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VALVE CONTROL SYSTEM AND METHOD

CLAIM OF PRIORITY

()

This patent application claims the benefit of priority of Krosschell et al.
U.S. Provisional Patent Application Serial Number 62/911,045, entitled
"VALVE CONTROL SYSTEM AND METHOD,” filed on October 4, 2019
{Attorney Docket No. 2754.276PRV), which is hereby incorporated by reference
herein in ifs entirety.

10

TECHNICAL FIELD
This document pertains generally, but not by way of limitation, to
agricultural equipment.
15
BACKGROUND
An agricultural product (e.g., a fertilizer, carrier fluid, or the like) is
optionally applied to a crop (e.g., one or more plants located in a farm field). In
some examples, the agricultural product is applied with a sprayer system, for
20 instance a sprayer mounted on a prime mover {e.g., a tractor, truck, all-terrain-
vehicle, or the like). The sprayer system includes a valve, and the valve
facilitates application of agricultural product to the crop {e.g., by spraying the
agricultural product from a nozzle). In some examples, the valve is operated by a
controller, for instance o translate the valve between an open position and a
25 closed position. In the open position, the valve permits flow of the agricultural
product through the valve. In the closed position, the valve does not permit flow
of the agricultural product through the valve (e.g., between 2 valve inlet and a
valve outlet). In some examples, the controlier modulates the valve according to
a duty cycle. The valve opens (or closes) in correspondence to the duty cycle of

30 the modulation provided by the controller.

OVERVIEW
The present inventors have recognized, among other things, that a

problem to be solved can include accurately applying an agricultural prodoct to a
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crop. In an example, a valve controls the flow of a fluid through the valve. The
valve is included in a sprayer system that applies the agricultaral product o the
crop (e.g., by spraying the agricultural product from a nozzle). In some
examples, the valve is operated by a controller, for instance to translate the valve
S between an open position and a closed position. In the open position, the valve
permits flow of the agricuitural product through the valve. In the closed position,
the valve does not permit flow of the agricultural product through the valve (e.g.,
between a valve inlet and a valve outiet).
In an example, the valve is operated for a specified duty cyele. The
10 specified duty cycle optionally corresponds to a time duration between a first
time interval when the controller modulates the valve (e.g., by generating a
control signal) and a second time interval when the controller stops modulating
the valve {e.g., by stopping the generation of the control signal). An actual duty
cycle of the valve differs from the specified duty cycle for the valve. For
15  instance, the mechanical response of the valve {e.g.. to begin translating the
valve toward the open position from the closed position) to the modulation
provided by the controller does not perfectly correspond in time to when the
controller intends for the valve to modulate. In an example, the actual duty cycle
of the valve corresponds to a time duration between a third time interval when
20 the valve actually begins transitioning between the open position and the closed
position, and a fourth time interval when the valve actually completes the
transition between the open position and the closed position. Accordingly, the
specified duty cycle corresponds to a time duration that the controller modulates
the valve {(g.g., the time duration that the controller generates a control signal, or
25 the like). The actual duty cycle of the valve corresponds to the time duration that
the valve is in an open position {¢.g., when a seal is disengaged from a valve seat
to allow flow through the valve) in response to the modulation provided by the
controller. The actual duty cycle varies from the specified duty cyeie, for
example due to mechanical tolerances of the valve, operating conditions {(e.g.,
30 high pressure as opposed to low pressure), inertia of mechanical components of
the system, signal processing delays or the like.
In some examples, the valve is operated to deliver a specified amount of

agricultural product (e.g., a specified volurme, specified flow rate, or the like)
2
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through the valve. In some approaches, an actual amount of agricultural fluid
flowing through the valve differs from the specified amount becauase of
differences between the specified duty cycle and the actual duty cycle of the
valve. Accordingly, in some approaches the agricultaral tluid is misapphied to
the crop (e.g., too much agricultural product, too htile agricultural product, or
the like}, and the misapplication affects one or more characteristics of the crop
{(e.g., growth, development, yield or the like).

The present sgbject matter can help provide a solution to this problem,
sach as by providing a system for appiying agricultural product. The system
includes a valve, and the valve optionally inclades a solenoid having a coil
configured to generate a magnetic flux. In some examples, the valve includes a
moveable valve operator, and the valve operator translates with respect to the
coil based on the generated magnetic fhux. The valve operator optionally
translates between a closed position and an open position according to a
specified magnetic flux associated with a specified duty cycle, for instance the
valve (ideally) opens with application of the magnetic {lux and closes with
arresting of the magnetic flux. In an example, the valve operator prevents flow
through the valve in closed position, and the valve operator permits flow through
the valve in the open position.

In an example, the system includes a dissipation element, such as a
transient voltage suppression diode (“"TVS”), having a dissipation characteristic
{e.g., an amount of energy dissipated in proportion to a voltage across the
dissipation element). In some examples, the dissipation element dissipates
energy trom the coil to arrest the magnetic flax and thereby initiate a rapid
closing of the valve operator. For instance, a clamping voliage of a coil is
increased and the energy in the coil {the increased voltage) is readily dissipated
with the TVS. The dissipated energy corresponding initiates a rapid drop off in
carrent and thereby decreases the magnetic flux that is based on current.

In some examples, the system includes a controller, and the controller
receives measurements of one or more electrical characteristics of at least one of
the coil or the dissipation element. The controller optionally determines an actual
duty cycle of the valve operator using the measured electrical characteristics

(e.g., through flux and electrical characteristics caused by movement of the

3
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operator relative to the coil). In an example, the controller determines a magnetic
fhux correction {(e.g., for the coil, or the like) based on a difference between the
actual duty cycle and the specified duty cycle of the valve operator. The
controller optionally operates the valve operator according to the specified
S magnetic flux and the magnetic {lux correction to guide the actual duty cycle of
the valve operator toward the specified duty cycle of the valve operator.
Accordingly, the systern for applying an agricultaral product facilitates
accurate and precise application of the agricultural product to a crop. For
example, the controller guiding the actual duty cycle of the valve operator
10 toward the specified duty cycle increases the accuracy {and precision) of an
amount of agricultural fluid to the crop. For example, the system facilitates the
application of a specified amount of agricultural product at a specified location
{and/or at a specified time}. Accordingly, agricultural product is accurately and
precisely applied to the crop, for example to improve one or more crop
15  characteristics {e.g., growth, development, vield or the like} and minimize waste
of the agricuiltural product (e.g., waste dae to misapplication).
This overview is intended to provide an overview of subject matter of the
present patent application. It is not intended to provide an exclusive or
exhaustive explanation of the invention. The detailed description is included to

20 provide further information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings, which are not necessarily drawn to scale, ke numerals
may describe similar components in different views. Like numerals having
25 different letter suffixes may represent different instances of similar components.
The drawings illustrate generally, by way of example, but not by way of
limitation, various embodiments discussed in the present document.
Figure 1 illustrates a perspective view of an example of an

agricultural sprayer.

30 Figure 2 illustrates a schematic of an exemplary nozzle control
syster.
Figure 3 illustrates a detatled schematic view of an exerplary

nozzle control system.

A
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Figure 4

Figure 5

Figure 6

Figure 7

Figure 8
Figure 9

Figure 10

Figure 11

Figure 12
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illustrates an example of a valve, according to an
embodiment of the present subject matter.

illustrates an example of a valve, according to an
embodiment of the present subject matter.

illustrates an example of a system for applying an
agricultural fiuid including a controller, according to an
embodiment of the present subject matter.

illustrates a representation of one or more drive signals
used to apply a specified duty cycle to a valve and the
resultant waveform shapes that are monitored by the
controller, according to an embodiment of the present
subject matter.

illustrates an example diagram of duty cycle guidance.
illustrates an algorithm for determining one or more duty
cycles, for example a duty cycle corresponding to a time
duration for the valve operator transition between the
closed position and the open position, according to an
embodiment of the present subject matter.

illustrates an algorithm for determining one or more duty
cycles, for example a duty cycle corresponding to a time
duration for the valve operator transition between the open
position and the closed position, according to an
embodiment of the present subject matter.

illustrates an algorithm for compensating for variability
using a moveable valve operator position or a magnetic
flux correction, according to an embodiment of the
present sabject matter.

Figare 12 illustrates a block diagram of an example
machine upon which any one or more of the techniques
discussed herein may perform, according to an

embodiment of the present subject matter.
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Figure 13 illustrates a schematic diagram of an example of a system
for modulating one or more of valves, according to an

embodiment of the present subject matter.

5 DETAILED DESCRIPTION
Figure 1 illustrates a perspective view of an example of an agricultoral
sprayer 100. In an example, the agricultural sprayer 100 includes a reservoir tank
102 and one or more sprayer booms 104. The sprayer booms 104 optionally
include one or more nozzles 106, In some examples, the agricultural sprayer 100
10 includes one or more electronic control units (ECU) 108 (e.g., a microprocessor
based system}, and for instance a master node 110. {e.g., a microprocessor based
system)
In an example, the reservoir tank 102 is integral with a prime mover 112
{e.g., a tractor, truck, combine, vehicle, or the like). In some examples, the
15  reservoir tank 102 is a towed behind the prime mover 112 (e.g., the reservoir
tank 102 is included with a trailer, or the hke). The reservoir tank 102, in an
example, includes an agricultural product mixed with a carrier fluid, sach as
water. In some examples, the carrier fluid and the agricultural product are mixed
in-line prior to or at the sprayer boom 104. The nozzles 106 are positioned along
20 the sprayer boom 104 to deliver the agricultural product {(and the carrier fhad) to
a crop (e.g., vegetables, fruit feed, or the like), for instance a crop located in an
agricultural field 114. Crops include, but are not limited to, any product grown
in an agricultural field, such as row and non-row based crops. Agricultural
products inchude, but are not limited to, fertilizers, water, pesticides, fungicides,
25  herbicides, or the like.
The agricultural sprayer 100 includes one or more controllers 116, for
example the ECU 108 and the master node 110. In an example, the master node
110 operates in conjunction with the one or more ECU 108 to control delivery of
the agricultural product from the reservoir tank 102, to the sprayer boom 104 and
30 the associated nozzles 106 for delivery to the agricultural field or crop.
Figure 2 illustrates a schematic of an exemplary nozzle control system
200, wherein the one or more nozzles 106 located on the boom 104 control a

respective nozzle flow rate of an agricultural product dispensed from the nozzle
6
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106. As shown in Figure 2, the master node 110 is communicatively coupled to
one or more valves {e.g., the PWM valve 206) of the boom 104, such that system
pressure within the boom 104 can be controlled by the master node 110. In
some examples, the master node 110 of the current system is not configured to
S control the flow rate within the system 200, boom 104, or at the smart nozzles
106. Instead, the master node 110 controls the pressare within the system 200,
boom 104, or at the smart nozzles 106, and the pressure control provides control
of the flow rate (e.g., control to a lower pressure decreases flow while control to
a higher pressure increases flow). The master node 110 18 in communication
10 with a master flowmeter 202, a master pressure transducer 204, and a master
pulse width modulation (PWM) valve 206. The master node 110 controls the
master PWM valve 206 to provide a targeted system pressure {(through
moduolated operation of a systemn pump associated with the master PWM valve
206}, such that a desired droplet size of the agricultural product is generated at
15 the nozzles 106. For example, environmental conditions, such as wind,
homidity, rain, temperature, field characteristics, or user preference determine
whether a smaller or larger droplet size of the agricuitural product is preferred.
By conirolling a targeted system pressure (e.g., maintaining, changing with
variations in flow rate or the like), the preferred droplet size is maintained with
20 the system 200.
In the exemplary embodiment, each of the nozzles 106 is a smart nozzle
that inchades an electronic control unit (ECU) {e.g., ECU 108, shown in Figure 1
or the like) that regulates, determines, and/or controls the nozzle flow rate of the
agricuitural product dispensed from the nozzle 106, as discussed in reference to
25 Figure 3. In other embodiments, a group of the nozzles 106 are associated with
a common BECU and is collectively considered a single smart nozzle. The smart
nozzies 106 are connected to, for example, the boom 104 and communicatively
coupled to a controller area network (e.g., nozzle CAN bus 208, wireless
network or the like) of the overall control system 200. As discussed herein, the
30 CAN bus 208 is configured to distribute overall system information from the
master pode 110 (e.g., master node). The ECU at each smart nozzie 106 uses
data from the overall system information to regulate, determine, and/or control

the nozzie flow rate of each corresponding smart nozzie 106.
7
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The master node 110 controls one or more of a system pressare or system
flow rate using, for example, the master pressure transducer 204 (or in other
examples the flow meter, flow meter and pressure transducer together or the
like) and the master pulse width modulation (FWM) valve 206. Although Figure

5 2 illustrates a PWM valve as a master valve 206, embodiments are not so
limited. For example, the master valve 206 inclades any valve capable of
controlling pressure or flow rate of a system, such as a ball valve, PWM valve,
buttertly valve or the like. For instance, the master node 110 maintains the
system pressure or flow rate at a target system value {(e.g., a target system

10 pressure or target system flow rate). In another example, each smart nozzle 106
controls the component flow rate to the constituent nozzles associated with each
smart nozzle. In another example, the master node controls the system pressure
or system flow rate to one or more target values and the smart nozzles 106
control the flow rate for each of the constituent nozzles {(e.g., one or more)

15  associated with each smart nozzle. Collectively, the smart nozzles 106 may
control the overall agricultural product flow rate of the systern.

In an example, the target system pressuare is provided by a user, such as at
the user interface 210 connected to the master node 110 by the nozzle CAN bus
208. In an additional example, the user also provides a target system flow rate

20 (e.g., volume/area) at the user interface 214. In an example, the master node 110
provides one or more of the target systern flow rate or the target system pressure
to each of the one or more smart nozzles 106, such that each smart nozzle 106
{or each ECU, as discussed herein) determines an individual agricultural product
flow rate {or pressure) for the smart nozzle 106, For example, the system larget

25 flow rate is divided by the number of nozzles 106 to provide a target agriculiural
product flow rate for each of the one or more nozzles 166. In an example, the
master node 110 measures the flow rate (e.g.. volume per time) with a master
flow meter 202 and compares it with the overall target flow rate (e.g., designated
by one or more of the user, crop type, soil characteristic, agricultural product

30 type, historical data, or the like). The master node 110 is configured to
determine a difference or error, if present, between the measured system flow
rate and the target system flow rate. In such an example, the master node 110

provides the determined difference, by the nozzle CAN bus 208, to the
3
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individual nozzies 106 (or ECUs, as discussed herein}. The one or more nozzles
106 receive the difference on the CAN bus 208 and adjust their
pressure/flow/duty cycle curve using the difference (e.g., compensating for
errors in the system) to reduce the error between the measured and target system

S tlow rates {or reduce the error between the measured and target system
pressures).

Additionally, in at least some examples, the master node 110 reports the
actual pressure, measured by the master pressure transducer 204, as well as
boom 104 information, including, but not limited to, one or more of yaw rate,

10 speed, namber of smart nozzles of the boom, distance between smart nozzles on
the boom, to the smart nozzles 106 (or ECUs, as described herein) for individual
tlow rate control (or pressure control) of each of the smart nozzles 106, For
example, the information provided from the master node 110 is used in addition
to nozzle characteristics to control the individual flow rate control of each smart

15 nozzle 106. Nozzle characteristics include, but are not limited to nozzle position
on a boom, length of the boom, nozzle spacing, target flow rate for the system,
yaw rate of the boom, yaw rate of the agricuitural sprayer, speed of the
agricultural sprayer, the overall system pressure or flow rate, agricultural product
characteristics, valve performance such as a moveable valve operator transition

20 ume (including differences between specified and actaal duty cyeles), or the
like.

The system 200 is configured for installation on an agricultural sprayer
{e.g., the agricultural sprayer 100, shown in Figure 1}. In operation, because the
sprayer moves during operation (transiates and rotates, accelerates or the like),

25 the one or more nozzle characteristics, in an example, are dynamic and flow

ates through nozzles associated with a smart nozzle 106 dynamically change in
some examples relative to other smart nozzles 106 of the system.

Figure 3 illustrates a detailed schematic view of an exemplary nozzle
control system 300. The control system 300 includes the master node 110

30 communicatively coupled to one or more valves of the boom 104, such that
system pressure within the boom 104 can be controlled by the master node 110.
Further, the master node 110 includes inputs from one or more of the master

flowmeter 202, the master pressure transducer 204, and the master pulse width
9
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modulation (PWM) valve 206. Further, as described herein, the master node 110
is coupled to the user interface 218 and, in an example, a battery 302, so as to
provide power to one or more of the master node 110 and user interface 210,
As shown in the embodiment of Figure 3, a smart nozzle 106 optionally
S includes an ECU 108 coupled to a valve 304 (e.g., a PWM valve, ball valve,
butterfly valve, or the hike). That is, Figure 3 illustrates 36 ECUs relating
directly to 36 nozzles of the nozzle control system 300, but embodiments are not
so limited. The master node 11{ is communicatively coupled, by nozzle CAN
bus 208 to ECU-18 and ECU-19, wherein ECU-18 108 and ECU- 19 108 define
10 acenter region of the boom. From the center region of the boom, the ECUs 108
are communicatively coupled to the most proximate ECU 108 in the direction
toward each terminal end 306 of the boom. That is, ECU-18 15 communicatively
couple to ECU-17, which is commuanicatively coupled to ECU-16, and so forth
until the terminator after ECU-1 is reached. The same pattern holds for the other
15 half of the boom. Although 36 ECUs 72 are iHustrated, embodiments are not so
limited.
Further, as shown in Figare 3, each ECU 108 1s coupled to one PWM
valve 304, however, embodiments are not so limited. In another example, a
single ECU 108 is communicatively coupled to more than one PWM valve 304,
20 Forinstance, a single BCU 108 1s communicatively coupled to more than one
valve, such as every other valve, arrays of valves along portions of booros or the
like. In an example, 12 ECUs split control of the 36 nozzles of the boom. Inan
example, a phurality of nozzles are partitioned into nozzle groups, such that each
nozzie group includes an ECU 108 conligured to control a nozzle group flow
25 rate {or nozzle pressure that in turn controls flow) of the agricultural product
dispensed from each nozzle of the nozzle group (by way of associated contral
valves) based on the nozzle characteristics, as described herein, of the respective
nozzles. Thus, a smart nozzle includes, bat is not Hmited to, a single nozzle, an
associated valve and an associated ECU. In another example, a smart nozzle
30 includes a group of nozzles (having associated valves) that are associated with a
common ECU.
In still another example, the system 300 includes one or more Jocation

fiducials associated with the system 300, the one or more location fiducials are
10
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configured to mark the location of one or more nozzles {or ECUs) of the
phirality of nozzles on a field map (e.g., indexed with product flow rates,
moistare content, crop type, agricultural product type, or the like). Optionally,
each of the nozzles, nozzle groups, or ECUs 108 of the system is configured to
S control the agricultural product at individual rates according to the location of

the one or more nozzles (or ECUs 108), the movement of the one or more
nozzles relative to the field, another frame of reference or the hike {and
optionally in addition to the nozzle characteristics described herein). Further,
each of the plurality of nozzles (or ECUs 108) is optionally cycled, such as

10 on/off, according to the Jocation of the nozzle (or location of a nozzle group or
ECU 108) relative to a frame of reference, such as a field.

In an example, each nozzle ECU 108 is programmable to receive, track,
or manipulate designated nozzle control factors (e.g., the specified duty cycle,
the actoal duty cycle, or the like). For example, each ECU 108 monitors one or

15  more of nozzle spacing, target flow rate for the system, target pressure for the
system, speed of the agricultural sprayer, yaw rate, nozzle location on the field,
or the like. Such examples provide the benefit of comporting the system o user
specifications, provide greater programmability of the system, and providing
cost effective nozzle specific flow rate solutions. In yet another example, the

20 ECUs 108 associated with each nozzle are instead consolidated into one or more
centralized nodes that determine the individual flow rates of each of the
respective nozzles in a simnilar manner to the previously described ECUs 108
associated with each of the nozzles.

The controliers 116 (e.g., the ECU 10§, the master node 110, or the like)

25 control the nozzle flow rate (or the timing of flow through the nozzle) based on a
number of parameters, including, but not limited to: speed of the sprayer or
boom, yaw rate, target system tlow rate (e.g. volume/area), and on/off command
at runtime. Such parameters permit the controllers 116 to calibrate the duty
cycle curve (e.g., by adjusting the actual duty cycle of a valve) of each smart

30 nozzle needed to achieve the target nozzle flow rate {or a target nozzle timing) of
each of the smart nozzles. For instance, calibrating the duty cycle corve inchides
guiding an actual duty cycle of the nozzles {and their associated valves) to a

specified duty cycle of the nozzles. Each smart nozzle is further configured
11
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according to nozzle spacing on the boom, location on the boom, and nozzle
type. Further, in some examples, each smart nozzie regulates or controls the
nozzle flow rate (or pressure) based on the location of the nozzle in the field (as
described above).

5 As described herein, the agricaltural sprayer 100 (shown in Figure 1)
includes a nozzle control system including a plurality of nozzies 106 having ong
or more associated valves 304 (e.g., such as a PWM solenoid valve as shown in
Figure 3, or the like) that regulate flow in order to provide a specified target
application of an agricultoral product from the nozzles 106. As a plorality of

10 nozzles 106 are used across the boom 104 (shown in Figure 1), achieving
specified flow performance for each of the nozzles 106 enhances application
precision and accuracy while mimimizing application errors (2.g., misapphcation,
underapplication, overapplication, or the like). In some examples, one or more
factors cause inconsistency in nozzle flow and droplet size {e.g., the size of

15 droplets of agricultaral product dispensed by the nozzle 106) of the sprayed
agricultural product. Examples of these factors include, but are not limited to
voltage drop of a solenocid drive voltage due to chassis wiring resistance,
manufacturing tolerances of the mechanical elements in a valve itself (e.g., the

ralve 304, shown in Figure 3}, valve wear, valve contamination from the

20 agricultural product, pressure variations across the boom or boom sections,
variation due to an installed tip on the outlet of the nozzle, or open-stroke and
ciose-stroke transition times for a moveable valve operator within the valve 364
controlling flow to the nozzle 106.

In an example, and as described in greater detail herein, a system for

25 applying an agricultural product (e.g., the sprayer 100, or the like) realizes
specified operational flow performance out of a smart nozzle 106 despite factors
that negatively affect performance by determining variations between the
specified performance and the actual performance and instituting a correction (or
corrections) at valves to achieve the specified performance. For instance, the

30 system controls a specified duty cycle of a valve versus an actual duty cycle of
the valve 304 with a correction {discussed herein) that guides the actaal duty
cycle to coincide with the specified duty cycle. In some examples the system

includes a solencid valve drive circuit and 2 solenoid valve monitoring circuit. In
12
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another example, the system inclodes (or utilizes) an algorithm for tracking a
position of a moveable valve operator (e.g., a poppet, or the hike) of the valve
304 based on, for example, monitoring of back-emf (BEMF) generated in a
solenoid coil by the moving valve operator as it transitions between its open and

S closed positions in the valve 304. In another example, monitoring (e.g.,
capturing, recording, observing, cataloging, compiling, collecting, or the like) of
the performance of the valve 304 optionally provides insight into valve health or
nozzle faults and, for instance alerts a system user to a specific problem (e.g.,
with the user interface 210, shown in Figure 2).

10 Figure 4 and Figure 5 illustrate sectional views of an example of the
valve 304 in an open position and a closed position, respectively. The valve 304
is optionally a solenoid valve, for instance an electro-mechanical device that
opens and closes an orifice by moving a moveable valve operator 400 (e.g., a
poppet, gate, or the like) in a valve body 402 (e.g., a pressure vessel, frame, or

15 the like). In an example, the valve body 402 of the valve 304 contains a lug 404
{e.g., a ferromagnetic material) and a housing 406 (e.g., a non-ferromagnetic
material) that is connected to the lug 404. The valve operator 400 is movable in
the housing 406, for instance with a range of motion 407 to open and close the

ralve. The valve operator 400 includes a seal 408 {(e.g.. a gasket, membrane or

20 the like) coupled with a first end 410 of the valve operator 400. In an example,
movement of the valve operator 400 within the housing 406 selectively opens
and closes a channel 412 between a valve inlet 414 and a valve outlet 416. For
example, the seal 408 engages with a valve seat 409 (shown in the closed
configuration in Figure 3} thereby inhibiting flow through the channel 412. In

25 the open position, the seal 4038 is disengaged from the seat 409 {(as shown in
Figure 4) thereby allowing flow through the channel 412 (e.g., because the valve
operator 400 is moved away from the seat 409). Figure 4 includes arrows
indicating flow within the valve inlet 414 and the valve outlet 416.

In an example, the valve 304 is biased toward the closed position, for

30  instance with a biasing element 418, such as a coil spring, leaf spring, elastomer,
magnet, or the like. The biasing element 418 optionally biases the valve operator
400 toward the closed position. In an example, the moveable valve operator 400

includes an operator flange 401 and the housing 406 includes a flare 411 The
13
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biasing element 418 {a spring in this example} is coupled between the operator
flange 401 and the flare 411. In this example, the biasing element 418 provides a
force between the housing 406 and the valve operator 400 to bias the valve
operator 400 toward the closed position.

5 In some examples, the valve 304 operates by applying a voltage potential
to a coil 420 (e.g., a winding of wire, or the like) that generates current in the
coil 420. The coil 420 generates magnetic flux when current flows through the
coil 420, In an example, the moveable valve operator 400 translates with respect
to the cod 420 based on the magnetic flux generated by the coil 420. The current

10 flowing through the coil 420 optionally magnetizes the lug 404 (and the valve
operator 400) of the valve 304. For instance, the lug 404 is ferromagnetic, and a
magnetic pole is established that attracts (e.g., draws, pulls, pushes, drives, or the
like) the valve operator 400 toward the lug 404. Accordingly, the valve 304
optionally includes a solenoid 421, and the solenoid 421 inclades (but is not

15  limited to) the valve operator 400, the lug 404, and the coil 426.

The valve 304 optionally includes a magnetic {lux frame 422 surrounding
one or more of the hug 404 or the valve operator 400. The magnetic flux frame
422 encapsulates the magnetic field between the lug 404 and valve operator 400
and accordingly concentrates the magnetic field. For instance, the magnetic flux

20 frame 422 enbhances bounding of fhux generated by the coil 420 to concentrate
the magnetic field between the lug 404 and the valve operator 400.

Referring again to Figure 4, as the amount of current flowing through the
coil 420 increases, the magnetic field generated by the coil 420 increases as does
the resulting force applied to the valve operator 400. For instance, an atiractive

25 force increases between the valve operator 400 and the lug 404, As the attractive
force generated (e.g., induced, developed, provided, or the like) by the
magnetized lug 404 overcomes forces such as fluid pressure within the housing
406, bias from the biasing element 418 or the like — the valve operator 400
begins moving from the closed position (Figure 5) to the open position (Figure

30 4). As described herein, the movement of the valve operator 400 is affected by
one or more characteristics including the previously described floid pressure,

hias, or the like, and these characteristics alter the movement and accordingly
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vary an actual duty cycle of the valve 304 in comparison to a specified (e.g.,
desired} duty cycle.
A generated counter current {e.g., back electromotive force or back
EMF) and corresponding magnetic field are examples of characteristics that alter
S the performance of the valve 304 relative to a specified duty cycle. For example,
as the valve operator 400 moves toward the open position a counter current is
generated in the cotl 420 as the {lux linkage changes because of a change of
magnetically permeable material within the magnetic field (e.g., more of the
valve operator having a higher magunetic permeability moves into the magnetic
10 field and displaces fluid having a lower permeability ). As the valve opens the
fhax linkage of the valve 304 changes due to the valve operator 400 occupying
the previously fhuid filled fluid gap 500. Conversely, when the valve operator
400 1s in the closed position (Figure 4) the flaid gap 300 is filled with the fuid
having a lower magnetic permeability and the flux linkage again changes and
15  generates counter current. The changes in flux linkage generate correspond
counter currents (e.g., back EMF) that resist otherwise specified operation of the
valve including opening and closing movements and thereby slow opening and
slow closing as flux linkage changes and back EMF is generated.
The direction of the current generated in the coil 420 and its magnetic
20 field caused by the moving valve operator 404 opposes the initial magnetic field
of the coil 420 (e.g., the magnetic ficld generated by a current flowing through
the coil 420}, In an example, opposition of the initial magnetic field decreases
the initial magnetic field generated by the coil 420 (e.g., according o Lenz’s
Law, or the like). Thus, in some exampies, as the valve operator 400 moves
25 nearer the coil 420 (or within the housing 406), the magnitude of current in the
coil is reduced to oppose the originally created field caused by the current
apphied to the cotl 420 (e.g., a ramping current, or the like).
Figure 6 illustrates a schematic diagram of a nozzle control system 600.
The agricultaral sprayer 100 (shown in Figure 1) includes the nozzle control
30 system 600. For instance, the nozzle control system 600 is used in combination
with one or more components {(or functions) of the nozzle control system 200
(shown in Figure 2) or the nozzle control system 300 (shown in Figure 3). In an

example, the nozzle conirol system 600 includes the plurality of nozzies 106
15
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{shown in Figure 1) and one or more associated valves 304 (e.g., a PWM
solenoid valve, or the like). The valves 304 (shown in Figure 3) regulate flow to
provide a specified target application rate of an agricultural product from the
agricultural sprayer 160.

5 The nozzle control system 600 includes one or more sensors 602 that
facilitate monitoring of one or more electrical characteristics {e.g., current,
voltage, resistance, or the like) of components of the system 600. For example,
the nozzle control system 608 includes a coil characteristic sensor 604, for
instance included in series with the cotl 420. In an example, the coil

10 characteristic sensor 604 determines (e.g., measures, monitors, obtains, provides,
evaluates, observes, or the like) the magnitude of current through the coil 420 {(or
voltage across the cotl 420).

In an example, the system 600 includes a nozzle controller 606, and the
nozzle controller 606 monitors the electrical characteristics of the system 600.

15  For instance, the controller 606 is in communication with the sensors 602, and
the controller 606 monitors the sensors 602. For example, the controller 606
monitors the magnitude of the current through the coil 420 (e.g., as determuined
by the characteristic sensor 604). In some examples, the controller 606 performs
one or more mathematical operations upon the monitored electrical

20 characteristics. For jostance, the controller 606 mounitors one or more rates of
change of the current through the coil 420.

As discussed herein, movement of the valve operator 400 facilitates flow
through the valve 304, In an example, movement of the valve operator 400 {e.g.,
with respect to the housing 406, shown in Figure 3) generales a change in

25 current through the coil 420. In some examples, the controller 606 monitors the
change in current through the coil 420 by way of the sensor 604. Accordingly., in
this example the controller 606 determines when the valve operator 400 actually
moves {in contrast to when it should move based on a specified duty cyele)
based on the monitoring of electrical characteristics with the sensor 604 (e.g., a

30 decrease in current indicates movement of the valve operator 400}. Thus, the
contro] system 600 {e.g., the controller 636 and sensor 604} detects actual
movement of the valve operator 400 including one or more of initial (e.g.,

beginning, starting, or the like) movement of the operator, full transition of the
16
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valve operator 400 (e.g., to open or closed positions} and movement
therebetween.

The valve 304 is optionally closed {(e.g., to inhibit flow in the channel
412 between the valve inlet 414 and the valve outlet 416) by dissipating the
magnetic field between the lug 404 and the valve operator 400. For example, the
magnetic field between the lug 404 and the valve operator 400 is dissipated and
the biasing element 418 is thereby freed to overcome the attraction force
between the valve operator 400 and the lug 404. The valve operator 400 is
biased with the biasing element 413 toward the closed position. In an example,
the current flowing through the coil 420 is reduced to dissipate the magnetic
field generated by the coil 420. For example, the voltage potential applied to the
coil 420 is removed from the cotl 420. When the voltage potential is removed,
the current flowing through the coil 420 will decrease and the magnetic field
generated by the cotl 420 will also begin to dissipate (e.g., decay, reduce,
decrease, diminish o5 the like). When the magnetic field has sufficiently
dissipated, the biasing element 418 will bias the valve operator 400 back towards
the valve seat 409 and the closed position.

As the valve operator 400 begins to transition from the open position
{shown in Figure 4) toward the closed position (shown in Figure 5}, the amount
of flux hinkage in the maguetic circuit (e.2., between the hug 404 and the valve
operator 400) decreases. For instance, fluid having a lower magnetic
permeability fills the fluid gap 300 as the valve operator 400 (with a relatively
higher magnetic permeability) moves out of the gap and toward the closed
position. A counter current is generated in the coil 420 as the valve operator
400 begins to move, and the counter current opposes the change in flux linkage
{e.g.. according to Lenz’s law, or the like). The direction of the current generated
in the coil 420 by the transitioning valve operator 400 is sach that the generated
carrent generates a counter magnetic field opposed to the dissipating magnetic
field in the coil 420. In an example, the generated current is monitored {e.g., by
the controller 606 in communication with the one or more sensors 602) to
determine when the valve operator 400 is transitioning from the open position to

the closed position.
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In an example, the valve control system 600 includes a power
conditioning system 608. The power conditioning system 608 provides a drive
voltage potential to operate the system 600 (including the valve 304 having the
coil 420). In some examples, the coil 420 acts like an inductor, and the current

S tlowing through the coil 420 does not change instantaneously. The rate of adding
energy into the coil 420 is optionally increased, for example by increasing the
drive voltage potential {e.g., a voltage applied across the coil 420 with the power
conditioning system 608} to overcome the inductance of the coil 420,

In some examples, the open time for the valve 304 is improved by

10 reducing the force of the biasing element 418 to make the biasing force easier to
overcome. Increasing the rate that energy is dissipated from the coil 420 (and
corresponding dissipation of the magnetic tield) optionally reduces the close
time of the valve 304 {e.g., a time duration for the valve operator 400 to
transition from the open position to the closed position). Further, reducing the

15  amount of energy to be dissipated from the valve 304 {e.g., the coil 420}
optionally reduces the close time of the valve 304. An increase in the spring
constant of the biasing element 418 aids in returning the valve operator 400 to
the closed position {(e.g., with the seal 408 engaged with the valve seat 40%)
though it may conversely increase the duration of valve open as the stiffer

20 biasing element 418 opposes opening.

In some examples, the coil 420 has a defined resistance, and when a
potential is applied across the coil 420, a first amount of energy will be
dissipated by the coil 420 to build the magnetic field. A second amount of
energy is dissipated due to the resistance of the coil 420 (e.g., as heat). Ounce the

25 wvalve 304 mansitions from the closed position to the open position, the amount of
magnetic field needed to maintain the open position of the valve operator 400 is
reduced because the initial additional force to separate the seal 408 from the seat
409 against the fluid pressure of the valve 304 is reduced (e.g., in comparison to
when the valve operator is in the closed position). With the valve operator 400 in

30 the open position, the fluid gap 500 (shown in Figure 5) between the lug 404 and
the valve operator 400 is removed (shown in Figure 4). Since the field is
optionally reduced, the amount of current running through the valve 304 is

optionally reduced to maintain the valve 304 {e.g., the valve operator 400) in the
18
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open position, for example to save power (2.g., hitting and holding the valve
operator 400 in the open position). In an example, a foli voltage potential 1s
applied to the coil 420 until the valve operator 400 transitions to the open
position from the closed position. Once the valve 304 has opened, a reduced
voltage potential {or current), or a modulated current (shown in Figure 7 as the
rapid saw tooth portion of the current plot), is applied to the coil 420 to facilitate
maintaining the valve operator 400 in the open position while reducing the
power consumption dae to the wiring resistance in the coil 420.

In an example, the system 600 includes a coil drive voliage regulator
614, for instance to facilitate operating the power conditioning system 608 ata
fixed, or nearly fixed voltage. The controller 606 optionally modulates one or
more of a high side switch 612 and a low side switch 614, for instance to provide
energy (o the coil 420. The high side switch 612 and the low side switch 614 are
optionally located on either side of the coil 420. For example, the high side
switch 612 is included in the system 600 on a first side of the coil 420. In an
example, the low side switch 614 is incladed in the system 600 on a second side
of the coil 420. In an example, current flows through the coil 420 {(and energizes
the coil 420) when the switches 612, 614 are closed. In some examples, one or
more of the switches 612, 614 are normally open, and modulation of the switch
closes a circuit and allows current to flow through the switches 612, 614. For
instance, the switches 612, 614 are normally open to facilitate conservation of
power in the system 600 (e.g., by selectively supplying power to the system 600
as needed).

In some examples, the system 600 includes one or more dissipation
elements 616, for instance a first dissipation element 618 and a second
dissipation element 620. The dissipation elements 616 include (but are not
limited to) a flyback diode, freewheeling diode, clamp diede, transient voltage
suppression diode, resistor, capacitor, or the like. In an example, the first
dissipation element 618 includes a freewheeling diode, and the dissipation
ciement 618 facilitates recirculation of current through the coil 420 to facilitate
the maintenance of the magnetic field with less energy. The dissipation element
616 optionally have a dissipation characteristic and dissipate energy within the

system 600, for instance from the coil 420. In some examples, the dissipation
19
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element 616 helps recirculate energy within the system 600 (e.g., by
recirculating current through the freewheel path 632, or the like). For example,
the dissipation element 618 facilitates recirculation of current through the coil
420 (with corresponding maintenance of the magnetic field) when the high side

S switch 612 1s open {e.g., to inhibit current flow through the switch 612) and the
low side switch 614 is closed (e.g., o allow recireulating current to flow
between the switch 614 and the dissipation element 616 with the intervening
circuit having the coil 420 and ground).

The second dissipation element 620, for example, facilitates deenergizing

10 of the coil 420. For instance, the dissipation element 620 includes a clamping
diode, and the dissipation element 620 gquickly dissipates recirculating energy in
the system 600 (e.g., removes, reduces, diminishes, dumps, minimizes or the
like) from the coil 420 {or the system 600) when both switches 612, 614 are
opened. Accordingly, current flowing through the coil 420 is forced to divertto a

15  flyback path (e.g., the flyback path 634, or the like} for dissipation across the
dissipation element 620 {(e.g., a clamping diode).

As described herein, the controller 606 monitors the sensors 602. For
instance, the controller 606 determines when the valve operator 400 moves
based on the monitoring of electrical characteristics with the sensor 604 (e.g., a

20 decrease in current corresponding to movement of the valve operator 400 with
respect to the housing 406). The system 600 optionally includes a sense resistor
622, For instance, the sense resistor 622 facilitates monitoring of electrical
characteristics of the system 600 (e.g., current through the coil 428), for example
with the controller 606.

25 In an example, the controller 606 monitors the sensors 602 to
correspondingly monitor the mechanical response of the valve operator 400
{e.g., movement of the valve operator 400 between the closed position and the
open position). Monitoring of the mechanical response of the valve operator 400
facilitates determining the actual duty cycle of the vaive 304.

30 In some examples, the coil characteristic sensor 604 includes the sense
resistor 622. For example, the sense resistor 622 facilitates determining electrical
characteristics of the coil 420. Monitoring of the electrical characteristics of the

coil 420 facilitates monitoring of movement of the valve operator 400, for
20
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instance to determine when the valve operator 400 begins to transition from the
closed position o the open position. In an example, the sense resistor 622 (in
cooperation with the controller 606) facilitates determining when the valve
operator 400 has {olly transitioned o the open position {from the closed

S position). In some examples, the sense resistor 622 is located in series with the
coil 420. In an example, the sense resistor 622 is located in the system 600
between the coil 420 and the switch 612, The sense resistor 622 is optionally
located in series with the power conditioning system 608 and the coil 420. Thus,
the coil characteristic sensor 604 determines electrical characteristics of the coil

10 420 and facilitates monitoring of the electrical characteristic of the coil 420 with
the controller 606. Accordingly, monitoring of the electrical characteristics of
the coil 420 facilitates determining when the valve operator 400 actually moves
{e.g., because the mechanical response of the valve 304 differs from the
electrical signals operating the valve 304).

15 in an example, the sensors 602 include a dissipation characteristic sensor
624. For instance, the dissipation characteristic sensor 624 determines one or
more electrical characteristics of the dissipation elements 616. For example, the
dissipation characteristic sensor 624 determines a voliage across the second
dissipation element 620, for instance by determining a voltage at a dissipation

20 wvoltage node 626 between the coil 420 and the second dissipation element 620.

In an example, the dissipation characteristic sensor 624 facilitates
monitoring of movement of the valve operator 400. For instance, the controller
606 optionally monitors the dissipation characteristic sensor 624 to monitor the
mechanical response of the valve operator 400 (e.g., movement of the valve

25 operator 400 between the open position and the closed position). The controlier
606 monitors the sensor 624 to determine when the valve operator 400 begins to
transition from the open position to the closed position. In another example, the
sense resistor 622 {(in cooperation with the controller 606) facilitates determining
when the valve operator 400 has fully transitioned to the closed position (from

30 the open position).

The system 600 optionally includes one or more signal processors 628.
For instance, the signal processors 628 provide signal conditioning,

amplification, or the like for components of the system 600. In an example, the
21
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signal processors 628 facilitate monitoring of electrical characteristics by the
controller 606. For example, the signal processors 628 condition electrical
characteristics of the systern 600 for monitoring by the controller 606. For
instance, the signal processors 628 allow the controller 606 to monitor the
S wvoltage at the dissipation voltage node 626. The signal processors 628 allow the
controller 606 to monitor current flowing through the coil 420, for example by
monitoring the voltage across the sense resistor 622.
Figure 7 illustrates a representation of one or more drive signals used to
apply a specified duty cycle wo a valve (e.g., the valve 304, shown in Figure 3}
10 and the resultant waveforms (e.g., one or more electrical characteristics, valve
operator positions, specified and actual duty cycles, or the like) that are
monitored {or determined)} by the controller 606 in combination with the sensors
described herein. Figure 7 shows ong iteration (sequence) of an example
specified duty cycle, the resulting actual duty cycle and the monitored or sensed
15  characteristics described herein.
Figure 6 shows arrows indicating flow of current through the system 600
in the various configurations described herein (e.g., during energizing of the coil
4260, maintenance of the energized coil, and dissipation of energy from the coil
420). The system 600 shown in Figure 6 includes an energizing path 630 (dot-
20 dash stippled lines) that energies the coil 420 to generate the magnetic field (e.g.,
to open the valve). In an example, current flows through the energizing path 630
when the high side switch 612 and the low side switch 614 are closed. In
another example, the system 600 includes the freewheel path 632 (dot-dash-dash
stippled lines) that allows current to recirculate through the coil 420 (e.g., to
25 maintain the magnetic field and hold the valve operator 400 in the open
position}. For instance, current flows in the freewheel path 632 including ground
and the coil 420 when the high side switch 612 is open and the low side switch
614 is closed. In yet another example, the system 600 inchudes a flyback path
634 (dot-dot-dash stippled lines) that dissipates energy from the coil 420. In an
30 example, current flows through the flyback path 634 when the high side switch
612 and the low side switch 614 are open. Accordingly, the system 600 operates
the switches 612, 614 to direct current flow through one or more of the

energizing path 630, the freewheel path 632, or the flyback path 634 10
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accomplish energizing of the coil 420 and generation of the magnetic field,
maintenance of the magoetic field or dissipation of energy (and the magnetic
field), respectively.

Figure 7 shows time intervals TQ, T1, T, T2, T3, T4, T5, T6, T7, T8,

S and TC along a common X-axis for each of differing plots that follow
characteristics of the nozzle control system 600 during operation. The Y axes of
the respective plots are graduated by corresponding characteristics including, but
not limited to, voltage, current, open or closed states (and intermediate positions)
or the like. In an example, the high side switch 612 and the low side switch 614

10 (shown in in the upper most plots of Figure 6) are modulated between on off
states. The first (upper most) plot of Figure 7 shows a low side switch state 700
and the second plot shows a high side switch state 702. For instance, the high
side switch state 702 is in the on state at TO, and the low side switch state 700 is
in the off state at T4. In some examples, a specified duty cycle 701 of the valve

15 corresponds to the low side switch state 700 having a corresponding specified
time length 703, in this example of TO to T4 of one full cycle (e.g., fora
complete cycle including on and off of time T0 to TC). In other examples, the
specified duty cycle 701 is represented as a percentage (e.g., 30, 40, 50, 60
percent or so on) of one full cycle (fime T0 to TC).

20 The controlier 606 (in cooperation with the sensor 604, shown in Figare
6) monitors a coil electrical characteristic 704 (e.g., current) of the coil 420 as
shown in the third plot of Figure 7. In another example, the controller 606 (in
cooperation with the sensor 624, shown in Figure 6) monitors a dissipation
element electrical characteristic 706 (e.g., one or more of voltage, current, or the

25 like) of the dissipation element 620 shown in the fourth plot of Figure 7.
Additionally, Figure 7 shows 2 {ifth plot of a valve operator position 708
indicating the position of the valve operator 400 within the valve 304 with the
bottom of the curve corresponding to the closed position and the peak of the
curve corresponding to the open position. {n an example, the actual duty cycle of

30 the valve corresponds to the valve operator position 708.

Farther, flow 709 agricultural product or the like through the valve of the
valve system 600 is shown in the sixth plot (lower most) in Figure 7 and varies

between a value of 0 (e.g., no flow) and 1 {e.g., 100 percent flow indicating the
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valve is open and steady state flow is provided). As discussed herein, movement
of the valve operator 400 permits {or inlnbits) flow 709 through the valve.

As shown in Figure 7 with the specified duty cycle 701 corresponding to
the low side switch state 700 and the actual duty cycle 713 corresponding to the

S wvalve operator position 708 the valve operator movement (opening and closing)
lags in comparison to the specified duty cycle 701, For instance, the actoal duty
cycle 713 is clearly positioned behind (time-wise) the specified duty cycle 701.
This variation or lag between the actual and specified duty cycles 713, 701
cauases errant application of agricultural prodact {e.g., quantity of product

10 applied, location of application, or the like) relative to the specified duty cycle
701,

In one example, at time T, the valve operator 400 is a closed position as
shown with the valve operator position plot 708. At time TO both of the high
side switch 612 and low side switch 614 (shown in Figure 6) are closed, a circuit

15  is completed, and current begins to flow through the current sense resistor 622
and the coil 420 (shown in Figure 6). The coil 420 initially behaves as an
inductor (resisting the increased current), and the coil electrical characteristic
704 (e.g., current) does not change instantaneously, but instead increases over
time from T0 onward. For example, the coil electrical characteristic 704

20 increases with time as shown in Figure 7 after closure of the low side switch
state 700 at TO. The resulting magnetic field generated from the coil 420 builds
as current increases. 'The building magnetic field applies a corresponding
increasing force to the moveable valve operator 400. As the magnetic field
builds in the coil 420 and the lug 404 the force produced by the field overcomes

25 the combination of forces holding the valve operator 400 in the closed position
{e.g., pressure holding the valve 304 closed, the bias force holding the valve
closed, and any other forces on the valve operator 400 holding it closed position
such as gravity) and the operator 400 begins moving toward the open position.

The plotted coil electrical characteristic 704 shows a plurality of

30 inflection points 710. As previously described, as the valve operator 430 begins
to move {(e.g., from closed to open} at approximately T1 a counter current is
generated, and the counter current is graphically shown in Figure 7 with a first

inflection point 710A at T1 along the coil characteristic 704 plot. In contrast, if
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there was no moveable valve operator 400, the current would follow the upward
trending path indicated by the first dashed line 712. In some examples,
monitoring of this electrical characteristic is utilized o diagnose a service issue
with the valve 304, such as the absence of a valve operator 400 {e.g., after

S servicing). If the valve operator 400 is missing from the valve 304 (e.g., errantly
not replace after service) the electrical characteristic 704 will behave in a manner
consistent with first dashed line 712 and thereby facilitate diagnosis of a missing
operator 400.

The fifth plot of Figure 7 shows the valve operator position 708, and the

10 valve operator position 708 corresponds to a position of the valve operator 400
within the valve 304 with the bottom of the curve corresponding to the closed
position and the peak of the curve corresponding to the open position. In an
example, Figare 7 shows the valve operator 400 beginning to translate at time T1
{(e.g., a translation start time, corresponding to when the measured current

15  signature starts to depart from the dashed line 712). In an example, Faraday's law
indicates that movement of the valve operator 400 generates a field in the coil
420. Lenz's law indicates that the current generated by the valve operator 400
must oppose the direction of the building magnetic field caused by the driver of
the coil 420 {e.g., the characteristic 704, current, provided with the power

20 conditioning system 608, or the like). Accordingly, in an example, a change
{(e.g., decrease with respect to time) in the coil electrical characteristic 704 (the
third plot}, current, indicates one or more valve operator translation signatures
714, specifically indicating when the valve operator 400 begins opening
movement (from closed) toward the Tug 404 of the valve 304,

25 In some examples, the controller 606 (shown in Figure 6) compares the
monitored electrical characteristics of the system 600 to the one or more valve
gperator translation signatares 714 (shown in the third plot and the fourth plot of
Figure 7). For instance, a {irst valve operator translation signature 714A
corresponds to at least one inflection point 710 of the coil electric characteristic

30 704 for example at T1'. In an example, the inflection points 710 include one or
more of a change in magnitude of a derivative of the characteristic 704, such as
an increase in the rate that the slope is decreasing; a change in sign of the slope

of the characteristic 704; a change in sign of the derivative of characteristic 704;
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peaks and valleys; or the like. The controller 606 monitors the coil electric
characteristic 704 (the third plot) and indexes at jeast a component of movement
of the valve operator 400 (shown in the fifth plot) based on features of one or
more of the coil electrical characteristic 704 or the dissipation element
characteristic 706 (the fourth plot). The controller 606 compares the indexed the
electrical characteristics to the valve operator translation signawre 714, for
example by locating one or more of the inflection points in one or more of the
coil electric characteristic 704 or the dissipation element characteristic 706.

Referring to Figure 7, as the valve operator 400 moves (indicated with
the valve operator position 708), the inductance of the coil 420 begins to change
as more of the volume inside the solenoid 421 is converted from fluid with a low
magnetic permeability to inchude the valve operator 400 material with a
relatively higher magnetic permeability. When the valve operator 400 reaches
the top of the valve 304 (fully open, shown in Figure 4) and shown at T2 in the
fitth plot of Figure 7 the valve operator 400 stops moving and no longer
generates a counter current in the coil 420. As shown with the coil electric
characteristic 704 {third plot), the current ceases decreasing at a second
inflection point 7108 and begins to rise again. The current in the coil 420
continues to build as it did before dus to the potential through the coil 420
{applied by the power conditioning system 608) without the counter current
provided by the previously moving valve operator 400. Accordingly, the second
intlection point 710B corresponds to a second valve operator transiation
signature 714B indicating the valve operator 400 is fully open. Thus, the
controller 606 monitors the coil electric characteristic 704 and determines that
the valve operator 400 has fully moved to the open position based on the valve
operator translation signature 7148 at time T2.

At time T2, the valve operator 400 is at the open position, and at time T3
the controller 606 optionally reduces the current and associated magnetic field in
the solenoid 421 for instance to save energy. For instance, the controlier 606
maintains the current at a lower level recognized to retain (e.g., maintain} the
valve operator 400 in the open position. In an example, the current is modulated
as shown with the sawtooth wave at T3 (e.g., with selective opening and closing

of the high side switch 612 while the low side switch 614 is closed). For
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example, the electrical resistance in the coil 420 and loss in one or more of the
dissipation elements 616 and switches 612, 614 causes the coil electrical
characteristic 704 to decay. In order to maintain the field generated by the coil
420, the high side switch 612 is modulated to add energy to the solenoid 421

S {e.g., the coil 420, or the like} as needed to maintain the valve operator 400 open
while minimizing power usage.

The modulated current maintains the magnetic field in the solenoid 421
with a slight imbalance (e.g., relative to gravity, fluid pressure, bias from the
bias elernent or the like) to ensure retention of the valve operator 400 in the open

10 position. In an approach, the inductance of the coil 420 is higher and the coil
electrical characteristic 704 would follow the path indicated by a second dotted
line 716 in the coil electrical characteristic 704 antil it had saturated near a
maximum value (e.g., approaches a limit, or the like) if the high side switch 612
was mainiained in the on state.

15 Moedulating (e.2., selectively opening and closing) the high side switch
612 circulates current in the system 600 at a Jevel to generate a magpetic flux
between the lug 404 and the valve operator 400 so as 1o maintain the position of
the valve operator 400 {e.g., 1n the open position). Accordingly, the system 600
modulates the switch 612 to provide a force imbalance incident upon the valve

20 operator 400 and ensure retention of the valve operator 400 in the open position
while reducing the power needed to maintain the position of the valve operator
4G0.

In some examples, the high side switch 612 is modulated between the on
state and the off state (e.g., by selectively closing and opening the switch 612)

25 while maintaining the low side switch 614 in the on (e.g., closed) state.
Modulating the high side switch 612 while the low side switch 614 is in the on
state causes current to flow through the freewheel path 632 that, in some
examples, includes the low side switch 614, the first dissipation element 613, the
sense resistor 622, and the cotl 420 (shown in Figure 6}. Accordingly,

30 modulating the high side switch 614 reduces the power usage for the system 600
to maintain the position of the valve operator 400 (¢.g., in the open position).
Thus, the performance of the system 600 is enhanced because of the reduced

power consumption to mainiain the position of the valve operator 400. In some
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examples, modulating the high side switch 612 between closed and open {with
the low side switch 614 closed) ensures retention of the valve operator 400 in the
open position is referred to as a hit-and-hold algorithm.
In an example, during a rising edge of the Jow side switch control, a hit
S state is initiated in the high side switch 612 and the controller 606 starts
recording electrical characteristics, for example by monitoring the corrent
flowing through the coil 420. The controller 606 analyzes the current data
collected to determine if the valve operator 400 has translated between the open
position and the closed position. In some examples, the controlier 606 waits fora
10 specified delay and repeats the analysis if a translation is not detected.
In an example, when the controller 606 determines the valve operator
400 has translated, the controller 606 optionally stops monitoring the electrical
characteristics of the coil 428 and maintains the position of the valve operator
400 {e.g., by modulating the switch 612, or the like). Optionally, the controlier
15 006 waits for a specified duration for a compare event in the low side switch 614
timer. When a compare event occurs, the low side switch 614 and the high side
switches 612 are turned to an off state. Accordingly, current is forced to
recirculate in the flyback path 634 1o he dissipated across the second dissipation
element 620 {e.g., a clamping diode, or the like). At this point, the controller 606
20 monitors the dissipation characteristic 706 (e.g., a fiyback voltage, or the like}.
At the end of a wait period (e.g., either 10ms or the until the next update event),
the controller 606 analyzes the dissipation characteristic for transition signature
714,
The valve operator 400 is optonally moved to the closed position, for
25 instance at time T4. In an example, both the high side switch 612 and the low
side switch 614 are transitioned to the off state (e.g., to inhibit curent flow
through the switches 612, 614). With the switches 612, 614 in the off state,
carrent is intubited from fowing through the freewheel path 632. Accordingly,
the current recirculating in the coil 420 flows through the flyback path 634 (see
30 Figure 6), optionally including the dissipation element 620 (e.g., a clamping
diode), and begins to dissipate to free the valve operator 430 to move to the

closed position.
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Figure 7 shows the monitored dissipation element electrical characteristic
7036 (e.g., one or more of voltage, current, or the like) of the dissipation element
620 in the fourth plot. In an example, the dissipation element electrica
characteristic 706 (“dissipation characteristic 7067} inchudes a monitored voltage

S atthe dissipation vollage node 626 (shown in Figure 6). Since the dissipation
characteristic 706 is greater than the voltage potential across the coil 420 with
the switches 6512, 614 in the off state, the energy of the magnetic field 15 quickly
collapsed into a high electrical potential at the dissipation voltage node 626.
Conversely, as the voltage across the coil 420 rapidly rises the coil characteristic

10 704 (e.g., current) shown in the fourth plot flowing through the coil 420 quickly
collapses to 0, for instance as shown by time T5 proximate to time T4, As
previously discussed, current generates the magnetic field that retains the valve
operator 400 in the open position, and the rapid decrease of current (and
corresponding magnetic field) accordingly permits the movement of the operator
15  toward the closed position.

In between TS and T6, the dissipation characteristic {voltage) 706 is
saturated, current decreases as shown in the third plot, and the magnetic field
generated by the coil 420 decreases quickly. As the field decreases, the
corresponding force retaining the open position of valve operator 400 against the

20 fixed lug 404 dissipates — and the force provided by the biasing element 418
{shown in Figure 4) overcomes the retaining force and closing movement of the
valve operator 400 is initiated. in some examples, the dissipation characieristic
706 includes one or more voltage inflection points 718. For instance, a first
voltage intlection point 718A {(shown at T3) correlates to the time when the

25 current is directed to the second dissipation element 620 {(and the voltage at the
node 626 rises). In an example, a second voltage inflection point 7188 (shown at
T6) corresponds to when the dissipation element 620 is no longer saturated.
Figure 7 shows the valve operator position 708 (fifth plot) begins movement
from the open position to the closed position at approximately T7 (e.g., a

30 translation start time) corresponding to a third voltage inflection point 718C.
Closing movement {inishes at approximately T8 {e.g., a translation stop time)
corresponding to a fourth voltage inflection point718D. In an example, as the

ralve operator 400 moves away from the collapsing magnetic field, the valve
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operator 400 induces a current in the coil 420, and accordingly provides a
corresponding change in the otherwise dissipating voltage of characteristic 706
having a third valve operator translation signature 714C. For example, the valve
operator translation signature 714C includes a change {e.g., an increase with

S respect to time, or the like) in the dissipation element electrical characteristic
736, voltage in the example shown. [n an example, the third voltage inflection
point 718C corresponds to movement of the valve operator 400 {e.g., translation
signatare 714C). Completion of movement corresponds to, for instance, the
fourth inflection point 718D and a fourth translation signatare 714D when the

10 valve operator 400 comes to a rest (and the valve 304 is closed).

In one example, Lenz's law indicates that the corrent generated by the
valve operator 400 transitioning to the closed position opposes the change in the
characteristic 706 as a result of the collapsing magnetic field. Thus, in an
example, instead of seeing the voltage decay of the coil 420 {e.g., an inductor, or

15 the like) that is discharging (represented by a third dotted line 720), the
dissipation characteristic 706 will rise and then {all relative to the previous decay
until the valve operator 400 has completed its movement {e.g., translation,
transition, stroke, displacement, change, shift, or the like) from the open position
{(e.g., at T7) to the closed position {e.g., at T8). In an example where the field

20 generated by the solenoid 421 is insufficient to maintain the valve operator 400
in the open position, the valve operator 400 will transition to the closed position
prior to turning off the switches 612, 614. At time T8, the valve operator 400 has
fully completed movement to the closed position, and any remainder of the field
generated by the cotl 420 decays based on the lower inductance in the coil 420

25 since the fluid gap 500 has been reintroduced. In some examples, the valve 304
remains in this de-energized state until time TC which is the duration of a cycle.

Accordingly, the time duration between T1 (e.g., when the valve operator
400 begins moving toward the open position) and T8 (e.g., when the valve
operator 400 moves to the closed position and the flow 709 through the valve

30 304 stops) corresponds to an actual duty cycle 713 of the valve 304, For
example, the actual duty cyecle 713 of the valve 304 corresponds to the time
hetween actual opening of the valve operator 400 with beginning of translation

to the open position at T1 (in contrast to the preceding operation of the switches
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612, 614 at T() and a translation stop time of the valve operator 400 at T8 (when
the valve operator 400 is in the closed position). As shown in Figure 7, the
actual duty cycle 713 is different than the specified duty cycle 701
corresponding to the low side switch state 700. For instance, the actual duty

S eycle 713 lags behind the specified duy cycle 701 and its timing and
corresponding characteristics such as length of time open or closed, initiation of
movement, corresponding flow or the like varies relative to the specified duty
cycle 701.

As discussed herein, the system 600 guides the actual duty cycle 713 of

10 the valve 304 to comport with the specified duty cycle 701. For example, the
specified duty cycle 701 corresponds to the portion of the low side switch state
700 (e.g., from TO to T4). The actual duty cycle 713 corresponds to the valve
operator position 708 shown in the fifth plot of Figure 7 and determined from the
coil electrical characteristic 704 {e.g., current) in the third plot indicating the

15  actuwal opening of the valve and the dissipation element electrical characteristic
706 (e.g., voltage) in the fourth plot indicating the actual closing of the valve.
For instance, the actual duty cycle 713 corresponds to the valve operator 400 in
the open position (e.g., from T1 to TR). The system 600 determines one or more
errors {e.g., a difference, delta, or the like) between the specified duty cycle 701

20 and the actoal duty cycle 713. In an example, a portion of the error in the actual
duty cycle 713 relative to the specified duty cycle 701 is generated from
differences in opening and closing movement of the valve operator 400 between
the specified and actual cycles {e.g., lagging of opening and closing movement,
variation in duty cycle length relative to the specified or the like).

25 The system 600 applies a correction, for example a magnetic flux
correction, to the specified duty cycle 701 to guide the actual duty cycie 713 of
the valve 304 toward the specified duty cycle. In an example, the correction
apphied to the specified duty cycle corresponds to the error determined between
the actual duty cycle and the specified duty cycle. As one representative

30 example, opening of the valve in the actual duty cycle 713 is delayed by (L.00S
seconds {5 milliseconds or 5 ms) relative to the specified daty cycle 701. The
system modulates the switches 612, 614 to advance the timing of the specified

duty cycle by 5 ms to guide the actual duty cycle 713 of the valve 304 1o the
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10

15

specified duty cycle 701 (e.g., with a modified specified duty cycle). Thus, the
system 600 adjusts {(e.g., corrects, modulates or the like) the magopetic flux
generated by the coil 420 to achieve actaal operation of the valve operator 400
{opening, closing, and timing of the same) according to the specified duty cycle.
Accordingly, the system 600 minimizes error between the specified duty cycle
741 and the actual doty cycle 713 to improve the performance of the valve 304
{(e.g., to open or close the valve operator 400 at a desired point in time, permit
flow through the valve 304 for a specified period of time or the like).

Figure 8 illustrates a diagram of duty cycle guidance, for instance to
minimize error between the specified duty cycle 701 and the actual duty cycle
713 shown in Figure 7. In some examples, the duty cycle guidance discussed
herein is referred to as an algorithm 8G1. The controller 606 generates a
magnetic flux correction for an example specitied doty cycle 800 (Figure 8 with
an associated specified on period 802), an actual duty cycle 804 (with an
associated actual on period 806} shown in the second plot and an actual duty
cyele 8047 (e.g., an updated actual daty cycle 804 or valve performance) that is
based on the specified duty cycle 800 and a magnetic {lux correction
(colectively an applied duty cycle 808) is shown in the third plot of Figure 8. An
example feedback control loop 1100 for generating the appiied duty cycle 808 is
shown in Figare 11.

Referring first to Figure 8, the specified duty cycle 800 in the first plot is
shown with an associated specified on period 802 of 25 milliseconds {"ms”} and
conversely an off period of 25 ms for a total cycle time of 50 ms. The specified
duty cycle 800 is specified in some examples as a percentage, and in this
example corresponds to a 50 percent duty cycle; the on period 802 is 50 percent
of the full cycle of 50 ms.

The actual duty cycle 804 {e.g., mechanical performance of the valve
304) is shown in the second plot of Figure 8. As previously described, the
movement of the valve operator 400 is detected, in one example as shown in
Figure 6, to determine the actual duty cycle 713 in Figure 7 and the example
actual duty cycle 804 in Figure 8. In the example shown in Figuare 8, the actual
duty cycle 804 extending between on and off transitions 805, 807 of the valve

operator is 22.3 ms. The error between the length of the actual duty cycle 804
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and the specified duty eycle 800 is 2.7 ms. In another example, the actual duty
cycle 834 is a 44.6 percent daty cycle relative to the specified duty cycle of 50
percent shown in the upper plot of Figure 8 (e.g., a negative 5.4 percent error).
The system 600 including for example the feedback control loop 1100

S {of Figure 11} ases this error {e.g., 2.7 ms or 5.4 percent) to determine and apply
a magnetic flux correction 810 (referred to as the duty cycle correction in Figure
11} that modifies the signal for the specified duty cycle 800 to the applied duty
cycle 808 to guide the mechanical performance of the valve 304 toward the
specified duty cycle 800 (see the third plot in Figure 8) having performance

10 (e.g., on time percentage, on duration or the like) corresponding to the original
specified duty cycle 800. The fourth plot in Figure 8 shows the third plot
overlaid with the second plot, thereby showing differences between the third plot
{(e.g., the actual duty cycle 8047) and the second plot (e.g., the actual duty cycle
804).

15 The magnetic flux correction 810 increases or decreases the flux in the
valve 304 to accordingly trigger a change in one or more of valve opening or
valve closing {e.g., opens, closes earlier, later, one earlier one later,
combinations of the same or the like) relative to the previous actual duty cycle
804. The applied duty cycle 808 (based on the specified duty cycle 800 with the

20 magnetic flux correction 810), when implemented with the system 600, provides
the actual duty cycle 804’ shown in the third plot having a duration, percentage
or the like), in this example 25 ms, relative to the actual duty cycle 804 length of
22.3 ms. The time length of the actual daty cycle 8047, 25 mis, corresponds to the
specified time length of 25 ms of the specified duty cycle 800. The actual duoty

25 cycle 8047 is the actual valve performance of the valve 304 driven with the
specified duty cycle 800 and the magnetic flux correction 810, and the actual
duty cycle 804” has a duration of 25 ms that matches the duration of the original
specified duty cycle 800 shown in the upper plot of Figure 8. In other examples,
if the actual duty cycle 804 is longer than the specified duty cycle 800, the

30 system 600 implements a magnetic flux correction 810 (e.g., a change in
magnetic flux that shortens the on performance of the valve) as part of the
applied duty cycle 808 to generate the actual duty cycle 8047 that matches the

shorter specified duty cycie 800.
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Figure 8 shows the fourth plot, which includes the second plot overlaid
with the third plot. The mounitoring of the actual performance of a valve and its
associated valve operator to determine an actual duty cycle based on detected
valve operator movement (e.g., opening and closing of the valve operator)

5  differences between the actual duty cycle 804 and the specified duty cycle 800
are readily determined and corrected with systern 600 described herein inclading
implementation of the magnetic flux correction 810, The syster 600 drives the
valve with an applied duty cycle 808 (the specified duty cycle including the
magnetic flux correction 810) that causes the valve to mechanically behave with

10 an actual duty cycle 804° that matches the specified duty cycle 800. In other
examples, the system 600 and the example feedback control loop 1100 operate
in an ongoing manner and accordingly modalate the specified duty cycle 800
with the magnetic flux correction 8§10 (collectively the applied duty cycle 808) to
vary operation of the valve 304. For instance, as an agriculiural vehicle (e.g., a

15  sprayer or the like) changes velocity, turns, increases or decreases flow rates in
different zones of a field or the like, the system 600 continues to monitor actual
valve performance {opening and closing of one or more valves) to determine an
actual duty cycle, compare the actual duty cycle with a specified duty cycle, and
adjust the performance of the valve with an applied duty cycle based on the

20 specified daty cycle modified with the magnetic flux correction 810 to achieve
actual performance (e.g., sprayer output, flow rate, a resulting actual duty cycle
or the like corresponding to the actual duty cycle 804”) that matches a specified
duty cycle.

Figure 9 illustrates an algorithm 900 for determining one or more actual

25 duty cycles, for example a duty cycle corresponding to a time duration for the
ralve operator 400 to transition between the closed position and the open
position {e.g., the open stroke transition times}. Samples are optionally collected
during a first time interval {e.g., when the magnetic field is building in the
solenoid 421), for example at 902. {n an example, an analog-to-digital-converter

30 ("ADC”) with a direct memory access controller (“"DMA™) samples one or more
electrical characteristics of the system 600, such as at a fixed sample rate. In an
example, at 904 the electrical characteristic samples are analyzed, for instance

with the controller 606 looping through an index of the samples to locate points
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of interest (e.g., one or more of the valve operator translation signatares 714}, In
another example, the controller 606 detects a value (e.g., one or more of the
characteristics 704, 706) above a noise threshold {e.g., a base noise margin), and
the controller 636 optionally records this as time TO. As the controller 636

S continues analyzing the samples, at 906 the controlier 606 optionally records the
first instance of an inflection point (e.g., a peak, for instance the inflection point
T10A at T1 in Figure 7) that is greater than a first valve operator transition
threshold {(e.g., a noise threshold, minimum value, floor, or the like). In one
example, T1” corresponds to the inflection point 710A and is, in some examples,

10 more readily detected and T17 is accordingly interpreted as equivalent to T1. In
another example, at 903 the controller 606 records an instance of a second
inflection point {e.g., a valley, for example the inflection point 710B at T2 in
Figure 7) with a value that is greater than a second valve operator transition
threshold. For instance, the second inflection point corresponds to the valve

15  operator 400 fully moving to the open position {(shown with the valve operator
position 708 at T2 in Figure 7).

The controlier 606 optionally analyzes the samples {(e.g., one or more of
an analog signal, a digital signal, or the like) to detect a second peak value that
exceeds the second valve operator transition value. For instance, the valve

20 operator 400 may bounce within the valve body 402, thereby causing multiple
peak values above the minimum valve operator transition value. Accordingly, at
9140, the controlier detects when the electrical characteristics exceed a bounce
threshold to determine when the valve operator 400 has moved to the open
position {e.g., the valve operator position 708 at T3, shown in Figure 7).

25 The controller 606 determines when all values are defined at 914, such as
by detecting when the value of the electrical characteristics of the system 600
exceed one or more of the thresholds described herein (e.g., a noise threshold,
transition threshold, bounce threshold, or the like). At 916, when all values are
defined, the controller 606 determines that the valve operator 400 did move (e.g.,

30 valve operator 400 is not stuck, bouncing, or the like} and proceeds to the hold
state (e.g., by utilizing a hit-and-hold algorithm). If all values were not defined,
at 918 the controller 606 determines that a full transition of the valve operator

400 did not occur and determines whether a wait duration has exceeded a
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maximum transition time threshold, such as a threshold correlating to the
maxirmum hit doration of the hit-and-hold algorithm. Tn another example, the
maximun transition time threshold correlates with a point when the field in the
coil 420 is nearly saturated. I the wait duration has not exceeded the maximum
S transition time threshold, the controller 606 returns to 904 and analyzes samples
of the electrical characteristics of the system 600.1f the wait duration exceeds the
maximur fransiiion time threshold, the controller 606 deternunes that the valve
operator 400 has not transitioned {e.g., the valve operator 400 is stuck or the
operating pressure is oo high) and the controller 606 records that the valve
10 operator 400 did not transition.
In an example, the controller 606 when the controller 606 records that the
valve operator 400 did not transition, the controller 606 provides a notification
that the valve operator 400 did not transition {e.g., by displaying a message on a
user interface, or the like). For example, the controller 606 transmits a
15 notification to a user interface {e.g., a screen, dashboard, console, light emitting
diode, pixel, or the Like) wo indicate o a aser that the valve operator 400 did not
transition. In another example, the notification provides the user with
information that the duty cycle could not be implemented, for instance because
the valve operator 400 remained open {or closed) instead of transitioning
20 according to the specified duty cycle. Failure to tmplernent the duty cycle is
indicative in some examples of poor valve health, for example over or under
application of an agricultural product, plugging, inability by the valve to achieve
the specified duty cycle. A fatlure to implement the duty cycle triggers an
implementation of a magnetic flux correction in one example. I the correction
25 is implemented and performance is still out of line with the specified duty cycle
a further indication is optionally provided of poor valve health.
Figure 10 iHustrates an algorithm 1000 for determining a translation of
the valve operator 400 between the open position and the closed position (e.g.,
the close stroke transition times). In an example, at 1002 the controller 606
30 collects samples {e.g., data, information, electrical signals, or the like) during the
translation of the valve operator 400 from the open position to the closed
position. For instance, the controlier 606 monitors a dissipation voliage node 626

during the close stroke. In an example, the controller 606 collects samples during
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a period of interest (e.g., when the magnetic field is decaying in the solenoid
621).
At 1004, the controlier 606 analyzes the samples collected during
translation of the valve operator 400. In some approaches, sampling the
S magnitudes of the sample values is anreliable at indicating valve operator 400
transition times. In an example, the controller 606 wtilizes a derivative of the
sample values (e.g., one or more electrical characteristics of the system 600,
such as characteristics 704, 706) to determine whether the valve operator 400
has transitioned. The controller 606 optionally utilizes a stream derivative using,
10 for instance a 9-sample window. For example, the controller 606 uses the
Savitzky-Golay stream derivative method to compare one or more electrical
characteristics of the system 600 to one or more of the valve operator translation
signatures 714.In an example, as the stream derivative is calculated, the
controller 606 analyzes the samples to ook for one or more of the inflection
15 points 710, 718 or the like in the elecirical characteristics {or derivatives of the
electrical characteristics) of the systern 600. In another example, the valve
operator transiation signature 714 corresponds to one or more of the inflection
points 710 of the coil characteristic 704. In yet another example, the valve
operator translation signature 714 corresponds to one or more of the inflection
20 points 718 of the dissipation characteristic 706. For instance, the inflection
points 710, 718 include one or more of a change in magnitade of a derivative of
the characteristic 704 (or the characteristic 706), such as an increase in the rate
that the slope is decreasing; 2 change in sign of the slope of the characteristic
704 (or the characteristic 700); a change in sign of the derivative of
25 characteristic 704 (or the characteristic 706); peaks and valleys; global maxima;
global minima; local maxima; local minima; or the like.
In an example, at 1006 the controller 6(6 detects a first inflection point
{e.g., a peak, such as inflection point 718A) in the collected samples, and the
first inflection point correlates to the time {(e.g., for the characteristic 706 at TS,
30 shown in Figure 7) when the current is directed to the second dissipation clement
620 (and the voltage at the node 626 rises}. At 1008, the controller 606 detects a
second inflection point {e.g., a change in slope, for instance the inflection point

7188 at T6 in Figure 7), such as corresponding to a point when the second
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dissipation element 620 is no longer satarated. For instance, the second
inflection point 7188 is detected when the {ield decays below a clamped value
of a clamp diode {e.g., Tor the characteristic 706 at 16, shown in Figure 7). At
1016, the controller 606 detects a third inflection point {e.g., the inflection point
S 718, shown in Figure 7 at T7) indicating the point at which the valve operator

400 starts to fransition to the closed position. In another example, the algorithm
1000 includes, at 1012, detecting a fourth inflection point (e.g., the inflection
point 7180, shown in Figure 7 at T8} with the controller 636. The fourth
inflection point correlates to the point where the vaive operator 400 has

10 completed its transition to the closed position (indicated with the valve operator
position 708 at T8 in Figure 7). If all values are defined at 1014, at 1016 the
controller 606 determines that the valve operator 400 did move {e.g., valve
operator 400 is not stuck, bouncing, or the like) and optionally proceeds o the
hold state. If all values were not recorded at 1014, at 1018 the controller 606

15  determines that a full transition of the valve operator 400 did not occur and
optionally waits (e.g., for a waiting duration) before analyzing the electrical
characteristics of the system 600 again. In some examples, the controller 606
determines that a full transition of the valve operator 400 did not occur and
determines whether a wait duration has exceeded a maximum transition time

20 threshold. The controller 606 optionally provides a notification when the wait
duration exceeds the maximum transition time threshold.

Figure 11 iHustrates an algorithm 1100 for implementing a magnetic flux
correction and implementing control of a valve according to a specified duty
cyele 1102 and the magnetic flux correction (e.g., an applied duty cycle). In

25 some examples, the algorithm 1100 is referred to as a feedback control loop
1104 In an example, at 1104 the controller 606 provides the specified duty cycle
1102 to a junction, such as a summation block 1106, and the output of the
surnmation block 1106 is an applied duty cycle 1108 (e.g., the applied duty cycle
808, shown in Figure 8). As described herein, in some examples, the duty cycle

30 of the electrically controlled low side switch 614 controls the valve 304
mechanics and how much flaid flows from the valve 304 (and is dispensed by
the nozzle 106). In an example, the specified duty cycle 701 (shown in Figure 7)

is associated with the actual duty cycle 713 of the valve 304. As described
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herein, in some approaches the actual duty cycle 713 does not match the
specified duty cycle 701 (e.g., due to physical limitations in the construction of
the valve 304). In an example, the system 600 corrects (including minimizes) the
variation or error between the specified duty cycle 1102 and an actual duty cyele

S 1110 {e.g., as shown with the actual duty cycle 8047}, sach as with the algorithm
1100,

For instance, when the system 600 decreases variations in the open time
of the valve 304 (between specified open and actual open), the controller 606
optionally increases the field generated by the coil 420. The increase in the

10 generated field corresponds to an increase in power supplied fo the coil 420. In
some examples, variations between duty cycles are mitigated by monitoring the
feedback of the coil characteristic sensor 604 and dissipation characteristic
sensor 624, for instance to determine when the valve 304 actually transitons
between the open position and the closed position {e.g., when the valve 304

15  actwally strokes).

In an example, the controller 606 determines how the valve operator 400
actually moved for a cycle of the valve 304. The controller 606 compensates for
variability in movement of the valve operator 400 (e.g., a difference between
specified duty cycle and actual duty cycle) with an applied duty cycle 1108 that

20 is based on the specified duty cycle with a magnetic flux correction. For
example, at 1112, one or more of the switches 612, 614 are modulated according
to the applied duty cycie 1108 (or specified duty cycle if no magnetic {lux
correction is present) to thereby open and close the valve 304, The
corresponding actual duty cycle 1110 1s the output of the modudated switching at

25 1112. The algorithm 1100 at 1114 includes determining the valve operator duty
cycle. For example, the controller 606 monitors one or more characteristics, such
as the electrical characteristics 704, 106 (that represent opening and closing of
the valve), also referred to herein as the actual duty cycle 1110 (or the actual
duty cycle 804 in Figure 8).

30 In Figure 11, at 1116 the algorithm 1100 includes determining a duty
cycle correction 1118 {corresponding to the magnetic flux correction applied to
the valve 304). The duty cycle correction 1118 is implemented with the

specified duty cycle 1102 at the sunumation block 1106, thereby generating the
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apphied duty cyele 1138, The controller 606 uses the actual daty cycle
determination {(e.g., with the algorithm 1100 at 1114) to guide the actual duty
cycle 1110 toward the specified daty cycle 1102, thereby minimizing error
between the specified duty cycle 1102 and the actual doty cyele 1110, Inan
S example, factors that cause variability from valve to valve do not change

dramatically from cycle to cycle for those respective valves. Tn some examples,
the controller 606 utilizes a magnetic flux correction (or a duty cycle correction)
to compensate the specified duty cycle 1102 of one or more valves 304 to
improve the performance of the system 600 for applying an agricultural product.

10 Accordingly, the variability between the valves 304 can be compensated for,
such as by guiding the actual duty cycle 1110 of the valve 304 toward the
specified duaty cycle 1102,

For instance, at 1112, system {eedback is conditioned into the duty cycle

correction 11138 (e.g., an error offset, or the like) and used to modulate the low

15 side switch 614 with the applied duty cycle 1108 that differs from the specified
duty cycle 1102 o guide the actual duty cycle 1110 of the valve 304 to the
specified duty cycle 1102. Accordingly, the system tightly controls the ocutpuat of
the valve 304 (e.g., flow of an agricultaral product, or the like) based on a
desired target output (e.g., valve flow rate, agricultural product volume or the

20 hike).

As described herein, at 1116, the controller 606 implementing the
algorithm 1100 determines the duty cycle correction 1118 (e.g., a duration,
percentage or the like that represents the magnetic flux correction) based on
error {e.g., differences) between the specified daty cycle 1102 and the acwal

25 duty cycle 1110. The duty cycle correction 1118, when implemented at the coil
420 of the valve 304 corresponds to the magnetic flux correction. The duty cycle
correction 1118 i3 combined with the specified duty cycle 1102 at the
surnmation block 1104 to accordingly generate the applied duty cycle 1110.
Accordingly, the duty cycle correction 1118 is applied to the specified duty

30 cycle 1102 to generate the applied duty cycle 1108 that guides the valve
performance {e.g., the actual duty cycle 804’ described herein and shown in
Figure 8) to the original specified duty cycle 1102 {e.g., as provided at 1104).

For instance, an ‘on’ duration (g.g., open period of the valve during a cycle of
40
4



WO 2021/066962 PCT/US2020/047696

operation) for the actual duty cycle 804’ corresponds with the *on’ duration of
the specified duty cycle 1102 when the applied duty cyele 1108 includes the
duty cycle correction 1118 (e.g., the magnetic flux correction).
As described herein, the controller 606 monitors feedback such as
S electrical characteristics that correspond to mechanical performance of the valve
304 as the valve operator transitions {e.g., between with an open stroke or a
close stroke}. The controller 606 optionally compiles one or more metrics related
to valve health or valve performance relative to other valves in the system {e.g.,
to notify a user that performance of one or more of the valves is degraded, for
10 instance below a performance threshold). In another example, the controller 606
compiles a health metric based on the correction, such as the magnetic flux
correction or duty cycle correction 1118 (in Figure 11), that adjusts valve
performance toward the specified duty cycle 701. Optionally, the health metric
is graduated according to the magnitude of the duty cycle correction 1118, For
15  instance, as the duty cycle correction 1118 increases, the health metric
conversely decreases (e.g., indicating the valve is less able to perform as
specified and instead is driven with progressively greater correction).
For example, a magnitude of the duty cycle correction (e.g., determined
with the algorithm 1106, shown in Figure 11) is indicative of the health of the
20 wvalve 304 {e.g., whether the valve 304 is operating as intended). In an example,
the controller 606 determines that the valve 304 is performing as intended if the
duty cycle correction 1118 is within 10 percent of the specified duty cycle 1102
{e.g., the duty cycle correction 1118 is within .010 ms for a specified duty cycie
1162 of .100 ms). Thus, when the duty cycle correction 1118 is within 10
25 percent of the specified duty cycle 1102, the controller 606 optionally provides a
notification that the valve 304 is at maximum health. For instance, the controller
606 may provide a notification that a health value of the valve 304 is at 100
health points out of 100 total health points.
In another example, when the duty cycle correction 1118 exceeds 10
30 percent of the specified duty cycle {e.g., a duty cycle correction exceeding .010
ms for a duty cycle time of .100 ms), the controller 606 provides a notification
that the health value of the valve 304 is decreasing. For example, the health

ralue of the valve decreases below 100 total health points if the duty cycle
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correction 1118 exceeds 10 percent of the specified duty cycle 1102. The health
value of the valve 304 optionally decreases in a graduated manner {e.g., linearly,
exponeniially, logarithmically, or the like) as the duty cyele correction 1118
increases above 10 percent of the specified duty cycle 1102. For example, the

S controller 606 provides a notification that the valve 304 has 30 health points {out
of 100 total health points) when the duty cycle correction 1118 exceeds 15
percent of the specified duty cycle 1102 (e.g., the duty cycle correction
exceeding .G15 ms for a duty cycle time of .100 ms). In another example, the
controlier 66 provides a notification that the valve 304 has 0 health points (out

10 of 100 total health points) when the duty cycle correction 1118 exceeds 20
percent of the specified duty cycle 1108 (e.g., the duty cycle correction
exceeding .020 ms for a duty cycle time of . 100 ms). In some examples, the
controller 606 provides a notification that the valve 304 needs service, for
instance when the duty cycle correction 1118 exceeds 25 percent of the specified

15 duty cycle 1102 (e.g., the duty cycle correction exceeding .025 ms for a duty
cycle time of .100 ms). Accordingly, the controller 606 utilizes the duty cycle
correction 1118 to assess the health of the valve 304 and notify a user regarding
the health of the valve (e.g., by displaying a health value inclading health points
of the valve, or the system 600, with a user interface).

20 In some examples, pressure changes quickly at the valve outlet 416 once
the seal is broken {on the open stroke) or sealed (on the close stroke}. As the
valves low output depends on the pressure at the outlet, the system provides a
specified output when the system utilizes the subject matter described herein.
For instance, the error offset metric is helpful for determining valve health

25 between valves. The system provides operation conditions as similar as possible
between valves of the system, and in some examples the system compares how
much offset a given valve has and determines if the system is out of
specifications (e.g., outlet restrictions in the case of blocked tip detection).

In some examples, a plumbing system of a sprayer has a pressure drop

30 along the boom that varies from nozzle location to nozzle location that depends
on the amount of flow going to each nozzle location. This variable pressure drop
can cause issues, for example with our pressure control algorithm. In some

approaches, the algorithm assumes that the pressure at each nozzle is the same as
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the pressure measured at the center of the boom. The variable pressure drop can
also atfect droplet size across the boom as the pressure at each nozzle jocation,
for instance because the droplet size is dependent on nozzle pressure. To
gvercome controlling the flow incorrectly in the presence of this pressure drop, a

S controller integrates the system efficiency, but this adds latency to the control
mechanism and can affect how much variation in flow rate or droplet size occurs
between locations on the boom.

The pressure drop at each location can be found through modeling
known aspects of the machine configuration like the diameter(s) of the

10 plumbing, length of the plumbing to each nozzle, types of tubing, types of
restrictions or fittings along
the boom, target flow rate at every nozzle location along the boom, and some
characteristics about the type of liquid being dispensed. The system can
experimentally validate pressure drop values on a configuration by running the

15  system at a2 known flow rates at each nozzle and then measure the associated
pressure drops along the boom. By modeling or characterizing the system, the
system {e.g., a controller) can compensate the pressure at each nozzle to an
average target pressure by controfling to an overall slightly higher pressure at the
center of the machine. This pressure offset can still cause an issue with the inside

20 nozzles having a higher than target pressure and dispensing more liguid and the
outside nozzles having a lower than target pressure and dispensing slightly less
liguid. The effective pressure could be calculated at each nozzle or valve, and
then the system can compensate the flow rate by adjusting the duty cycle of the
valves or nozzies to match their target flow rate even in the presence of the

25 nominal pressure drop at their location.

In some approaches a sprayer for applying an agricultural product can
cause skips, or areas in application coverage that do not get touched by
dispensed agrochemical, for instance if the driven duty cyele of a nozzle is less
than 50%. In practice, this number is 50% because nozzle tips are generally

30 selected to overlap 50% with their neighboring nozzle and nozzles are run out of
phase with one another. Many things affect the skip area like machine speed,
yaw rate, application height, mixing in the air due o boom or machine

turbulence or local wind conditions. The total area of the skip depends on one or
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more things, the effective velocity at the nozzle, the application width of the tip,
and the off time of the nozzie when operating at less than 50% duty cycle.

The area can be calculated using the following formula:

Skip Area = (Nozzle Width * Effective Nozzle Velocity * (1 — (duty

S cycle/100)) / frequency {for duty cycles < 50%]

In practice, we currently recommend keeping our valve (“INCV™)
minimum duty cycle at or around 25% o minimize areas where skips may occur.
However, the NCV can physically perform well at much lower duty cycles as the
Limitation in the NCV is how quickly the valve operator 400 can transition from

10 the closed to open states or opened to close states. For instance, at 40PS1, the
NCV can open in about 7ms and close in about 5 ms. At a frequency of 10 Hz
this correlates to a minimum on-time doty cycle of about 5% and at 20Hz, this
correlates to a minimum on-time duty cycle of 10%. In general, if the frequency
was increased near the minimum daty cycle range to 20 Hz it would cause the

15 skip distance to decrease and increase our confidence at lowering the NCV
minimum duty cycle threshold. In the industry, the trend is to increase the base
operational frequency at all duty cyeles in order to minimize skip area or
distance. However, increasing the frequency causes more stress on the physical
mechanics of the NCV (like the valve operator 400 and seals), and in return,

20 lowering the trequency would lengthen the lifespan of the NCV. Increasing the
frequency also causes more transitions from the open to closed and closed o
open states during which the pressure in the valve varies and can cause non-
linear flow or pressure drops which can affect control and target droplet size.

Therefore, being able to dynamically adjust the operational frequency of

25 the NCV at different duty cycles and effective velocities to target a minimum
skip area would be ideal for targeting an optimal life time, minimalizing
inconsistencies in droplet size from the tip, or minimizing time in non-linear
flow rate application periods.

Technically, the frequency at any duty cycie above 50% could be

30 reduced to the lowest allowable frequency that still produced an acceptable
coverage pattern {(e.g., acceptably sized double-coverage areas}. One approach to
implement dynamic frequency adjustment can be that the frequency is fixed at

set duty cycles and then would use a percent threshold to switch between the
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frequencies. This approach has the disadvantage of the fact that it doesn’t use the
effective nozzle velocity to mimimize the skip distance, which may make it
unnecessarily run at higher frequencies when it doesn’t need to do so to
acceptably minimize skip coverage areas.

Another way would be to have the user select a maximum skip distance
and then based off that setting, each NCV could use its effective speed and off
time to determine its effective skip distance and make a decision to increase or
decrease the frequency to control the skip distance below the maximum entered
value.

It is also worth noting that because nozzles typically ran out of phase
with their neighbors, frequency steps would have to happen in powers of two to
ensure that nozzles could still be synced locally to one another and remain out of
phase.

Figure 12 illustrates a block diagram of an example machine 1200 (¢.g.,
the controller 646, or the like) upon which any one or more of the techniques
{e.g., methodologies) discussed herein may perform, for example one or more of
the algorithms 801, 900, 1000, or 1100. Examples, as described herein, may
include, or may operate by, logic or a number of components, or mechanisms in
the machine 1200. Circuitry (e.g., processing circuitry) is a collection of circuits
implemented in tangible entities of the machine 1200 that include hardware (e.g.,
simple circuits, gates, logic, ete.). Circuitry membership may be flexible over
timne. Circuitries include members that may, alone or in combination, perform
specified operations when operating. In an example, hardware of the circuitry
may be immutably designed to carry out a specific operation {e.g., bardwired). In
an example, the hardware of the circuitry may include variably connected
physical components (e.g., execution units, transistors, simple circuits, etc.)
including a machine readable medium physically modified {(e.g., magnetically,
electrically, moveable placement of invariant massed particles, etc.) to encode
instructions of the specific operation. In connecting the physical components, the
underlying electrical properties of a hardware constituent are changed, for
example, from an insulator to a conductor or vice versa. The instructions enable
embedded hardware (e.g., the execution units or a loading mechanism) to create

members of the circuitry in hardware via the variable connections to carry out
453
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portions of the specific operation when in operation. Accordingly, in an
example, the machine readable mediom elements are part of the circuitry or are
communicatively coupled to the other components of the circuitry when the
device is operating. In an example, any of the physical components may be used

S in more than one member of more than one circuitry. For example, ander
operation, execution units may be used in a first circuit of a first circuitry at ong
point in time and reused by a second circuit in the first circuitry, or by a third
circuit in a second circuitry at a different time. Additional examples of thesg
components with respect to the machine 1200 follow.

10 In alternative embodiments, the machine 1200 may operate as a
standalone device or may be connected (e.g., networked) to other machines. In a
networked deployment, the machine 1200 may operate in the capacity of a
server machine, a chient machine, or both in server-client network environments.
In an example, the machine 1200 may act as a peer machine in peer-to-peer

15 (P2P} {(or other distributed) network environment. The machine 1200 may be 2
personal computer (PC), a tablet PC, a set-top box (STB), a personal digital
assistant (PDA), a mobile telephone, a web appliance, a network rouater, switch
or bridge, or any machine capable of executing instructions {sequential or
otherwise) that specify actions to be taken by that machine. Farther, while only a

20 single machine is iHustrated, the term “machine” shall also be taken to include
any collection of machines that individually or jointly execute a set (or multiple
sets) of instructions to perform any one or more of the methodologies discussed
herein, such as cloud computing, software as a service (SaaS), other computer
claster configurations.

25 The machine (e.g., computer system} 1200 may include a hardware
processor 1202 (e.g., a ceniral processing unit (CPU), a graphics processing unit
(GPU), a hardware processor core, or any combination thereof), a main memory
1204, a static memory {e.g., memory or storage for firmware, microcode, a
basic-input-output (BIOS), unified extensible firmware interface (UEFD), etc.)

30 1206, and mass storage 1208 (e.g.. hard drive, tape drive, {lash storage, or other
block devices} some or all of which may communicate with each other via an
interfink (e.g., bus} 1230. The machine 1200 may further include a display unit

1210, an alphanumeric input device 1212 {e.g., a keyboard), and a user interface
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(U navigation device 1214 (e.g., a mouse). In an example, the display unit
1210, input device 1212 and Ul navigation device 1214 may be a touch screen
display. The machine 1200 may additionally include a storage device (e.g., drive
unit) 1208, a signal generation device 1218 (e.g., a speaker}, a network interface
S device 1220, and one or more sensors 1216, such as a global positioning system
(GPS) sensor, compass, accelerometer, or other sensor. The machine 1200 may
inclode an output controller 1228, such as a serial {e.g., universal serial bus
(USH), parallel, or other wired or wireless {e.g., infrared (IR}, near field
commumnication (NFC), etc.) connection to communicate or control one or more

10 peripheral devices {e.g., a printer, card reader, etc.).

Registers of the processor 1202, the main memory 1204, the static
memory 1236, or the mass storage 1208 may be, or include, a machine readable
mediam 1222 on which is stored one or more sets of data structures or
instructions 1224 {(e.g., software) embodying or utilized by any one or more of

15  the techniques or functions described herein. The instructions 1224 may also
reside, completely or at least partially, within any of registers of the processor
1262, the main memory 1204, the static memory 1206, or the mass storage 1208
during execution thereof by the machine 1200, In an example, one or any
combination of the hardware processor 1202, the main memory 1204, the static

20 memory 1206, or the mass storage 1208 may constitute the machine readable
media 1222, While the machine readable medium 1222 is tllustrated as g single
medium, the term "machine readable mediom" may include a single medium or
multiple media (e.g., a centralized or distributed database, and/or associated
caches and servers) configured to store the one or more instractions 1224.

25 The term “machine readable medium” may include any medium that is
capable of storing, encoding, or carrying instructions for execution by the
machine 1200 and that cause the machine 1200 to perform any one or more of
the technigues of the present disclosure, or that is capable of storing, encoding or
carrying data structures used by or associated with such instractions. Non-

30 limiting machine readable medium examples may include solid-state memories,
optical media, magnetic media, and signals (e.g., radio frequency signals, other
photon based signals, sound signals, etc.). In an example, a non-transitory

machine readable medium comprises a machine readable medium with a
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plurality of particles having invariant (e.g., rest} mass, and thus are compositions
of matter. Accordingly, non-transitory machine-readable media are machine
readable media that do not include transitory propagating signals. Specific
examples of non-transitory machine readable media may include: non-volatile

S memory, such as semiconductor memory devices (e.g., Flectrically
Programmable Read-Only Memory (EPROM), Electrically Erasable
Programmable Read-Only Memory (EEPROM)) and flash memory devices;
magnetic disks, such as internal hard disks and removable disks; magneto-
optical disks; and CD-ROM and DVD-ROM disks.

10 The instructions 1224 may be further transmitted or received over a
communications network 1226 using a transmission medium via the network
interface device 1220 utilizing any one of a number of transfer protocols (e.g.,
frame relay, internet protocol (IP), transmission control protocol (TCP), user
datagram protocol (UDP), hypertext transfer protocol (HTTP), etc.). Example

15 communication networks may include a local area network (LAN), a wide area
network (WAN), a packet data network (e.g., the Internet), mobile telephone
networks {e.g., cellular networks), Plain Old Telephone (POTS) networks, and
wireless data networks {e.g., Institute of Elecirical and Electronics Engineers
(IEEE) 802.11 family of standards known as Wi-Fi®, IEEE 802.16 family of

20 standards known as WiMax®), THEE 802.15.4 family of standards, peer-to-peer
{(P2P) networks, among others. In an example, the network interface device 1220
may include one or more physical jacks {e.g., Ethernet, coaxial, or phone jacks)
or one or more antennas to connect to the communications network 1226. Inan
example, the network interface device 1220 may include a plurality of antennas

25 to wirelessly communicate using at least one of single-input multiple-output
(SIMO), muitiple-input multiple-output {MIMO), or multiple-input single-output
(MISQO) techniques. The term “transmission medium” shall be taken to include
any intangible medium that is capable of storing, encoding or carrying
instructions for execution by the machine 1200, and includes digital or analog

30 commumications signals or other intangible medium to facilitate communication
of such software. A transmission medium is a machine readable medium.

Figure 13 iHustrates a schematic diagram of an example of a system 1300

for modulating one or more of the valves 304. For example, the system 1360
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includes the controller 1302. In some examples, the controller 1302 includes the
controller 606. For instance, the controller 1302 includes processing circuitry
that facilitates operation of the system 1300 (and the valves 304). In an example,
the agricultural sprayer 100 (shown in Figure 1) includes one or morg

5 controllers, for instance one or more of the controlier 1302 or the controiler 606
{shown in Figure 6). In another example, the nozzle control system 200 (shown
in Figure 2) includes the controllers (e.g., controller 1302, controlier 606, or the
like}. In yet another example, the control system 300 (shown in Figure 3}
includes the controllers e.g., {controller 1302, controller 606, or the like).

10 In an example, the controller 1302 is in communication with one or more
of the nozzle control systerns 600. For instance, the system 1300 includes a first
nozzle control system 600A, a second nozzle control system 6008, and a third
nozzle control system 600C. The first system 600A includes a first valve 304 A
baving a first cotl 420A. The second system 6008 includes a second valve 3048

15  having a second coil 420B. The third systerm 600C includes a third valve 304C
having a third coil 420C. The controller 1302 modulates the valves 304
according to one or more duty cycles. For example, the controller 1302 is in
communication with the first system 600A and energizes the coil 420A, for
instance according to a first specified duty cycle and a first magnetic flux

20 correction. The controller 1302 1s in communication with the second system
6008 and energizes the coil 4208, for instance according to a second specified
duty cycle and a second magnetic flux correction. The controlier 1302 is in
comrmunication with the third system 600C and energizes the coil 420C, for
instance according to a third specified duty cycle and a third magnetic flux

25 correction. Accordingly, the controller 1302 operates the valves 304,

In some examples, the controller 1302 facilitates modulation of one or
more of the valves 304 out of phase with each other, for instance to conserve
power usage by the aystem §300. For example, the {irst valve 304A is modulated
out of phase with the second valve 3048. The first valve 304A is modulated out

30 of phase with the third valve 304C. Accordingly, the first valve 304A is
modulated out of phase with one or more of the second valve 304B or the third
valve 304C. In another example, the second valve 304B is operated in phase

with the third valve 304C. The first valve 304A is modulated out of phase with
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the second valve 3048 and the third valve 304 (with the valves 3048, 304C
modulated in phase with each other). Accordingly, modulation of the valves 304
out of phase with each other reduces the number of valves 304 that are drawing
power simultaneously within the system 1304.

In an example, the controller 1302 modulates the first valve 304A owt of
phase with the second valve 3048 at a specified phase. The controller 1302
operates the valve 304A, for example by operating a moveable valve operator
{e.g., valve operator 400, shown in Figure 4} with the cotl 420A. The controller
1302 optionally determines an actual phase of the valve 304, such as by
determining the actual duty cycles of the valves 304 and determining the actual
phase between the actual duty cycles of the valves 304. The controller 1302
operates the valve 304A according to the specified duty cycle and a magnetic
flax correction {(e.g., an applied duty cycle) to guide the actual phase of the valve
304 A toward the specified phase. For instance, the controller 1302 determines an
error between the specified phase and the actual phase of the valves 304. The
controlier 1302 implements a correction to the modulation of the valves 304, for
example to reduce (or minimize) error between the specified phase and the

actual phase of the valves 304.

Various Notes & Aspects

Aspect 1 is a system for applying an agricultural product, the system
comprising: a valve including a solenoid, the valve inclading: a coil configured
to generate a magnetic flux; a moveable valve operator configured to translate
with respect to the coil based on the magnetic flux, wherein the valve operator
translates between a closed position and an open position according to a
specified magnetic flux associated with a specified duty cycle, wherein: in the
closed position, the valve operator is configured to prevent flow through the
vajve; and in the open position, the valve operator is configured to permit flow
through the valve; a dissipation element having a dissipation characteristic and
configured to dissipate energy from the coil; and a valve controller, including
processing circuitry configured to: measure one or more electrical characteristics
of at least one of the coil or the dissipation element; determine an actual duty

cycle of the valve operator using the measured electrical characteristics;
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determine a magnetic flux correction based on a difference between the actual
duty cycle and the specified duty cycle; and operate the valve operator according
to the specified magnetic flux and the magnetic flux correction to guide the
actual duty cyele toward the specified duty cycle.

5 In Aspect 2, the subject matter of Aspect 1 optionally inclades wherein
determining actual doty cycle of the valve operator using the measured electrical
characteristics includes: comparing the electrical characteristics to a valve
operator translation signature to determine a translation start time and a
translation stop time of the valve operator; and determining the difference

10 between the translation start time and the translation stop time.

In Aspect 3, the subject matter of Aspect 2 optionally includes wherein
the valve operator translation signature includes a characteristic change
threshold, and comparing the electrical characteristics to the valve operator
translation signature includes: determining a change in the electrical

15  characteristics; comparing the change in the electrical characteristics to the
electrical characteristic change threshold; and wherein the controller records one
or more of the translation start time and the translation stop time based on the
comparison of the change in the electrical characteristics to the electrical
characteristic change threshold.

20 In Aspect 4, the subject matter of Aspect 3 optionally inclades wherein
electrical characteristic change threshold is a current threshold, and the
controller records the translation start time when a change in a coil current of the
coil exceeds the current threshold.

In Aspect §, the subject matter of any one or more of Aspects 3—4

25 optionally include wherein the electrical characteristic change threshold is a
voltage threshold, and the controller records the translation stop time when a
change in a dissipation element voltage of the dissipation element exceeds the
voltage threshold.

In Aspect 6, the subject matter of any one or more of Aspects 2-5

30 optionally include wherein the valve operator translation signature includes: a
characteristic change threshold; a first characteristic inflection where a current of
the coil decreases; a second characteristic inflection where the current of the cotl

increases, and wherein the controller records one or more of the translation start
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time and the translation stop time when the difference between the current of the
cotl at the first characteristic inflection and the current of the coil at the second
characteristic inflection exceeds the characteristic change threshold.

In Aspect 7, the sabject matter of any one or more of Aspects 2-6

S optionally include wherein the valve operator iranslation signature inclodes: a
characteristic change threshold; a first characteristic inflection where a voltage
of the dissipation element increases; a second characteristic inflection where the
voltage of the dissipation element decreases, and wherein the controller records
one or more of the translation start time and the translation stop time when the

10 difference between the voltage of the dissipation element at the first
characteristic inflection and the voltage of the dissipation element at the second
characteristic inflection exceeds the characteristic change threshold.

In Aspect 8, the subject matter of any one or more of Aspects 2-7
optionally include wherein the valve operator translation signature includes: a

15 characteristic change threshold; a first characteristic inflection where a voltage
of the dissipation element increases; a second characteristic inflection where the
voltage of the dissipation element decreases, and wherein the controller records
one or more of the translation start time and the translation stop time when the
voltage of the dissipation element changes at a rate greater than the characteristic

20 change threshold.

In Aspect 9, the subject matter of any one or more of Aspects 1-8
optionally include wherein the coil electrical characteristics include one or more
of a coil current or a coil voltage.

In Aspect 10, the subject matter of any one or more of Aspects -9

25 optionally include wherein the dissipation element electrical characteristics
include one or more of a dissipation element current or a dissipation element
voltage.

In Aspect 11, the subject matter of any one or more of Aspects 114
optionally include wherein: the coil generates the magnetic flux in response to a

30 coil control signal generated by the controller; and the specified duty cycle
corresponds o a difference between a first time interval when the controller
hegins generating the coil control signal and a second time interval when the

controller stops generating the coil control signal.
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In Aspect 12, the subject matter of any one or more of Aspects 1-11
optionally include wherein: the coll generates the magnetic flux in response to a
coil control signal generated by the controller; and the controller is configured to
modulate the coil control signal when the valve operator is located in the open
position.

In Aspect 13, the subject matter of any one or more of Aspects 112
optionally include wherein moveable valve operator includes a poppet.

In Aspect 14, the subject matter of any one or more of Aspects 113
optionally include wherein: the valve operator is biased toward the closed
position; and the magnetic flux generated by the coil is configured to overcome
the bias of the valve operator to translate the valve operator from closed position
to the open position.

In Aspect 153, the subject matter of any one or more of Aspects 1-14
optionally include wherein: the valve operator is biased toward the open
position; and the magnetic flux generated by the coil is configured to overcome
the bias of the valve operator to translate the valve operator from open position
to the closed position.

In Aspect 16, the subject matier of any one or more of Aspects 1-15
optionally include wherein operating the valve operator according to the
specified magnetic flux includes operating the valve operator with an electrical
signal corresponding to the specified magnetic flux.

In Aspect 17, the subject matter of any one or more of Aspects 1-16
optionally include a frame configured to concentrate the magnetic flux on the
moveable valve operator.

In Aspect 138, the subject matter of any one or more of Aspects 1-17
optionally include wherein the dissipation element is a TVS diode.

Aspect 19 is a system for applying an agricultural product, the system
comprising: a first valve inclading a first solenoid, the valve including: a first
coil configured to generate a magnetic flux; a first moveable valve operator
configured to translate with respect to the coil based on the magnetic flux,
wherein the valve operator translates between a closed position and an open
position according to a specified magnetic flux associated with a specified duty

cycle, wherein: in the closed position, the valve operator is configured to prevent
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flow through the valve; and in the open position, the valve operator is configured
to permit flow through the valve; a second valve including a second solenoid, a
second coil, and a second moveable operator; a dissipation element having a
dissipation characteristic and configured to dissipate energy from the coil; and a
S valve controller, including processing circuitry configured to: measure one or
more electrical characteristics of at least one of the first coil, the second coil, or
the dissipation element; determine an actual duty cycle of one or more of the
first valve operator or the second valve operator using the measured electrical
characteristics; determine a magnetic flux correction based on a difference
10 between the actual duty cycle and the specified duty cycle; and operate one or
more of the first or second valve operators according to the specified magnetic
tlex and the magnetic flux corrgction to guide the actual duty cycle toward the
specified daty cycle.
Aspect 20 1s a system for applying an agricultural product, the system
15 comprising: a first valve including a first solencid, the valve including: a first
coil configured to generate a magnetic flux; a first moveable valve operator
configured to transiate with respect to the coil based on the magnetic {lux,
wherein the valve operator translates between a closed position and an open
position according to a specified magnetic flux associated with a specified duty
20 cycle, wherein: in the closed position, the valve operator is configured to prevent
flow through the valve; and in the open position, the valve operator is configured
to permit flow through the valve; 2 second valve including a second solenoid, a
second coil, and a second moveable operator; a dissipation element having a
dissipation characteristic and configured to dissipate energy from one or more of
25 the first coil or the second coil; and a valve controller, including processing
circuitry configured to: measure one or more electrical characteristics of at least
one of the first coil, the second coil, or the dissipation element; determine an
actual duty cycle of one or more of the first valve operator or the second vaive
operator using the measured electrical characteristics; determine a magnetic flux
30 correction based on a difference between the actual duty cycle and the specified
duty cyele; and wherein the first valve is modulated out of phase with the second
valve af a specified phase and the controller operates the first moveable valve

operator according to the specified magnetic flux and the magnetic flux
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correction to guide an actoal phase of one or more of the first valve or the second
valve toward the specified phase.

Aspect 21 may inclade or use, or may optionally be combined with any
portion or combination of any portions of any one or more of Aspects 1 through

S 201w include or use, subject matter that may include means for performing any
one or more of the functions of Aspects 1 through 20, or a machine-readable
medivm including instructions that, when performed by a machine, cause the
machine to perform any one or more of the functions of Aspects 1 through 20.

The above description includes references to the accompanying

10 drawings, which form a part of the detailed description. The drawings show, by
way of illustration, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as “examples.” Such
examples can inchide elements in addition to those shown or described.
However, the present inventors also contemplate examples in which only those

15  elements shown or described are provided. Moreover, the present inventors also
conternplate examples using any combination or permutation of those elements
shown or described (or one or more aspects thereot), either with respect to a
particular example (or one or more aspects thereof), or with respect to other
examples (or one or more aspects thereof) shown or described herein.

20 In the event of inconsistent usages between this document and any
documents so incorporated by reference, the usage in this document controls.

In this document, the terms “a” or “an” are used, as is conunon in patent
documents, to include one or more than one, independent of any other instances
or usages of “at least one” or “one or more.” In this document, the term “or” is

25 used to refer to a nonexclusive or, such that “A or B” includes “A but not B,” “B
but not A,” and “A and B,” unless otherwise indicated, In this document, the
terms “including” and “in which” are used as the plain-English equivalents of
the respective terros “comprising” and “wherein.” Also, in the following claims,
the terms ““including” and “comprising” are open-ended, that is, a system,

30 device, article, composition, formulation, or process that includes elements in
addition to those listed after such a term in a claim are still deemed to fall within

the scope of that claim. Moreover, in the following claims, the terms “first,”
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“second,” and “third,” etc. are used merely as labels, and are not intended to
impose numerical requirements on their objects.
Geometric terms, such as “paraliel”, “perpendicular”, “round”, or
“sguare”, are not intended to require absolute mathematical precision, unless the
S context indicates otherwise. Instead, such geometric terms allow for variations
due to manufacturing or equivalent functions. For example, it an element is
described as “round” or “generally round,” a component that is not precisely
circular {2.g., one that is slightly oblong or is a many-sided polygon) is still
encompassed by this description.

10 Method examples described herein can be machine or computer-
implemented at least in part. Some examples can include a computer-readable
medium or machine-readable medium encoded with instructions operable to
configure an electromic device to perform methods as described in the above
examples. An implementation of such methods can include code, such as

15  microcode, assembly language code, a higher-level language code, or the like.
Such code can include computer readable instructions for performing various
methods. The code may form portions of computer program products. Further,
in an example, the code can be tangibly stored on one or more volatile, non-
transitory, or non-volatile tangible computer-readable media, such as during

20 execuuon or at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, removable magnetic disks,
removable optical disks {e.g., compact disks and digital video disks}, magnetic
cassettes, memory cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.

25 The above description is intended to be tlustrative, and not restrictive.
For example, the above-described examples (or one or more aspects thereof)
may be used in combination with each other. Other embodiments can be used,
such as by one of ordinary skill in the art apon reviewing the above description.
The Abstract is provided to comply with 37 C.F.R. §1.72(h), to allow the reader

30 to quickly ascertain the natwre of the technical disclosure. It is submitted with
the understanding that it will not be used to interpret or limit the scope or
meaning of the claims. Also, in the above Detailed Description, various features

may be grouped together to streamline the disclosure. This should not be
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interpreted as intending that an unclaimed disclosed feature is essential to any
claim. Rather, inventive subject matter may lie in less than all features of a
particular disclosed embodiment. Thus, the following claims are hereby
incorporated into the Detailed Desecription as examples or embodiments, with

S each claim standing on its own as a separate embodiment, and it is contemplated
that such embodiments can be combined with each other in various
combinations or permutations. The scope of the invention should be determined
with reference to the appended claims, along with the full scope of equivalents to
which such claims are entitled.
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THE CLAIMED INVENTION IS:

1. A system for applying an agricultural product, the system comprising:
a valve tncluding a solenoid, the valve including:

a cotl configured to generate a magnetic flux;

a moveable valve operator configured to wanslate with
respect to the coil based on the magnetic flux, wherein the valve
operator translates between a closed position and an open position
according to a specified magnetic flux associated with a specified
duty cycle, wherein:

in the closed position, the valve operator is
configured to prevent flow through the valve; and
in the open position, the valve operator is
configured to permit flow through the valve;
a dissipation element having a dissipation characteristic and
configured to dissipate energy from the coil; and
a valve controller, including processing circuitry configured to:
measure one or more electrical characteristics of at least
one of the coil or the dissipation element;

determine an actual duty cycle of the valve operator using
the measured elecirical characteristics;

determine a magnetic flux correction based on a
difference between the actual duty cycle and the specified duty
cycle; and

operate the valve operator according to the specified
magaetic flux and the magnetic flux correction to guide the actual

duty cycle toward the specified duty cycle.
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2. The system of claim 1, wherein determining actual duty cycle of the
vajve operator using the measured electrical characteristics inchudes:
comparing the electrical characteristics to a valve operator
transiation signature to determine a translation start time and a
transiation stop time of the valve operator; and
determining the difference between the translation start

time and the translation stop time.

3. The system of claim 2, wherein the valve operator translation signature
includes a characteristic change threshold, and comparing the electrical
characteristics to the valve operator translation signature includes:

determining a change in the electrical characteristics;

comparing the change in the electrical characteristics to the
electrical characteristic change threshold; and

wherein the controller records one or more of the transiation start
time and the transiation stop time based on the comparison of the change
in the electrical characteristics to the electrical charactenstic change

threshold.

4. The system of claim 3, wherein electrical characteristic change threshold
is a current threshold, and the controller records the translation start time
when a change in a coll current of the coil exceeds the current threshold.

5. The system of claim 3, wherein the electrical characteristic change

threshold is a voltage threshold, and the controller records the translation
stop time when a change in a dissipation element voltage of the

dissipation element exceeds the voltage threshold.
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6. The system of claim 2, wherein the valve operator translation signature
inchudes:

a characteristic change threshold;

a first characteristic inflection where a current of the coil
decreases;

a second characteristic inflection where the corrent of the
coil increases, and

wherein the controiler records one or more of the
transiation start time and the translation stop time when the
difference between the current of the coil at the first characteristic
inflection and the current of the coil at the second characteristic

inflection exceeds the characteristic change threshold.

7. The system of claim 2, wherein the valve operator translation signature
includes:

a characteristic change threshold;

a first characteristic inflection where a voltage of the
dissipation element increases;

a second characteristic inflection where the voltage of the
dissipation element decreases, and

wherein the controller records one or more of the
transiation start time and the wranslation stop time when the
difference between the voltage of the dissipation element at the
first characteristic inflection and the voltage of the dissipation
element at the second characteristic inflection exceeds the

characteristic change threshold.
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10.

11

The system of claim 2, wherein the valve operator translation signature
inchudes:
a characteristic change threshold;
a first characteristic inflection where a voltage of the
dissipation element increases;
a second characteristic inflection where the voltage of the
dissipation element decreases, and
wherein the controller records one or more of the
transiation start time and the translation stop time when the
voltage of the dissipation element changes at a rate greater tha

the characteristic change threshold.

The system of claim 1, wherein the coil electrical characteristics inchude

one or more of a coil current or a coil voltage.

The system of claim 1, wherein the dissipation element electrical
characteristics include one or more of a dissipation element current or a

dissipation element voltage.

The system of claim 1, wherein:

the coil generates the magnetic flux in response 1o a coil control
signal generated by the controller; and

the specified duty cycle corresponds to a difference between a
first time interval when the controller begins generating the coil contro}
signal and a second time interval when the controller stops generating the

coil control signal.

PCT/US2020/047696
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12, The system of claim 1, whergin:
the cotl generates the magnetic flux in response to a coil control
signal generated by the controlier; and
the controller is configured to modulate the coil control signal

when the valve operator is located in the open position.

13. The system of claim 1, wherein moveable valve operator includes a
poppet.
14. The system of claim 1, wherein:

the valve operator is biased toward the closed position; and
the magnetic flux generated by the coil is configured to overcome
the bias of the valve operator o translate the valve operator from closed

position to the open position.

15. The system of claim 1, whergin:
the valve operator is biased toward the open position; and
the magnetic flux generated by the coil is configured to overcome
the bias of the valve operator to translate the valve operator from open

position to the closed position.

16. The system of claim 1, wherein operating the valve operator according to
the specified magnetic flux includes operating the valve operator with an

electrical signal corresponding to the specified magnetic flax.

17. The system of claim 1, further comprising a frame configured to

concentrate the magnetic flux on the moveable valve operator.

18. The system of claim 1, wherein the dissipation element is a TVS diode.

19. A system for applying an agricultural product, the system comprising:

a first valve including a first sclenoid, the valve including:
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a first coi] configured to generate a magnetic flux;

a first moveable valve operator configured to translate
with respect to the coil based on the magnetic flux, wherein the
valve operator translates between a closed position and an open
position according to a specified magnetic flux associated with a
specified duty cycle, wherein:

in the closed position, the valve operator is
configured to prevent flow through the valve; and
in the open position, the valve operator is
configured to permit flow through the valve;
a second valve including a second solenoid, a second coil, and a
second moveable operator;
a dissipation element having a dissipation characteristic and
configured to dissipate energy from the coil; and
a valve controller, including processing circuitry configured to:
measure one or more electrical characteristics of at least
one of the first coil, the second coil, or the dissipation element;
determine an actual duty cycle of one or more of the first
valve operator or the second valve operator using the measuared
electrical characteristics;

determine a magnetic flux correction based on a
difference between the actual duty cycle and the specified duty
cycle; and

operate ong or more of the first or second valve operators
according to the specified magnetic flux and the magnetic flux
carrection to guide the actual duty cycle toward the specified duty

cycle.

20. A system for applying an agricultural product, the system comprising:
a first valve including a first solenoid, the valve inchuding:

a first coil configured to generate a magnetic flux;
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a first moveable valve operator configured to translate
with respect to the coil based on the magnetic flux, wherein the
valve operator translates between a closed position and an open
position according to a specified magnetic flux associated with a
specified duty cycle, wherein:

in the closed position, the valve operator is
configured to prevent flow through the valve; and

in the open position, the valve operator is
configured to permit flow through the valve;

a second valve including a second solenoid, a second coil, and a
second moveable operator;

a dissipation element having a dissipation characteristic and
configared to dissipate energy from one or more of the first coil or the
second coil; and

a valve controller, including processing circuitry configured to:

measure one or more electrical characteristics of at least
one of the first coil, the second coil, or the dissipation element;

determine an actual duty cycle of one or more of the first
valve operator or the second valve operator using the measuared
electrical characteristics;

determine a magnetic flux correction based on a
difference between the actual duty cycle and the specified duty
cycle; and

wherein the first valve is modulated out of phase with the
second valve at a specified phase and the controller operates the
first moveable valve operator according to the specified magnetic
flux and the magnetic flux correction to guide an actual phase of
one or more of the first valve or the second valve toward the

specified phase.
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