002; Pavkovic et al., 2009).
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To gain the time histories of these forces, the famous multi-axis wheel force transducer (WFT)
which offers the capability of acquiring load data at the spindle of a vehicle, has been promoted
extremely by researchers and engineers with great interests (Weiblen et al., 1999; Zhang et al., 2011;
Lin et al., 2014).

Generally, as an on-board instrument for wheel forces measurement dynamically, the WFT con-
sists of a multi-axis force sensor (MFS) in which an elastic body can deform under the applied forc-
es (Liu and Tzo, 2002; Song et al., 2007). Measurement of the elastic deformations by appropriate
transducers yields electrical signals from which the force components are derived. From all begin-
nings on the multi-axis force sensors, researchers are making great efforts to reduce the cross cou-
pling errors in the dimensions. Techniques are mainly covered by two categories, one is the struc-
ture optimization that force/moment self-decoupled transducers are designed to eliminate the cou-
pling interferences (Kim et al., 2003; Wu et al., 2011a), the other is the signal decoupling that mul-
ti-axis coupling interferences are reduced by using various data algorithms and related methods (Ma
et al., 2013; Lin et al., 2013; Chen et al., 2014). Apparently, a well-designed structure with optimi-
zation is the primary target while the signal processing is always acting on the basis of structure
decoupling. In general use, these MFS are small and their structure analysis is always under ap-
proximate static state, which means the inertia/mass of the sensor itself exerts little influence on
sensor response or the signal processing is fully able to cope with it. Reports have shown that a
great number of these MF'S have quite good performance in many applications including the wrist
sensors in robot arms (Kim et al., 2003; Wu et al., 2011b; Ma et al., 2013).

However, when applying a MFS into the vehicle wheel and make it to be a WFT, one critical is-
sue is that the inertia effect of WFT can be non-ignorable due to the large mass (Zhang et al.,
2012). Since the WFT is typically mounted on the wheel of a moving vehicle, especially on a high
speed car when abruptly accelerating or braking, the mass/inertia of the transducer/wheel itself will
have extra effect on the sensor response. The inertia loads will be detected and coupled into in the
signal outputs as well, causing the sensor accuracy to decrease. In recent years, this inertia coupling
effect is highly drawing more and more attentions of researchers. Herrmann et al. (2005) have made
an investigation on mechanical properties of WFT during different driving manoeuvres, inertial
impact on data output was firstly identified. Afterwards, a joint project at Kistler Corp. (Herrmann
et al., 2006) was implemented that three different conditions without WFT, with two WFTs and
four WFTs were tested, respectively. It indicated the added mass/inertia of WEFT had more effect
on the spindle loads and accelerations compared to wheel-body displacements. Another similar re-
search was conducted by You (2012) at MTS Corp. Lately, the mass effect of WFT on vehicle dy-
namic response was analysed by using virtual modeling approach, so the frequency shifts and dam-
age changes were pointed out. Until now, researches have revealed the mass/inertia indeed have
impact on data output, that is, the inertia load under acceleration fields could reduce the output
accuracy, however, no elegant solution is provided to restrain the effect yet, or the proposed signal
processing for inertia decoupling still relies heavily on empirical models of road tests. Nevertheless,
one of this principal causes is that inertial coupling mechanism, including how and what extent it
affects the strain measurement, is not intensively developed structurally or experimentally.

For the reasons presented above, our investigation will put the emphasis on the inertia coupling
mechanism of a WET from the aspect of structure decoupling in the first place. The inertia cou-
pling can be performed using theoretical approach which is verified by finite element modeling
Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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(FEM) and experimental tests. In this paper, a practical case of six-axis WFT with an eight-spoke
structure is also introduced firstly so that the structure decoupling principle is determined. Then
inertia load analysis of the structure with the principle of equivalent mass and rotary inertia is per-
formed, therefore the inertia impact can be obtained. At last, inertia characteristics are identified
and verified with both FEM results in simulation and calculated values in theory comparatively.

2 MEASUREMENT PRINCIPLE OF WFT

Generally, the multi-axis WFTs have quite similar systems consisting of the mechanical structures,
data acquisition and signal transmission system such as the typical WFTs developed at Southeast
University (Figure 1). Some design issues of WFT can be introduced for inertia coupling analysis.

Figure 1: Wheel/WFT coordinates systems (a) and the elastic body of the WET
(b) (developed at SEU refer to Lin et al., 2013; Lin et al., 2014; Chen et al., 2014).

2.1 Moving coordinate transformation

To apply a MFS to be the WFT in wheels, coordinate transformation exists between the spinning
wheel and moving vehicle (see Figure 1(a)). When vehicle is moving, the vehicle Cartesian coordi-
nate ( 0;-X,Y;Z, ) can be transformed into wheel/WFT coordinate located in wheel center
(0, - X,Y,Z,), the relation is given as

F, cosf 0 sinf 0 0 0 F,
Fy1 0 1 0 0 0 o Fy2
F, —sinf 0 cosf 0 0 0 F, (1)
Myl | 0 0 0 cosb 0 sinf||M,
M o 0 0 O 0 1 0 ||M 2
M, 0 0 0 —sinf 0 cosf|| M,

where 6 is the rotating angle of the spinning wheel, subscript 1 and 2 represent the vehicle coordi-
nates and the wheel coordinates, respectively.

As a result of real-time periodic signal with the transfer matrix, the generalized wheel
force/moment on the wheel can be measured and computed. More importance is that if considering
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the wheel coordinate, all the deformations, stress and strain analysis can be carried out by the line-
ar static method. Also the motion vectors as multi-axis accelerations of the WE'T can be considered
to be the static state, and therefore the equivalent mass or rotary inertia can be used in load distri-
bution analysis of the WFT through Newton’s law of inertia.

2.2 Static structural analysis of the sensor

As the core part of a WET, the elastic body structure (see Figure 1(b)) consists of eight elastic
beams, one inner ring and one outer ring. Strain gauges are attached to the elastic beams which are
used to sense deformation, and the two rings are used for force transmission between tyre and wheel
hub, respectively. According to the theory of Material Mechanics, the hypothesis for stress-strain
analysis can be listed essentially:

(1). Comparing to the small elastic beams, the two rings have large amount of mass and they will
have the close fit joints attached to their connections (wheel hub or rim), so the two rings can be
considered to be relatively rigid.

(2). In the process of elastic beams’ deformation, cross section perpendicular to the elastic beam
keeps plane. Also no direct stress exists between the longitudinal fibers when shearing the beams.
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Figure 2: The elastic beam and the deformations (Case.l represents the tensile and compressive deformation;
Case.2 represents the bending deformation; S1-S4 represent the strain gauges
and A-G represent the elastic beams, respectively).

To that extent, the boundary condition of the eight elastic beams will be fixed-end with only sup-
ports shifting. That is, the inner ring is considered to be fixed and the outer ring has one free trans-
lation degree at motion direction, or vice versa. When the six-axis forces are applied to the WFT
individually, stress and deformation analysis can be given as below:

As is the case for a single force at X direction F,, when it is applied to the WFT individually,
beam C and G suffer the tensile and compressive deformations, respectively. Beam A and E are
bending deformations, and the remaining beams B, D, F and H are combined deformations of ten-
sile-compressive and bending, respectively. When a single force at Y direction F, is applied to the
WET, all the beams will produce bending deformations. The case of F, will be the same as F,
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with 90 degrees rotation anticlockwise. Similarly, when a single moment M is applied, beams A
and E are bending deformations, beams C and G are torsional deformations, and the remaining
beams B, D, F and H are the combined deformation of bending and torsional deformations. When a
single moment at Y} direction M v is applied, all beams produce bending deformations. The case of
M, is similar to M as well.

According to the superposition principle in mechanics, the combined deformations can be de-
composed into three basic deformation behaviors including tensile-compressive, bending, and tor-
sional deformations. Since the measurement of torsional deformation always needs a couple of strain
gauges with 45 rotations with respect to the beam axis, we can just select tensile-compressive and
bending deformations (See Figure 2). This makes all the strain gauges be of longitudinal arrange-
ment along each elastic beam so that the torsional effect is removed.

Case.1. Tensile-compressive deformation (Figure 2(a)). In this case, the elastic beam forms the
uniaxial stressed state and the stress relation is given as

F = ETAAJJ =o0,A (2)

T

where V' is elastic modulus, o, is the stress, /is the length of the beam and A = bh is the cross
sectional area.

Case.2. Bending deformations (Figure 2(b)). A relative displacement occurs between the inner
and outer ring, rotation and axial displacement are restricted by the rigid rings. The rotation-
displacement formula of the structure is given as

where M, represents the bending moment, Q,, represents the shearing force, and the I =
bh? / 12 is the geometrical moment of inertia.

Clearly, the stress is uniformly distributed along the beam in Case.1l. But in Case.2, the anti-
symmetric bending load makes an inflection point on the deformation curve so that only shearing
force will exist and the bending moment is approximately zero; the maximum bending moment
occurs at the end of beam.

Consequently, for measurement of bending deformation in Case.2, the strain-gauges can be ar-
ranged at the end of each beam, and the beam’s side where neutral axis exists can be unoccupied.
For measurement of tensile-compressive deformation in Case.l, discriminating measurement is taken
into account so that the strain-gauges are arranged on neutral axis of each beam. Also, a finite ele-
ment verification of the pure theoretical analysis was provided by us (Lin et al., 2014). However,
the significance is that this detailed illustration not only gives the static strain and deformation
analysis of the elastic body, but it will also be significant and applicable for the inertia load analysis
of the transducer.

Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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2.3 Self-decoupling approach and strain measurement

According to the strain and deformation analysis, bridge circuit can be built. Strain gauges on the
elastic body are connected to one bridge per load component and total 32 strain gauges are hard-
wired six full Wheatstone bridges, respectively (See Figure 3). Also temperature compensation will
be achieved. Therefore, multi-dimensional outputs for the self-decoupled WFT is given by
F= GZS or the form of

F, = Gi(e5 +e5 — g3 — &)

F, = Gylerg + &y + 8y + 6y — Ex5 — 5 — €39 — €3)
F, = Gy(g + & — &g — &)

M, = Gy(e7 + €y — & — &3)

M, = Gy(es + e, +6, +e5 —€4 — — €9 — )

where G, represents the calibration coefficient for each individual load, ¢; represents the output of
each strain gauge and ZS is the strain output of the bridge. This determined connection modes of
the bridge can completely eliminate the coupling interference between the six dimensions in theory,
which means each applied force can affect only the output of the corresponding bridge while the
outputs of the other bridges are irrelevant (Lin et al., 2014).

Figure 3: Strain-gauges arrangement (a) and the Wheatstone bridge connection mode.

(b) The numbers of arrangement accord with that of Wheatstone bridge, representing strain gauges.

Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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3 INERTIA INFLUENCE ANALYSIS FOR WFT
3.1 Inertia load distribution

To resolve the inertia influence on WFT, multi-axis accelerations can be investigated individually
based on superposition principle. According to Newton’s law of inertia, the generalized inertia load
is equivalent to the acceleration (or angular acceleration) multiplied by mass (or rotary inertia), so
the inertia load distribution can be derived by static method. Since the inner ring of the elastic
beam is considered to be a fixed-end, the outside parts such as the outer ring, rim, tyre and other
mountings will be the effective inertia/mass.

(1). Inertia load at Y direction. As is the case for a single acceleration at Y direction a, , when
it is applied to the WFT, an inertia force AFy can be uniformly distributed on eight elastic beams
with bending deformations. Each beam will have an extra output coupled into F, signal with

AFy:may/S =/ (5)

where m is the effective inertia-mass outside the elastic beams, 1 = A, ..., H represent beam num-
ber. Similarly, when the angular acceleration at Y direction w, is applied individually, an inertia
moment AM, is uniformly distributed with bending deformations. Replacing m with rotary inertia
J, about Y axis, Eq. (5) can be the inertia load of angular acceleration at Y direction for each
beam.

(2). Inertia load at X or Z direction. When the acceleration ax is applied individually, the load
distribution is

AF, = ma, =2f, + 2f, + 4f, (6)

where subscript A, B and C represent the beam number, respectively. The inertia load is distribut-
ed with tensile-compressive deformations on beam C and G, bending deformations on A and E,
combined deformations of tensile-compressive and bending on the remaining B, D, F and H beams,
respectively. Therefore, the displacements can be given by Hooke's law as

_ N
A 12ET
I 3
Ll -
2FBA ' 24EI
fol
Al, = ¢
¢ EA

As the two rings are considered to be rigid body, beams A, B and C will have equivalent dis-
placements at X direction with the compatibility equation as

Al, = Al, = Al (8)
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Substituting the Eq. (6) and Eq. (7) into the Eq. (8), the inertia load distribution is obtained as

1 Al2
2 241

Al?
fc EfA fB

] Ama, 9)

where ) is the coefficient with respect to A A and L

The case of F, will be same to F, with 90 degrees rotation anticlockwise. Likewise, when the
angular acceleration is applied individually, the inertia load can be given by replacing force AF
with moment AM . Using the same analytical method according to the above steps, inertia mo-
ment distribution of AM, and AM_ for each beam can be solved as well.

Until now, the inertial load distribution of the elastic body under multi-acceleration fields can be
identified and calculated using the equations from Eq. (5) to Eq. (9). For each elastic beam, these
inertia loads will produce extra strains in the outputs. According to Eq. (2) in Case.l and Eq. (3) in
Case.2, stress-strain and deformations of the inertial loads can be also easily calculated by the equa-
tion of ¢ = Fe.

3.2 Inertia decoupling output

Since the WE'T is self-decoupled due to the strain gauge arrangement, inertia interference of elastic
beams will be also reduced by the Wheatstone bridge to some extent. However, the remaining iner-
tia errors may be transmitted and amplified by the calibration coefficient G because the calibration
is always performed under static condition. The model of multi-axis WFT with inertia decoupling
can be obtained by rewriting Eq. (4) as

T 4 ine (ZS Zsine) = KYZS (10)

where F, is the true value of the wheel generalized force, F, is the six output of WFT, Af,  is
the inertia component which is coupled into the output, K; is the modified calibration coefficient,
ZSW is the effective strain output of inertia component in theory which needs to be determined
in the following.

(1). Inertia coupled interference at Y direction. The inertia load AF, will have effect on all 32
strain gauges with bending deformations of each elastic beam, but only strain gauges (No. 17-24
and No. 24-32) on the dual surface of the beams have inertia components coupled into F, output.
The remaining gauges could be easily compensated by bridge circuits (see Figure 3(b)). Therefore

the extra strains which caused by inertia load in the output will have a total value of 8Ae;, with

A AO’FU 0. 5AFZ 3ma l (11)
Ep, = -
W EW,  SEb

where W, = 2I / h is section modulus in bending, respectively.
Similarly, the inertia moment AM , Will make the strains coupled on strain gauges No. 3, 4, 7,
8, 11, 12, 15 and 16 with a total value of 8A€My where

Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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Ao 3J W,
AEMU — My — Yy (12)
~ E 4AEhb?

(2). Inertia coupled interference at X or Z direction. In the case of inertia load AF, , different
deformations occur on beam C and G, beam A and E, and beam B, F, D and H, respectively. The
deformations of beam A and E will have no influence on their strain gauges (No. 1, 2, 9, 10, 17, 21,
25 and 29) due to longitudinal or neutral axis arrangement. Though the combined deformation of
tensile-compressive and bending occurs on beam B, F, D and H with strain gauges (No. 18, 20, 22,
24, 26, 28, 30, 32 and No. 3, 4, 7, 8, 11, 12, 15, 16), the coupled strains caused by inertia can be
compensated by symmetrical structure and bridge circuits yet. Only the beam C and G with ten-
sile-compressive deformations may have interference output on strain gauges of No. 5, 6, 19, 27, 13,
14, 23 and 31. According to Figure 3(b), the extra strain which caused by inertia load AF, is total
of 4Ae;, where

A A
Ae,, = —Fr — Jo__ Ama, (13)
E  EA  Ebh

Similarly, applying the same analysis procedure to the angular acceleration case, the extra

strains which caused by inertia moment AM_ will have effects on strain gauges No. 17, 25, 21, and
29. The result total value is 4Ag,, in which

A kJ d
Ae = O\ _ %Y (14)

The coefficient kis related to A A, /and u (the poisson ratio). Apparently, the inertia component
for AF, and AM, will equal to Eq. (13) and Eq. (14) by replacing 2 with z, respectively.

If the motion information of three-axis accelerations and three-axis angular accelerations can be
detected by such sensor units like six-axis MEMS sensors, the strain and deformation of the WFT
under inertia loads will be easily calculated by Eq. (11) - Eq. (14). Substituting the strain values of
inertia errors into the Eq. (10) and Eq. (4), the multi-axis wheel forces/moments with inertia de-
coupling will be recorded in real time for the vehicle.

4 VERIFICATION AND EVALUATION
4.1 Numerical simulation using FEM

According to the theoretical analysis, inertial errors cannot be completely compensated by the
strain gauge arrangements and Wheatstone bridges because the inertia loads make different defor-
mation and strain output on the elastic body. Fortunately, the elastic body structure of the WET
can be resolved, formula deduction gives the inertia coupling mechanism under multi-axis accelera-
tions. To test and verify the manual derivation, a set of parameters for the WFT can be given as:
an 175/65-R14 tyre with the effective rolling radius of 284 mm, the total wheel mass of about

Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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36 kg including 6.0 kg modified rim, 5.2 kg wheel hub, 10.03 kg tire and 14.52 kg WFT, etc. The
measured wheel rotational inertia I, =1.88 kg-mQ, I =1092 kg-m2 where x; y and z represent
the rotation axis. The average maximum accelerations are about 4 m/s” and 14.1 rad/s> which cor-
responding to the first gear for a passenger car. Calculated loads are approximate 150 N for the
three inertia forces, 30 N-m for inertia moment at Y direction, and 15 N-m for inertia moment at X
and Z direction, respectively. Applying the loads to the elastic body of WE'T, finite element method
(FEM) calculation can be performed.

As shown in Figure 4, results indicate that the deformations and strain of elastic beam agree
well with the analytical inertia load distribution. For inertia load AF, , the normal strain of beam
C, B and A decrease in sequence at X direction. The maximum strain value occurs on beam C and
G with tensile-compressive deformations while the strains on beam A and G with bending defor-
mations are much small. For inertia load AF, , all the beams have same bending deformations with
the maximum value at the end of the beam. For inertia load AM, , all the beams have same bend-
ing deformations which are similar to the case of inertia load AFy . Likewise, for inertia load AM,,
the normal strain of beam A, B and C decrease in sequence at X direction. A maximum strain value
on beam A and E is observed while the beam C and G have much small strains. Detailed infor-

mation of beam can refer to the inset figures in Figure 4 as well.

Figure 4: FEM results of inertia load for AF, (a), AF, (b), AM, (c) and AM, (d), respectively. Inset figures

show the detailed information of deformation.
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4.2 Evaluation of inertia coupling errors

By substituting the parameters into theoretical formulas and extracting the strains in FEM simula-
tion, quantitative and comparative analysis of inertia coupling errors can be achieved. Table.1
shows the strain value under each inertia load individually (values at X and Z direction are equal).
Also, the relative error between theoretical calculation and the FEM simulation can be defined as

|Ut — U

US

< 100% (15)

r =

where v, represents the values of theoretical derivation and v, represents the values of FEM simu-
lation.

Inertia load AF, (AF)) AF, AM, (AM,) AM,
Theoretical calculation (mm/mm) 1.21E-6 4.12E-6 6.95E-9 5.67E-9
Simulation result (mm/mm) 1.18E-6 4.25E-6 7.22E-9 5.85E-9
Errors (%) 25 3.1 3.7 3.1

Table 1: The strain values under inertia loads.

Results indicate that the strain values in FEM simulation agree well with that of the theoretical
derivation for each inertia load. Since all the relative errors are less than 5%, within acceptable, it
confirmed that the theoretical derivation is feasible. Although the errors exist, they are understand-
able and foreseeable not only because the hypothesis made a the pure theoretical derivation, but
also due to chamfering geometric of structure, mesh quality of generation or other constraint rea-
sons in simulation. Nevertheless, if considering a practical measurement range of 10000 N and
4000 N.m , the inertia loads will have the maximum impact on the signal output about 1.5%.

4.3 Experimental verification

To verify the inertia coupling errors, the WF'T can be tested under six-axis acceleration fields. Due
to the practical difficulties and economic reasons, the large six-axis acceleration simulation equip-
ment is improbably built for us, but a three-axis self-decoupled WFET will be adequate for the nor-
mal commercial vehicles (Lin et al., 2014). Therefore, the three-axis inertial load including AF, ,
AF, and AM y will be verified herein. Besides, the linear acceleration test corresponding to AF,
or AF, and the angular acceleration test corresponding to AM, will be designed into two different
devices. For some reasons, details of the devices cannot be made public but a similar description
can be seen in Figure 5. In both tests, the whole WFT is installed on wheel via bolts in the tests, so
the WF'T assembly can simulate real conditions.

For the inertial moment AM, under angular acceleration in Figure 5(a), a special tailored de-
vice containing a motor, a torque sensor and the assembled WFT is established. The motor applies
the torque moment by controlling the accelerating time from zero to the rated angular velocity with
a linear function generator, thus different angular accelerations are obtained. If being so, inertial
moment AM, can be applied to the WEFT and can be fed back by a torque sensor of the motor.

Latin American Journal of Solids and Structures 12 (2015) 1448-1461
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For the inertia load AF, and AF, under linear acceleration, a geotechnical centrifuge (Ng et al.,
2001) is used to simulate the steady state acceleration field. Figure 5(b) shows its diagram where we
see the WFT hanging below the moment arm. The centrifugal force is applied to the center of the
WEF'T as the inertia load AF, or AF,.

% PTTTTTTTY i Moment arm - s
i Torque R S Mass | |
M, semsor | ARRE !
' | Motor { F ! N % !
§ A paft ANy =" i
5 5 o Shaft |
| WFT/wheel . WFT/wheel Motor |

Figure 5: The system diagram of the testing devices used for inertia coupling experiment. (a) The wheel inertia
device used for AM y testing under angular acceleration; (b) The geotechnical centrifuge used for AF, and AF,

tests under linear acceleration.

Figure 6 shows that the wheel force output (longitudinal force F, or vertical force F,) and wheel
moment output (driving torque) are expressed as functions of the accelerations, respectively. It indi-
cates that when the acceleration is increasing, the inertia load indeed have signal coupling output
which can be detected by the sensor or WF'T itself. The relationship between the applied accelera-
tion and inertia load for both wheel force and moment is the approximate linear, respectively. Giv-
ing an insight into the linear fitting curves, the slopes represent the inertial-mass or rotational iner-
tia of the wheel to some extent. The calculated values are 2.11 for inertia moment AM ) 351.2 for
inertia force AF and 340.1 for inertia force AF,. The results are corresponding to the measured
rotational inertia of 1.88 kg.m2 and wheel mass of 36.0 kg. The deviation errors may result from the
mass of the inner ring, the elastic beams of the elastic body, spindle of the test device or other parts
which does not include in the WE'T output. Besides, the deviation of inertia moment AM, between
torque-sensor-output and WFT-output is a little larger than the deviation of inertia force between
AF, WFT-output and AF, WFT-output. Because of different locations of the equipment in AM,
testing, the inertial mass for the torque sensor is a little larger than the inertial mass for WFT.

5 CONCLUSION

In conclusion, we have confirmed the inertia coupling characteristics induced from multi-axis accel-

erations for the WET. The inertial loads can be performed by the proposed theoretical approach

which is verified by FEM analysis. Experimental verification is performed on the inertial loads AF, ,

AF, and AM, for the WFT as well. Several useful conclusions can be obtained as bellow:

(1) Though the proposed WF'T is a self-decoupled, inertial loads cannot be compensated completely
due to the structure and strain gauge arrangements.

(2) Inertia coupling mechanism of a WFT can be analyzed by the equivalent principle of inertia
load, so that the inertia load distribution can be derived by static method.
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Figure 6: Experimental results of inertial load. The signal outputs of inertial moment AMU (a) and that of inertial
forces AF, and AF, (b) are expressed as functions of the accelerations, respectively. Curves are given as polynomi-

al fitting based on original point data.

(3) From the aspect of structure analysis, the inertial errors can be calculated with manual deriva-
tion. With the theoretical calculation, the equations may be coded into decoupling program in
future signal processing and software algorithms for the real time output.

As the inertia loads have inevitable impact on the signal output, it will be of great significance
for accuracy improvement of WFT. The generalized method and the derived formula in this paper
not only give an insight into the inertia coupling mechanism of WFT, but also is used for correction
of the calibration coefficient which obtained under static condition.
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