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A simple fluidic displacement transducer consisting of a pretensioned coil spring with one end plugged and the other
connected to an air supply is described. When the spring is deflected laterally, the coils on one side open up and act as
variable orifici restricting the flow of pressurized air inside the spring to the atmosphere. Flow versus deflection curves
exhibit excellent linearity. An automatic depth control system for a heavy duty cultivator was constructed using the spring
transducers for tillage depth measurement. In static laboratory experiments, the transducers were able to measure depth to
a high degree of resolution. Preliminary field evaluations indicate that the transducers are suitable for tillage depth
measurement, but more work is needed to optimize a depth control system.

INTRODUCTION

In trailing implements such as discers
and cultivators, the depth of tillage is
usually adjusted by a hydraulic cylinder
controlled by a manually operated valve.
Previous work (Dyck 1975; Harrison and
Reed 1962) has shown that tillage depth
can vary considerably even though the
hydraulic cylinder remains stationary. To
maintain a constant depth, the operator
must continually estimate the actual
depth and make corrections when neces
sary. This is a fatiguing task. Further
more, it is virtually impossible for the
operator to accurately judge the depth of
the tillage tool which may be 10 m away
and obscured by dust. A system to
control depth automatically would relieve
the operator and result in more efficient
operation.

Dyck (1975) developed an automatic
depth control system for a discer. A
guage wheel was mounted behind and a
"ski" in front of the disc gang to follow
the contour of the soil surface. A

mechanical linkage actuated limit
switches which, in turn, energized an
electric solenoid hydraulic valve if the
depth of the disc with respect to the
gauge wheel and ski varied beyond a
preset dead zone. Sweet, in consultation
with Dyck, developed a depth control
system for a discer where the disc gang
depth was measured relative to the discer
frame and then "corrected" to relate to
the soil surface by a mechanism employ
ing two gauge wheels (Automatic depth
control device for tillage units. Canadian
Patent #930233). Paulson and Strelioff
(1974) described an ultrasonic depth
sensor for a cultivator. Two ultrasonic
transducers, one as a generator and the
other as a receiver, were mounted on the
cultivator frame. Tillage depth is a linear
function of the time required for an
ultrasonic signal to travel from the

generator to the soil surface and back to
the receiver.

This paper describes a fluidic displace
ment transducer designed for tillage
depth measurement. A prototype depth
control system employing the transducers
was developed to evaluate the transducers
as depth measurement devices. Perform
ance of both the transducers and the

control system is discussed.

TRANSDUCER DESCRIPTION

The principle of operation of the
transducer is simple. One end of a preten
sioned coil spring is plugged and the other
end connected to an air supply. Trans
verse bending of the spring results in
openings forming between the coils on
one side of the spring. These openings act
as orifici restricting the flow of pre-
surized air from inside the spring to the
atmosphere. The area of the openings,
and therefore the amount of air escaping,
is proportional to the magnitude of
bending.

A 0.63 5-cm outside diameter,
0.081-cm wire diameter spring was select
ed for the transducer. A length of
aluminum rod was forced into one end of
the spring, both plugging it and forming a
rigid extension. A length of aluminum
tubing was forced over the other end,
leaving about 2 cm of the spring free to
bend. A strip of 0.95-cm-wide tape was
wrapped around the central portion of
the spring forming a masking collar.
Epoxy cement was then placed over the
exposed portion of the spring, bonding
the coils together and sealing the joints
between the spring and the aluminum rod
and tube. After the cement had cured,
the tape was removed. This resulted in an
effective spring length equal to the width
of the tape (0.95 cm) with the ends
rigidly fastened to the aluminum rod and
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Figure 1„ Photograph of spring transducer
deflected laterally to show openings
between the spring coils.

tube. The transducer is shown in Figs. 1
and 2.

CALIBRATION

The spring transducers were calibrated
to determine the air flow versus deflec

tion characteristics for a constant supply
pressure. Air flow was measured with a
variable area flow meter connected in
series between the air supply and the
transducer. Pressure at the spring was
measured with a "U tube" mercury
manometer connected to the small tube

fitting on the transducer.
Figure 3 is a plot of the flow versus

deflection curves for a typical transducer.
Excellent linearity was obtained for
deflections from 3° to 9° (when calcula
ting the angle of deflection, the center of
rotation was considered to be at the

center of the exposed part of the spring).
The correlation coefficients of the regres
sion lines were greater than 0.995 for the
12 transducers calibrated. The slopes of
the calibration curves for each transducer
were within ±5% of the mean for the 12
transducers.
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Figure 2. Sectional view of spring transducer showing construction details.
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Figure 3. Plot of flow vs. angle of deflection
calibration curves for a typical spring
transducer at three different supply Figure 5. Schematic diagram of fluidic resist-
pressures. ance bridge arrangement.
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Figure 4. Diagram showing location of spring-loaded sensor shoes and spring transducer on the
cultivator.

CONTROL SYSTEM

An automatic depth control system
was constructed for a 3.1-m heavy duty
cultivator to evaluate the spring trans
ducers as depth measuring devices. Four
10-cm-wide, spring-loaded sensor shoes
were mounted on the cultivator with the
shoes running on untilled soil between
the cultivator shovels in the front row
(Fig. 4). Each shoe was connected to a
spring transducer by a linkage such that
the transducer would be displaced in
proportion to the depth of the cultivator
shovel below the soil surface.

The four transducers were connected

in parallel and formed one arm of a
fluidic resistance bridge (Fig. 5). With the
parallel arrangement, the total air flow
through the supply line equals the sum of
the flow through each transducer. Since
the flow through each transducer is a
linear function of the displacement, the
total flow through all four transducers is
a linear function of the average displace
ment. An orifice was placed in the line
between the transducers and the air

supply. The orifice size was chosen to
give a pressure drop equal to one half of
the 24 kPa supply pressure at the oper
ating point, i.e., when the cultivator is at
the proper depth. Although the pressure

in the line between the orifice and trans

ducers is a nonlinear function of the air

flow through the transducers or the
average displacement, it has a reasonably
linear region around the operating point.
Thus total flow, which is a linear function
of the average transducer displacement, is
converted to a pressure signal and
linearity is maintained.

A single pole, three-position differ
ential pressure switch connected across
the bridge compares the pressure between
the main orifice and transducers to a

reference pressure generated by a second
orifice and needle valve on the other side

of the bridge. The pressure switch
controls an electric solenoid hydraulic
valve which in turn controls the hydraulic
slave cylinder on the implement. When
the cultivator is at the proper depth, the
bridge is balanced, the differential pres
sure is zero and the switch is in its "off"
position. If the cultivator moves from the
set depth, the bridge becomes unbalanced
(due to the change in deflection and air
flow through the transducers) and a
differential pressure is generated across
the bridge. If this pressure is greater than
the dead zone of the switch, the switch
moves to one of its "on" positions,
generating a control signal. The signal
energizes the solenoid valve and the culti
vator moves in a direction so as to

rebalance the bridge. By setting the
operating point at the balance condition
of the bridge, the effects of changes in
supply pressure on the operating point
are minimized, since the differential pres
sure across a balanced bridge is zero and
is independent of supply pressure. How
ever, changes in supply pressure changes
the size of the dead zone. The operating
depth can be changed by adjusting the
needle valve which changes the reference
pressure.

The volume of the air line between the

main orifice and the spring transducers
provides inherent damping in the feed
back loop of the control system. For a
fast response system, the lines from the
main orifice to the transducers and to the
differential pressure switch must be kept
short. Adding volume such as a tank
increases damping.

This type of control system is com
monly called a "relay with dead zone"
and has three distinct states, up, off, and
down. The rate of raising or lowering the
cultivator is manually adjusted by a
hydraulic needle valve which restricts the
flow of hydraulic fluid. Once this adjust
ment has been made, the rate of raising or
lowering is constant when the controller
is in either of the active states and is zero
when in the off state. A manually oper
ated directional control valve was placed
in parallel with the solenoid valve but
bypassing the hydraulic needle valve to
provide a fast response manual override.
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Figure 6. Recordings of apparent depth and
error transducers for a 0.006 Hertz

9.5-cm peak to peak amplitude
sinusoidal disturbance in depth.
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Figure7. Recordings of apparent depth and
error transducers as the cultivator

traversed at 5 km/h from firm to
loose to firm soil for three cases of

depth control: (a) no control,
(b) manual control and (c) automatic
control. The error transducer was

biased to record actual depth.

EVALUATION OF THE

DEPTH CONTROL SYSTEM

Laboratory Tests

Laboratory tests were carried out to
determine the repeatability of the depth
measuring system and the control
system's ability to follow a slowly varying
disturbance. Frequency and step

responses of the control system were also
measured and were reported by
McLaughlin (1971).

Strain gauge transducers were mount
ed on the cultivator to measure the
apparent depth and the system error. The
apparent depth transducer measures the
extension of the hydraulic cylinder and
the output is proportional to the depth of
the cultivator shovels below the transport
wheels. The error transducer measures the
average position of the four sensor shoes
with respect to the cultivator shovels.
This is the actual depth. A bias was
introduced to make the transducer out
put equal zero when the shovels are at the
desired depth. With this bias, the trans
ducer output represents the difference
between actual and desired depth or the
system error.

The cultivator wheels were placed up
on blocks, allowing the cultivator shovels
to extend below the wheels thereby
simulating the normal operating position.
A mechanical oscillator was constructed
to move all four sensor shoes simultane

ously in simple harmonic motion in a
vertical plane, simulating a sinusoidal
disturbance in operating depth. Record
ings of the apparent depth and error
transducers were made as the control
system made adjustments, attempting to
keep the simulated depth (depth of the
shovels below the sensor shoes) within
the dead zone.

The corrections in depth as indicated
by the recording of the apparent depth
transducer (Fig. 6) occur in a series of
steps. This is a result of the relay type
controller and gives rise to an oscillating
error signal. The maximum range in error
was 0.91 cm which is 50% larger than the
static dead zone of 0.60 cm. This increase
in error is caused by the inherent damp
ing in the depth-sensing circuit in the
feedback loop of the control system.
With a smaller amplitude disturbance and
a lower forward loop gain, both of which
reduce the effects of the damping in the
feedback loop, the maximum range in
error was 0.66 cm. This is only 10% larger
than the static dead zone.

For the repeatability test, hydraulic
power was removed, thereby breaking the
forward loop of the control system
between the controller and the actuator.
In this condition, the cultivator will
remain stationary regardless of the
control signal commanded by the dif
ferential pressure switch. A disturbance in
depth was simulated by turning the
mechanical oscillator slowly. The position
of the sensor hoes with respect to the
cultivator shovels at each of the four
points where the controller switched
states (i.e., off to down, down to off, off
to up, and up to off) was measured with a
dial gauge. Six replicate measurements
were made for each point. In all cases the
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switch points were within ±0.1 mm of the
average for six trials.

Field Tests

The spring transducers performed
satisfactorily, presenting no obvious
problems when the cultivator was oper
ated in the field. They remained clean
and free from corrosion. The sensor shoes

followed the soil profile, riding over
moderate amounts of trash. Where

extremely heavy trash and large weeds
were encountered, the shoes tended to
drag the trash along, eventually plugging
the cultivator.

An abrupt change in soil condition was
made by thoroughly working up a
15-m-wide strip in a relatively firm stub
ble field. The cultivator was then drawn

at 5 km/h across the field at right angles
to this strip. Recordings of the apparent
depth and error transducers were made
for adjacent passes through the strip of
loosened soil for no control, manual
control, and automatic control of depth
(Figs. 7a, b, and c, respectively). In these
figures, the bottom trace is the error
transducer. The bias was altered so that

the output represented the depth of
shovels below the sensor shoes, or the
actual depth. The top trace is the
apparent depth transducer and represents
the depth of the shovels below the
cultivator wheels. Unfortunately, the
recorder pens were not centered for zero
depth. However, the change is apparent
and actual depth can be determined since
the full scale of either trace is a 25-cm
change in depth.

For all passes, the cultivator wheels
were observed to penetrate into the loose
soil to a depth ranging from 5 to 10 cm.
Very little penetration was observed in
the firm soil. This increased penetration
resulted in a large increase in actual tillage
depth over the normal depth of 8 cm
(bottom trace, Fig. 7a).

Figure 7b is a typical recording for
manual control. The points where the
operator made corrections are indicated
by changes in depth with respect to the
wheels (top trace). Even after making the
corrections, large changes occurred in
actual depth (bottom trace), indicating
that the operator was unable to maintain
adequate control of depth.

Figure 7c is a typical recording for
automatic control. The bottom trace
indicates that a large change in depth
occurred as the cultivator entered and left
the loose soil. The control system made
corrections, maintaining the same depth
in the firm and loose soil. The forward
loop gain of the control system was
increased by opening up the hydraulic
needle valve so that the system could
complete the large correction in depth
while the cultivator was still in the loose
soil. This resulted in a limit cycle as
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indicated by oscillations in the top and
bottom traces in Fig. 7c.

The feedback loop of the control
system was heavily damped. To prevent a
limit cycle in relay-type (on-off) control
system with damped feedback, the for
ward loop gain must be kept low (by
restricting the flow of hydraulic fluid),
resulting in a sluggish response. Since
changes in soil conditions are usually
gradual, a slow response may be desirable.
Also, a heavily damped feedback loop
provides an averaging of the lumpy nature
of the soil surface and corrections are
made only after the depth has been out
of the dead zone for a period of time.
This reduces wear on the lifting linkage.
With a lightly damped (fast response)
feedback loop, the forward loop gain is
generally limited by the implement
dynamics; at high gains, the implement
inertia combined with the inherent
"springiness" of the tires, frame, and lift
mechanism can cause an overshoot of the
dead zone resulting in a limit cycle.

CONCLUSION

The spring transducers developed are
simple, inexpensive and robust. They
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have excellent linearity within the normal
operation range and can be deflected far
beyond the operating range without suf
fering damage. The transducers stay clean
in dusty environments since the escaping
air blows dust away. The repeatability
measurements made on the control

system indicate that the transducers are
capable of measuring depth to an
accuracy far beyond that required for a
depth control system. Since the flow
through the transducer is a linear func
tion of deflection, simple linear summa
tion can be achieved by connecting
several transducers in parallel. The use of
a fluidic resistance bridge with the trans
ducers in parallel forming one arm
provides a convenient method of
converting the flow to a differential
pressure signal maintaining a reasonable
linearity. The volume of the air line
between the main orifice and the trans
ducers provides inherent damping in the
feedback loop of the control system.
Laboratory and field evaluations indicate
that the transducers are suitable for
tillage depth measurement.

Preliminary evaluations of the control
system suggest that slow response on-off
(relay with dead zone) system is adequate

for depth control, but a fast response
manual override is required. A more
thorough evaluation is required. To
optimize a depth control system, research
must be done to determine optimum
values for parameters such as accuracy,
frequency response, and dead zone.
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