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ABSTRACT

The analysis, design, construction, evaluation and use of an extended octagonal ring
dynamometer for measurement of draught, vertical force and moment on a simple tillage tool
are presented. The dynamometer was used to measure tool forces as functions of depth, rake
angle and speed, for a wide plane blade.

The dynamometer was designed for a maximum draught of 4.4 kN, vertical force of 4.0 kN
and moment of 2.2 kN-m. Evaluation and calibration showed linear response (R*> = 0.99 to
1.00) for the relationship between applied load and output voltage and no hysteresis effect
within the load range was observed. Actual sensitivity obtained were 0.332 u V/N.V for
draught, 0.726p V/N.V for vertical force and 2.5 p V/N-m.V for moment. Maximum cross
sensitivity was less than 6%. The dynamometer showed expected response of tool forces as
affected by tool depth, rake angle and speed.
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1. INTRODUCTION The extended octagonal ring was
In soil-tool interaction originally developed for metal cutting
investigations for tools of complex machines [7]. It has since been adapted

geometry, it is required to measure three
force components along three principal
axes and three moments about them.
Dynamometers for such systems consist of
individual strain gauges and or load cells
mounted on relevant locations of a frame

that supports the tool, enabling the
measurement of individual forces of
interest or the six  components

simultaneously [1, 2, 3, 4]. For
symmetrical tools, it is only necessary to
measure two force components and a
moment. This can be accomplished by
mounting strain gauges on the tool bar to
form Wheatstone bridges [5]. The
problems with such a technique include
safety of the gauges, low sensitivity and
inaccurate prediction of the performance
of the dynamometer. These problems can
be eliminated by the use of the Extended
Octagonal Ring Dynamometer, EORD [6].

and used in farm machinery applications.
For tillage applications, it has been used
for measuring forces on plane tools in
laboratory soil bins [8] and in field
applications [9, 10]. W.ith specific
mounting arrangements, the dynamometer
has been used for non-symmetrical tool
studies including the determination of
forces acting on a sugar beet topping knife
[11]; direct drilling point evaluation [12];
development of rotary tiller blades [13];
and analysis of forces acting on different
components of a mouldboard plough [14].
In developing a soil bin test facility, it was
required to develop the extended octagonal
ring dynamometer as an integral part of
the instrumentation and control system. A
custom designed and built dynamometer
was necessary because of the peculiar
nature of the soil bin. This paper presents
the analysis, design, construction and
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evaluation of the extended octagonal ring
dynamometer (EORD).

2. THEORY

The EORD is based on the principles of
operation of the simple circular load ring
[15, 16, 17, 18, 19]. Figure 1 shows a
simple circular load ring for measurement
of horizontal (Fx) and vertical force (Fz).

(F,).

Vi

Fig. 1: Simple circular load ring with
wheatstone bridge circuits for strain
gauges (1-8) Vo = output voltage,

Vi = excitation voltage Fx =
horizontal force, Fz = vertical
force.

The external forces acting on the ring, (F,
and F;) and the restriction of one end of
the ring create a moment which varies
with angular position (p) as shown in Fig.
2.
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Fig. 2:  Forces and moment acting on the load ring Fx =
horizontal force, Fz = vertical force, M® = moment.

The moment (M) in the ring of radius R,
at any location at an angle g> from the
point of application of the loads is [6,7]:

_ Fxr{2 . FRcosz
My = S [n sm(b]+—2 1)

forO<d<nx

2 , F,Rcos®
; — sm(b] + T (2)

forO<®d <2x

Therefore when sin ¢ = 2/x (or -2/x), the
bending moment and hence strain in the
ring is independent of Fy. The locations on
the ring where this condition is met form
strain nodes for F,. This occurs at = 0.69
rad (39.54°). Similarly, when cosp = 0,
the moment and hence the strain is
independent of F,, and this forms the strain
node for measurement of Fy(p = /2 rad
or 90°). Strain gauges mounted at these
locations can measure these forces
simultaneously with little or no cross
sensitivity. They are usually connected in
two full Wheatstone bridge circuits (Fig.1)
for self temperature compensation and
high sensitivity.
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Using strain energy theory, the
strain (&) developed in a thin ring is [7]:

_ 6Mp
~ Ebt?

©)

where M, is the moment, E is the modulus
of elasticity, b is the width of the ring and t
is the thickness. If the angular positions of
the strain nodes (¢ = 39.54° and 90°) are
used in equation (1):

|\/|39.540 = 0.3856 FZR (4)
Meo® = -0.1817F.R (5)

Substituting equations (4) and (5) in
equation (3):

2.31FzR

€30540 = T 0% (6)
_, LO9FxR
e900 - i Ebt2 (7)

Thus the strains developed in the ring are
directly related to the forces, provided the
elastic limit of the material is not exceeded
and that there is no rotation of the ring.
Due to the circular nature of the ring, rigid
mountings that ensure this are impossible
unless the outside surface of the ring is
changed to an octagon as shown in Fig. 3.
In so doing, no exact elasticity solution
can be obtained.
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Fig. 3: Simple octagonal ring
dynamometer with strain gauge
locations (1-8) and bridge circuits

Vo = output voltage, Vi =
excitation voltage, Fx =
horizontal force, Fz = vertical
force.

Cook and Rabinowicz [7] found by
photoelastic techniques that the strain node
for such an octagonal ring occurs at ¢ =
50° (instead 0f39.54°) for F, while that for
F, is unchanged, giving the following
equations:

_ 1.4F xR

e500 - i Ebt2 (8)
_ 0.7F xR

E90O - i_ Ebt2 (9)

The point of application of Fx and F,, is
usually away from the centroid of the
dynamometer as Fig. 4, creating a moment
which tends to rotated transducer about the
z axis.

Lz‘
>,

‘ dynamometer

v

9 10
Ed
3
Fig. 4: The extended octagonal ring
dynamometer showstrain gauge

locations (1-2) for horizontal force
(Fx), wvertical force (Fz) and
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moment (My). Vi excitation
voltage. Vo = output voltage.

To prevent this, the ring is extended by a
thick beam, of length 2L. It is possible to
also measure the applied moment by
adding two more gauges each at the top
and bottom face of the ring shown in Fig.
4. The design of such a ring cot be
accomplished by using  equations
developed for circular extended rings [17,
18]. In addition equations similar to [6]
and [7], the strain developed in the ring
and the rotation (a) of ring are:

3M [ 0.36K+0.14
" Ebt? [K2+1.27K+0.5] (10)
B MR[6n(2K+§—24D)] (11)

Eth[K2n+4K+§]

Where:
D = 24 (21( + g) (2K +K) + C (12)

31(2 + K)?
L/R

C
K
The relationships in (10) and (11) are more

useful in graphical form as shown in Fig.
5.

Fig. 5: Moment sensitivity and rigidity
relationship for an extended
round ring. Source: Ref. (17).

For any value of K, two values K; and K;
can be obtained from the graph such that
equations (10) and (11) translate to:

EEbt?

YR K; (13)
aEbt?

MR = KZ (14)

In equations (12) and (13), K; and K; are
strain and stiffness dimensionless numbers
obtained by evaluating the expressions in
square brackets in equations (10) and (11)
respectively. In the original design [7],
there was no provision for measuring Fy,
and My simultaneously and independently.
This can be accomplished by adding four
extra strain gauges on the top and bottom
faces of the load cell [19,20]. In order to
make the transducer output independent of
point of application, plates are usually
inserted between the load cell and the tool
bar and the mounting surface as shown in
Fig. 6a. This shifts the strain node for F; to
34°. The main body of the transducer can
be designed in such a way that the plate is
part of the body (Fig. 6b).
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Fig. 6: The use of plates to avoid point
locating (a) plate inserted between
dynamometer and frame/tool bar
(b) plate made an integral part of
dynamometer.

In general, once the dynamometer is
designed to withstand the applied moment
using equations (12) and (13), the strain
developed due to the forces and hence the
sensitivity can be  obtained by
generalizing equations (4) and (5) as:

K3FyR

E34- = ;btzz (15)
K4FxR

€99 = —;bfz (16)

The coefficients K3 and K, were obtained
empirically as 1.66 and 1.5 respectively by
Godwin [6] and 1.9 and 1.6 respectively
by O'Doherty [11]. The sensitivity (Vo) of
a Wheatstone bridge circuit depends on the
applied or excitation voltage (V,), the
gauge factor (F), the strain developed in
the material (¢) and the number of active
arms of the bridge (n) as follows [21]:

Vo = (17)
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3. DESIGN AND DEVELOPMENT OF
THE DYNAMOMETER

3.1  Design Considerations

The important criteria and requirements
which were considered in designing the
extended octagonal ring dynamometer
were: load requirement and condition;
sensitivity and rigidity; natural frequency
of the dynamometer system; cross
sensitivity; linearity; stability, space and
mounting requirements.

3.2 Design and Description of the
Dynamometer

Two extended octagonal ring
dynamometers (EORD) were designed and
fabricated. One of the rings (EORD1) was
designed for low loads (high sensitivity)
while the other (EORD2) was designed for
relatively large loads (low sensitivity). The
design involved an iterative process.
Selection of initial trial dimensions was
guided by reports in the literature and the
design criteria outlined earlier.

Figure 7 shows details of one of the
dynamometers (EORD1). The design
parameters for the dynamometers are
shown in Table 1.
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Table 1: design parameters for the
dynamometers

Parameter EORD1 EORD?2
Fx, kN 2.2 4.4

F,, kN 2.0 4.0

My, kN, m 1.1 2.2

Gy, Mpa 525 525

E, GPa 69 69

b, m 0.051 0.051
21, m 0.133 0.178
R, m 0.025 0.029
K 2.66 3.11

Ky 0.3 0.27

K 0.18 0.14

Ks 1.66 0.66

K4 15 15
Ring thickness (m) 0.005 0.0064
Rotation, deg 0.62 0.64
Max. Strain, Fy (ustrain) | 905 1336
Max. Strain, F, (ustrain) | 579 873




Nigerian Journal of Technology, Vol. 21, No. 1, 2002
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Fig. 7: Details of one of the dynamometers
(EORDI).

The estimated maximum  loading
requirement of the two load cells are
shown in Table 1. The loads were
estimated based on a maximum tillage tool
size of 15 x 15 cm for EORD1 and 30 x 30
cm for EORD2 and noting that the tool
would be suspended from a tool bar as
shown in Figure 8.

mi
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Fig. 8:  The dynamometer tool bar, tool holder and tool.

Aluminium alloy, 7075-T6 with a yield
stress, oy of 525 MPa and Modulus of
Elasticity, E of 69 GPa was chosen.
To calculate the thickness of the ring,
equation (12) was used, noting that:

Oy
€= ﬁ (18)
where N is the safety factor based on yield
strength (N = 3). The parameters used for
solving for the thickness (t) in equation
(12) and (15) are shown in Table 1, as
well as the thickness calculated.

Equation (13) was used to check for the
stiffness of the rings under the design
loads. Using the parameters in Table 1,
the rotation of the top member of the ring
about the axis for the two were obtained
as presented in the table. These were
considered satisfactory. It should be noted
however that the actual rotation in
practice will be 2 to 3 times the predicted
value due to elastic clamping and bending
[17].

The maximum strain developed in the ring
due to the various loads were estimated by
using equations (12), (14) and (15). The
values obtained are shown in Table 1.
These were considered satisfactory as they
were below the recommended maximum
strain of 2000 micro-strain [15]. The
sensitivity of the bridge circuits were
predicted for the different loads using
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equation (16) and parameters in Table 1.
The actual capacity of the load cells for the
forces in X and Z directions, if the loading
were through the centroid of the transducer
is much higher than the values in Table 1.
By using equations (14) and (15) and
solving for the forces, the maximum loads
were obtained as 5.9 and 5.4 kN for Fy,
and F,, respectively for EORD1, and 12
and 11 kN for Fy and F, respectively for
EORD?2.

3.3 Tool Bar Design

The tool bar was designed to withstand
the applied loads with minimum
deflection. The tool mounting system
consists of the dynamometer fixed to the
tool mounting plate the tool bar, tool
holder and tool arranged as shown in Fig.
8. The system was modelled as a
cantilever beam. The maximum load at
the free end occurs when the maximum
draught acts on the tool which happens
for a wvertical tool operating at the
maximum depth. An allowable maximum
deflection of 1 mm was used as the
criterion for design.

The deflection (3,) at the free end of a
cantilever is given in equation (18). The
maximum load (P) was taken as the
maximum draught the load cell can
withstand, the length of the beam (1) is
shown in Fig. 8 while the modulus of
elasticity (E) of aluminium is in Table
1.

pI3
3EI

6y, = (19)

The only unknown in equation (18) is the
moment of inertia (I) which depends on
the cross-section. A hollow rectangular
tube was selected in preference to a solid
bar because of its better moment of inertia
to weight ratio. A cross section of 7.62 x
5.08 x 0.64 cm was found adequate. The
natural frequency (w,) of the tool
mounting system is given as [22]:

Onwualu

wo=\/§=j% (20)

where m is the mass, k = AE/L, A'is the
area of the section and L is the length of
the beam. The mass used in equation (19)
included that of the dynamometer, tool
bar, tool holder and tool. With the relevant
dimensions, the natural frequency was
obtained as 929 Hz. The maximum
frequency reported for forces in tillage is
10 Hz, giving a frequency ratio of 0.01,
less than the 0.1 usually recommended
[22].

3.4  Computer Based Measurement
System

Voltage signals from the dynamometer
were acquired by a computer based
measurement system which was an
integral part of the soil bin measurement
and control system [23, 24]. The signals
were acquired through an Analog to
Digital Converter (ADC), an interface
board and a personal computer. The ADC
was a 12 bit Successive Approximation
Register (SAR) with a resolution of
0.024% of the full scale range. It had a
number of special features including
software programmable amplifiers and
active filters that provided anti-aliasing for
the ADC. The measurement was driven by
a software developed in QuickBasic which
was able to scan the three force channels
at a maximum throughput of 2.3 kHz.

The dynamometer system was integrated
into a soil bin facility developed at the
Department of Agricultural Engineering,
Technical University of Nova Scotia,
Halifax, Canada. The facility consisted of
a stationary bin; common carriage that
supported either the tool/penetrometer
carriage or the soil processing carriage; an
integrated  hydraulic  power  system;
instrumentation; computer based data
acquisition and control system [23,24,25].
The dynamometer system was attached to
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the tool/penetrometer carriage.

4, EXPERIMETAL METHODS
FOR PERFORMANCE
EVALUATON

4.1  Dynamometer Calibration

Procedure

For calibration, the dynamometers were
mounted in the same configuration as
they would be used in practice. A static
load calibration procedure was used. The
three bridges were powered with the same
regulated 5 V supply to be used in the
experiment and all connections to the
measurement system was as planned for
the experiment. To measure the voltage
output from the bridges, software
autozeroing technique was used which
involved the measurement system first
obtaining the initial unstrained output of
the bridges. These were subtracted from
subsequent readings by the software to
obtain the actual voltage output due to the
load increment. For each load increment,
the three force channels on the
measurement system were scanned 50
times. The average of the 50 samples for
each channel was later taken as the
voltage output. Simultaneously, a digital
voltameter was used to ensure that the
readings were in fact correct. The same
procedure was used for unloading.

For the vertical force, the transducer was
fixed to the tool mounting plate on the tool
carriage in a vertical position as shown in
Fig. 9a. A load hanger was used to subject
the dynamometer to known weights. The
dynamometer was loaded and unloaded in
steps and the signal from the three
channels monitored as described above.
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Fig.9:  Loading configuraticn for calibration (a) vertical
force (Fz), (b) horizontal force (Fx).

For the horizontal force and moment, the
dynamometer was fixed to a horizontal flat
surface and a load hanger with the same
moment arm as would be used in the
experiment (Fig. 9b). Loading and
unloading were in steps and the signals
were monitored simultaneously as before.

4.2 Soil Preparation

The bin was filled to a depth of 0.5 m with
silty sand (properties shown in Table 2).
For all tests, the soil was prepared to an
average dry density of 1.5 g/cm? cone
index of 0.31 MPa and moisture content
(dry basis) of 14%.

Table 2: Soil description

Characteristic Value
Soil type Silty sand
Clay content (<0.002 mm) 2.5%

Silt content (0.002-0.05mm) 5.0%
Sand content (>0.05mm) 92.5%
Cohesion 0 kPa
Angle of internal friction 30°
Adhesion 7.66 kPa
Angle of soil-metal friction 15.22°
Opt. moisture content (dry basis) | 12.2%
Maximum dry density 1.73g/cm®

The soil was prepared to the desired
density and moisture content by using the
soil processing carriage which was
equipped with a powered rotary tiller,
roller, levelling blade and a boom sprayer.
The levelling blade was used to level the
surface of the soil. The roller was
subsequently used, allowing it to compact
the soil using only its weight and
matching the speed of rotation with that of
the carriage to avoid slippage. At the end
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of each soil preparation, a hydraulically
powered, computer controlled
penetrometer mounted on the
tool/penetrometer carriage was used to
check for uniformity at three designated
locations on the bin. Samples were also
taken at the three locations for dry density
and moisture content determinations.
There were no significant variations in
soil properties within the test bed. In order
to check for the usefulness of the
dynamometer, preliminary investigations
were carried out using a simple tillage
tool. The tool was a plane narrow blade
(5.1 cm wide, 22.9 cm deep). Three sets
of experiments were conducted. In the
first series, the blade was operated at 45°
rake angle, speed of 0.1 m/s and different
depths of 3.8, 7.6, 11.4, 15.2, 19.1,22.9
cm. In the second set, it was operated at
19.1 cm depth, speed of 0.1 m/s and
different rake angles of 30, 45,60,75,90°.
In the third set, depth (22.9 cm) and rake
angle (45°) were constant but speed was
variable (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75,
2 m/s). Each experiment was repeated
three times.

In each case, the desired rake angle was
obtained by manual adjustments on the
tool holder. The desired depth, maximum
distance of travel and maximum speed
required were entered through the
computer keyboard. As the carriage
moved, the measurement and control
system acquired force data (Fx, F,, My)
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simultaneously and continuously from the
extended octagonal ring dynamometer.

4.4  Data Handling and Analysis

The data were observed in real time as the
experiments progressed through graphic
display which was part of the
measurement system. At the end of each
of the experiments, the data were stored in
both the personal computer (PC) hard disk
and floppy disks, for subsequent analysis.

5. PERFORMANCE
EVALUATION RESULTS
5.1  Dynamometer Calibration
A sample of the loading and unloading
curves for one of the two dynamometers
shown in Fig. 10 indicates a linear
response within the load range. No
hysteresis was noticed in any of the
outputs. A linear regression model was
fitted to the data in each case:
Y = Bo+ PiX (21)
Where Y is the relevant load (Fx, N: F; N;
or My, N.m); B, is the regression
constraint, 3; is the slope of the regression
line and X is the voltage output, mV. The
values of the B, and B; obtained for the
different loads and dynamometers are
shown in Table 3, along with the R? values
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Calibration curves for one of the dynamometers (a) horizontal force (Fx), (b) vertical for
(Fz), (¢) moment (My).
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Table 3: Regression coefficients for dynamometer calibration
EORD1 EORD2
Load 2 2
Po P1 R Bo P1 R
Fx 207 0.8 0.99 603 5.6 0.99
F, 208 2.6 0.99 -276 -2.2 0.99
M. 22 0.2 1.00 80 -0.4 1.00

Fx = Horizontal force, N; F, = Vertical force, N: My = Moment, N.m; EORD1 - Smaller
dynamometer: EORD?2 - Bigger dynamometer

5.2 Sensitivity and Rigidity

To obtain the sensitivity of the bridges, the reciprocal of the slope of the regression lines were
obtained to give the voltage output per unit load. Since the bridges were powered by a 5 V
supply, these values were divided by 5 to obtain the sensitivity in terms of voltage output per
unit applied voltage per unit load. The values obtained are presented in Table 4 along with
the predicted ones obtained from the design equations presented earlier.

Table 4: Sensitivity of the dynamometers
Parameter EORDI1EORD2

Predicted sensitivity. Fx (WW/N.V) 10.864 [0.622
Measured sensitivity. Fx (uV/N.V) 10.964 [0.332
Cross sensitivity. Fy (%) 1.48 |0.003
Predicted sensitivity. F; (WW/N.V) [0.957 1|0.689
Measured sensitivity. F, F, (WW/N.V)0.963 [0.726
Cross sensitivity Fy (%) 2.47 5.08
Predicted sensitivity. My (uV/N.V) 6.915 3.486
Measured sensitivity. My (uV/N.Vv) 8.961 2.51
EORD1- Smaller dynamometer. EORD2 - Bigger dynamometer

Cross sensitivity was checked between Fy and F,.

This was obtained as the variation in the signal output from one channel when loading is in
the other direction. When the load was in X direction, there was some variation in F, signal as
shown in Fig. 10. Linear regression equations were also fitted to this. Using these, the cross
sensitivity was computed and compared to the actual sensitivity to obtain the percent cross-
sensitivity presented in Table 4.

A summary of the characteristics of the two dynamometers (Table 4) shows that the
experimentally obtained sensitivity agrees with the theoretically predicted ones for the two
forces. The cross sensitivity was also within acceptable limits (less than 6%).

53 Effect of Tool Parameters on Measured Forces

A typical load-distance history of the tillage tool is shown in Fig. 11(a). The loads initially
increased to a maximum at about 500 mm forward travel and stabilized at this value
remaining essentially constant for the rest of the run. The initial increase agreed with the
exponential (hyperbolic) stress- strain relationship hypothesized for soils in quasi- static
failure [26]. The figure shows that the soil forces fluctuated about the mean. The forces
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increased to the maximum and dropped sharply to values below the mean and started to
increase in a cycle. The three forces were in phase. This sort of response which is attributed
to cyclic failure of the soil has been obtained elsewhere [5, 19]. Fig. 11 (b) shows that
draught and vertical force increased generally with depth. This type of response is typical of
draught and vertical force [10].

Fig. 11(c) shows the effect of rake angle on draught and vertical force. Draught increased
with rake angle but vertical force decreased (although this means an increase in the negative
direction). The vertical force decreased as rake angle increased, became zero at rake angle of
about 65°. The physical interpretation of this change in sign has been given else where [19].
Tool forces generally increased with speed as shown in Fig. 11 (d). This type of response is
typical of force- speed relationships [1]. The expected response obtained in these experiments
confirmed that the dynamometer and the measurement system were capable of indicating
changes in tool forces as a result of changes in operating parameters.

: 800
i ht,N 4
] Draught, width =5-1cm
800_ 6007 rake angle =45° Drdught,
- 5peed = 0-1 m/s
800 oment, Nm
v homent 400
8 400 .
~ o 200- ol
200: Vertforce,N - ™ “Vertical
A T force
0 ‘ : : . . - .0 e T 1- 2-0 25
100'(')7200 400 600 800 1000 1200 1400 0 5 10 hs
Distance D(egt)
(a)
WO T 5 em 20T Gidth = S lcm
width = 5- h =22.9cm
depth = 191cm 10007 ,?:kztw= 45° Draught
8001 speed= 0-1m/s Draught 8007
8 400 .. 8007 e
5 e &0 o ee " Vertical
W 0_'_ tee s irecenne \‘\..___VefﬁCGl m -.-- @ fofce
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Fig 11: Typical results obtained with dynamometer (a) load distance history (b) effect of
depth, (c) effect of rake angle (d) effect of speed on tool forces

6. CONCLUSION and experiences reported in the literature.

Two extended octagonal ring
dynamometers were designed to measure a
horizontal force, a vertical force and a
moment in the plane of these forces for a
plane tillage tool in a soil bin. The design
was based on a review of the principles

Although the principles are based on that
of an extended circular ring, the design
equations were found to be adequate for
predicting the performance of the
transducer.

The transducer output was found to be
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linear, no hysteresis effect was observed
and maximum cross sensitivity was less
than 6%. The dynamometer system was
integrated into a computer based
measurement and control system for a
laboratory soil bin and has provided
reliable and useful data on a series of soil-
tool interaction investigations.

NOMENCLATURE

b = width of ring, mm

dy = deflection, mm

E = modulus of elasticity, GPa

EORD = Extended Octagonal Ring
Dynamometer

¢ = strain, mm/mrn

F = gauge factor of strain gauge

Fx = horizontal force, N

F, = vertical force, N

Fxc = cross sensitivity for Fy

F.c = cross sensitivity for F,

| = moment of inertia, mm

K=L/R

K, = strain dimensionless group for
moment

K, = stiffness dimensionless group for
moment

K3 = strain dimensionless group for Fy

K4 = strain dimensionless group for F,

I =length of beam, m

2L = distance between ring centres, mm
My = moment, Nm

n = number of active arms of the bridge

N = safety factor based on yield strength

M = maximum allowable moment, Nm

M, = moment in the ring due to the forces
Fyand F;, Nm

oc = rotation of the top of the ring due to
moment M, deg

o = natural frequency of tool bar, Hz

R = mean radius of ring, mm

ow = design stress, MPa

oy = Yyield stress, MPa

t = thickness of ring, mm

V = voltage, mV

V, = wheatstone bridge output (V)

Vi = wheatstone bridge excitation
(applied) voltage (V)

Onwualu
o = angular position on the ring
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