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SYSTEMS FOR FILTERING A VOLTAGE SIGNAL

BACKGROUND
TECHNICAL FIELD
[0001] Embodiments of the subject matter disclosed herein relate to a current drive

system.

DISCUSSION OF ART

[0002] Current drive systems may include a power supply coupled to a load device via a
cable. For example, a fuel injector solenoid may be energized via a voltage signal provided
by a battery. When the current created by the voltage supply propagates along the cable, an
electromagnetic field is created, which can be conducted along the cable and/or radiated into
the surrounding environment, termed electromagnetic interference (EMI). The EMI created
by the current drive system may be increased if the current drive system is a switching
system, where a switch opens and closes at high frequency to create a pulse width modulated
voltage signal, for example. The EMI may cause disturbances in nearby electronic devices

and/or may shorten the life of the load device.

BRIEF DESCRIPTION

[0003] In one embodiment, a system includes a poly-modal filter coupled to a load
device, and a shield disposed between the load device and the poly-modal filter. The poly-
modal filter includes an EMI filter and a differential-common mode filter.

[0004] In this configuration, according to aspects of the invention, the poly-modal filter
reduces both conducted and radiated electromagnetic emissions. In one example, the poly-
modal filter may be disposed in a fuel injector drive circuit, where the load device is a
solenoid that opens and closes a fuel injector. The poly-modal filter may filter out high-
frequency, high-energy signals generated by the switch coupling the solenoid to a power
supply, and therefore increase the life of the fuel injector. Further, the poly-modal filter may
simultaneously reject both differential noise and common mode noise. In doing so, electronic
devices operating in an environment near the fuel injector drive circuit may be protected from
interference, while the fuel injector drive circuit may be operable to function more robustly in

anoisy environment.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 shows a schematic diagram of an embodiment of a vehicle with an engine.
[0006] FIG. 2 shows a schematic diagram of an example of a cylinder of a multi-fuel
engine.

[0007] FIG. 3 shows a schematic diagram of an example of a multi-fuel engine.

[0008] FIG. 4 shows a schematic diagram of an embodiment of an injector drive system

including a poly-modal filter.
[0009] FIG. 5 is a flow chart illustrating an embodiment of a method for diagnosing a

fuel injector.

[0010] FIGS. 6 and 7 are diagrams illustrating parameters during an injector event.
DETAILED DESCRIPTION
[0011] Embodiments of the subject matter disclosed herein relate to a system for

reducing electromagnetic interference (EMI) in an electronic circuit. The system may
include a poly-modal filter coupled to a load device. The poly-modal filter comprises an EMI
filter and a differential-common mode filter. The system may further include a shield
disposed between the load device and the poly-modal filter. In one example, the electronic
circuit may be a fuel injector drive circuit that supplies a pulse width modulated (PWM)
voltage signal to one or more fuel injectors of an engine. As used herein, “fuel injector” may
refer to both liquid fuel injectors, for example diesel fuel injectors, and gaseous fuel
admission valves. An example vehicle including an engine is illustrated in FIG. 1. The
engine may be comprised of one or more cylinders each having one or more fuel injectors
disposed thereto, as illustrated in FIG. 2. In some examples, the engine may be a multi-fuel
engine configured to operate with two more fuels, as illustrated in FIG. 3. The fuel injectors
may be controlled by a fuel injector drive circuit having a poly-modal filter described above,
as shown in FIG. 4. The poly-modal filter may act to filter and hence smooth the PWM
voltage signal at the fuel injector. This filtering may allow for more robust detection of fuel
injector degradation. A flow chart illustrating an example method for detecting fuel injector
degradation is illustrated in FIG. 5. FIGS. 6-7 illustrate example filtered and unfiltered PWM
voltage signals during a fuel injector event.

[0012] The approach described herein may be employed in a variety of engine types, and
a variety of engine-driven systems. Some of these systems may be stationary, while others
may be on semi-mobile or mobile platforms. Semi-mobile platforms may be relocated

between operational periods, such as mounted on flatbed trailers. Mobile platforms include
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self-propelled vehicles. Such vehicles can include on-road transportation vehicles, as well as
mining equipment, marine vessels, rail vehicles, and other off-highway vehicles (OHV). For
clarity of illustration, a locomotive is provided as an example of a self-propelled rail vehicle,
and more broadly, as an example of a mobile platform, supporting a system incorporating an
embodiment of the invention.

[0013] Before further discussion of the approach for reducing EMI, an example of a
platform is disclosed in which an engine may be configured for a vehicle, such as a rail
vehicle. For example, FIG. 1 shows a block diagram of an embodiment of a vehicle system
100, herein depicted as a rail vehicle or other vehicle 106 (e.g., locomotive), configured to
run on a rail 102 via a plurality of wheels 112. As depicted, the rail vehicle includes an
engine 104. In other non-limiting embodiments, the engine may be a stationary engine, such
as in a power-plant application, or an engine in a marine vessel or other off-highway vehicle
propulsion system as noted above.

[0014] The engine receives intake air for combustion from an intake passage 114. The
intake passage receives ambient air from an air filter 160 that filters air from outside of the
vehicle. Exhaust gas resulting from combustion in the engine is supplied to an exhaust
passage 116. Exhaust gas flows through the exhaust passage, and out of an exhaust stack of
the vehicle. In one example, the engine is a diesel engine that combusts air and diesel fuel
through compression ignition. In other non-limiting embodiments, the engine may
alternatively or additionally combust fuel including gasoline, kerosene, natural gas, biodiesel,
or other petroleum distillates of similar density through compression ignition (and/or spark
ignition).

[0015] In one embodiment, the vehicle is a diesel-electric vehicle. As depicted in FIG.
1, the engine is coupled to an electric power generation system, which includes an
alternator/generator 122 and electric traction motors 124. For example, the engine is a diesel
and/or natural gas engine that generates a torque output that is transmitted to the generator
which is mechanically coupled to the engine. In one embodiment herein, engine is a multi-
fuel engine operating with diesel fuel and natural gas, but in other examples engine may use
various combinations of fuels other than diesel and natural gas.

[0016] The generator produces electrical power that may be stored and applied for
subsequent propagation to a variety of downstream electrical components. As an example,
the generator may be electrically coupled to a plurality of traction motors and the generator
may provide electrical power to the plurality of traction motors. As depicted, the plurality of

traction motors are each connected to one of the plurality of wheels to provide tractive power
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to propel the vehicle. One example configuration includes one traction motor per wheel set.
As depicted herein, six pairs of traction motors correspond to each of six pairs of motive
wheels of the rail vehicle. In another example, alternator/generator may be coupled to one or
more resistive grids 126. The resistive grids may be configured to dissipate excess engine
torque via heat produced by the grids from electricity generated by the alternator/generator.
[0017] In some embodiments, the vehicle system may include a turbocharger 120 that is
arranged between the intake passage and the exhaust passage. The turbocharger increases air
charge of ambient air drawn into the intake passage in order to provide greater charge density
during combustion to increase power output and/or engine-operating efficiency. The
turbocharger may include a compressor (not shown) which is at least partially driven by a
turbine (not shown). While in this case a single turbocharger is included, the system may
include multiple turbine and/or compressor stages. Further, in some examples, the vehicle
system may additionally or alternatively include a supercharger, where a compressor is
driven by a motor, for example.

[0018] In some embodiments, the vehicle system may further include an aftertreatment
system coupled in the exhaust passage upstream and/or downstream of the turbocharger. In
one embodiment, the aftertreatment system may include a diesel oxidation catalyst (DOC)
and a diesel particulate filter (DPF). In other embodiments, the aftertreatment system may
additionally or alternatively include one or more emission control devices. Such emission
control devices may include a selective catalytic reduction (SCR) catalyst, three-way catalyst,
NOx trap, or various other devices or systems. In some examples, an aftertreatment system
may not be included in the vehicle system, and engine emissions may be controlled in an
alternative manner, such as via exhaust gas recirculation, described below.

[0019] The vehicle system may further include an exhaust gas recirculation (EGR)
system 130 coupled to the engine, which routes exhaust gas from the exhaust passage of the
engine to the intake passage downstream of the turbocharger. In some embodiments, the
exhaust gas recirculation system may be coupled exclusively to a group of one or more donor
cylinders of the engine (also referred to a donor cylinder system). As depicted in FIG. 1, the
EGR system includes an EGR passage 132 and an EGR cooler 134 to reduce the temperature
of the exhaust gas before it enters the intake passage. By introducing exhaust gas to the
engine, the amount of available oxygen for combustion is decreased, thereby reducing the
combustion flame temperatures and reducing the formation of nitrogen oxides (e.g., NOx).
[0020] In some embodiments, the EGR system may further include an EGR valve for

controlling an amount of exhaust gas that is recirculated from the exhaust passage of the



WO 2016/209650 PCT/US2016/037161

engine to the intake passage of the engine. The EGR valve may be an on/off valve controlled
by a controller, or it may control a variable amount of EGR, for example. As shown in the
non-limiting example embodiment of FIG. 1, the EGR system is a high-pressure EGR
system. In other embodiments, the vehicle system may additionally or alternatively include a
low-pressure EGR system, routing EGR from downstream of the turbine to upstream of the
COMpIessor.

[0021] As depicted in FIG. 1, the vehicle system further includes a cooling system 150.
The cooling system circulates coolant through the engine to absorb waste engine heat and
distribute the heated coolant to a heat exchanger, such as a radiator 152. A fan 154 may be
coupled to the radiator in order to maintain an airflow through the radiator when the vehicle
is moving slowly or stopped while the engine is running. In some examples, fan speed may
be controlled by a controller. Coolant which is cooled by the radiator enters a tank 156. The
coolant may then be pumped by a water, or coolant, pump (not shown) back to the engine or
to another component of the vehicle system, such as the EGR cooler.

[0022] The vehicle further includes an engine controller 110 (referred to hereafter as the
controller) to control various components related to the vehicle. As an example, various
components of the vehicle system may be coupled to the controller via a communication
channel or data bus. In one example, the controller includes a computer control system. The
controller may additionally or alternatively include a memory holding non-transitory
computer readable storage media (not shown) including code for enabling on-board
monitoring and control of rail vehicle operation.

[0023] The controller may receive information from a plurality of sensors and may send
control signals to a plurality of actuators. The controller, while overseeing control and
management of the vehicle, may be configured to receive signals from a variety of engine
sensors, as further elaborated herein, in order to determine operating parameters and
operating conditions, and correspondingly adjust various engine actuators to control
operation of the vehicle. For example, the engine controller may receive signals from various
engine sensors including, but not limited to, engine speed, engine load, intake manifold air
pressure, boost pressure, exhaust pressure, ambient pressure, ambient temperature, exhaust
temperature, engine coolant pressure, gas temperature in the EGR cooler, or the like.
Correspondingly, the controller may control the vehicle by sending commands to various
components such as the traction motors, the alternator/generator, cylinder valves, fuel
injectors, a notch throttle, or the like. Other actuators may be coupled to various locations in

the rail vehicle.
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[0024] Each cylinder of the engine may be configured with one or more fuel injectors for
providing fuel thereto. As a non-limiting example, a fuel injector may be directly coupled to
the cylinder for injecting fuel directly therein. In this manner, the fuel injector provides what
is known as direct injection of a fuel into the combustion cylinder. The fuel may be delivered
to the fuel injector from a high-pressure fuel system including a fuel tank, fuel pumps, and a
fuel rail. In one example, the fuel is diesel fuel that is combusted in the engine through
compression ignition. In other non-limiting embodiments, the fuel may be gasoline,
kerosene, biodiesel, or other petroleum distillates of similar density through compression
ignition (and/or spark ignition). Further, as explained in more detail below, each cylinder of
the engine may be configured to receive gaseous fuel (e.g., natural gas) alternative to or in
addition to diesel fuel. The gaseous fuel may be provided to the cylinder via the intake
manifold, as explained below.

[0025] FIG. 2 depicts an embodiment of a combustion chamber, or cylinder 200, of a
multi-cylinder internal combustion engine, such as the engine described above with reference
to FIG. 1. The cylinder may be defined by a cylinder head 201, housing the intake and
exhaust valves and liquid fuel injector, described below, and a cylinder block 203.

[0026] The engine may be controlled at least partially by a control system including
controller 110 which may be in further communication with a vehicle system, such as the
locomotive described above with reference to FIG. 1. As described above, the controller may
further receive signals from various engine sensors including, but not limited to, engine
speed, engine load, boost pressure, exhaust pressure, ambient pressure, COz levels, exhaust
temperature, NOx emission, engine coolant temperature (ECT) from temperature sensor 230
coupled to cooling sleeve 228, etc. Correspondingly, the controller may control the vehicle
system by sending commands to various components such as alternator, cylinder valves,
throttle, fuel injectors, etc.

[0027] The cylinder (i.e., combustion chamber) may include cylinder liner 204 with a
piston 206 positioned therein. The piston may be coupled to a crankshaft 208 so that
reciprocating motion of the piston is translated into rotational motion of the crankshaft. In
some embodiments, the engine may be a four-stroke engine in which each of the cylinders
fires in a firing order during two revolutions of the crankshaft. In other embodiments, the
engine may be a two-stroke engine in which each of the cylinders fires in a firing order
during one revolution of the crankshaft.

[0028] The cylinder receives intake air for combustion from an intake including an

intake passage 210. The intake passage receives intake air via an intake manifold. The
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intake passage may communicate with other cylinders of the engine in addition to the
cylinder 200, for example, or the intake passage may communicate exclusively with the
cylinder 200.

[0029] Exhaust gas resulting from combustion in the engine is supplied to an exhaust
including an exhaust passage 212. Exhaust gas flows through the exhaust passage, to a
turbocharger in some embodiments (not shown in FIG. 2) and to atmosphere, via an exhaust
manifold. The exhaust passage may further receive exhaust gases from other cylinders of the
engine in addition to the cylinder 200, for example.

[0030] Each cylinder of the engine may include one or more intake valves and one or
more exhaust valves. For example, the cylinder is shown including at least one intake poppet
valve 214 and at least one exhaust poppet valve 216 located in an upper region of cylinder.
In some embodiments, each cylinder of the engine, including the cylinder, may include at
least two intake poppet valves and at least two exhaust poppet valves located at the cylinder
head.

[0031] The intake valve may be controlled by the controller via an actuator 218.
Similarly, the exhaust valve may be controlled by the controller via an actuator 220. During
some conditions, the controller may vary the signals provided to the actuators to control the
opening and closing of the respective intake and exhaust valves. The position of the intake
valve and the exhaust valve may be determined by respective valve position sensors 222 and
224, respectively, and/or by cam position sensors. The valve actuators may be of the electric
valve actuation type or cam actuation type, or a combination thereof, for example.

[0032] The intake and exhaust valve timing may be controlled concurrently or any of a
possibility of variable intake cam timing, variable exhaust cam timing, dual independent
variable cam timing or fixed cam timing may be used. In other embodiments, the intake and
exhaust valves may be controlled by a common valve actuator or actuation system, or a
variable valve timing actuator or actuation system. Further, the intake and exhaust valves
may by controlled to have variable lift by the controller based on operating conditions.

[0033] In still further embodiments, a mechanical cam lobe may be used to open and
close the intake and exhaust valves. Additionally, while a four-stroke engine is described
above, in some embodiments a two-stroke engine may be used, where the intake valves are
dispensed with and ports in the cylinder wall are present to allow intake air to enter the
cylinder as the piston moves to open the ports. This can also extend to the exhaust, although

in some examples exhaust valves may be used.
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[0034] In some embodiments, each cylinder of the engine may be configured with one or
more fuel injectors for providing fuel thereto. As a non-limiting example, FIG. 2 shows the
cylinder including a fuel injector 226. The fuel injector is shown coupled directly to the
cylinder for injecting fuel directly therein. In this manner, the fuel injector provides what is
known as direct injection of a fuel into the combustion cylinder. The fuel may be delivered
to the fuel injector from a first, liquid fuel system 232, including a fuel tank, fuel pumps, and
a fuel rail (described in more detail with respect to FIG. 3). In one example, the fuel is diesel
fuel that is combusted in the engine through compression ignition. In other non-limiting
embodiments, the fuel may be gasoline, kerosene, biodiesel, or other petroleum distillates of
similar density through compression ignition (and/or spark ignition).

[0035] Further, each cylinder of the engine may be configured to receive gaseous fuel
(e.g.. natural gas) alternative to or in addition to diesel fuel. The gaseous fuel may be
provided to the cylinder via the intake manifold, as explained below. As shown in FIG. 2, the
intake passage may receive a supply of gaseous fuel from a second, gaseous fuel system 234,
via one or more gaseous fuel lines, pumps, pressure regulators, etc., located upstream of the
cylinder. In some embodiments, the gaseous fuel system may be located remotely from the
engine, such as on a different vehicle (e.g., on a fuel tender car), and the gaseous fuel may be
supplied to the engine via one or more fuel lines that traverse the separate vehicles.
However, in other embodiments the gaseous fuel system may be located on the same vehicle
as the engine.

[0036] A plurality of gas admission valves, such as gas admission valve 236, may be
configured to supply gaseous fuel from the gaseous fuel system to each respective cylinder
via respective intake passages. For example, a degree and/or duration of opening of the gas
admission valve may be adjusted to regulate an amount of gaseous fuel provided to the
cylinder. As such, each respective cylinder may be provided with gaseous fuel from an
individual gas admission valve, allowing for individual cylinder control in the amount of
gaseous fuel provided to the cylinders. However, in some embodiments, a single-point
fumigation system may be used, where gaseous fuel is mixed with intake air at a single point
upstream of the cylinders. In such a configuration, each cylinder may be provided with
substantially similar amounts of gaseous fuel. To regulate the amount of gaseous fuel
provided by the single-point fumigation system, in some examples a gaseous fuel control
valve may be positioned at a junction between a gaseous fuel supply line and the engine
intake air supply line or intake manifold. The gaseous fuel control valve degree and/or

duration of opening may be adjusted to regulate the amount of gaseous fuel admitted to the
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cylinders. In other examples, the amount of gaseous fuel admitted to the cylinders in the
single-point fumigation system may be regulated by another mechanism, such as control of a
gaseous fuel regulator, via control of a gaseous fuel pump, etc.

[0037] FIG. 3 illustrates multiple cylinders of engine 104, including cylinder 200,
cylinder 302, cylinder 304, and cylinder 306. While four cylinders arranged in-line are
illustrated in FIG. 3, such an arrangement is non-limiting, and other engine configurations are
possible. For example, the engine may be a V-6, V-8, V-12, V-16, I-6, I-8, or other engine
type. The engine may be supplied one or more of liquid fuel from the liquid fuel system and
gaseous fuel from the gaseous fuel system. As such, each cylinder of the engine includes a
liquid fuel injector, including injector 226 as well as injectors 308, 310, and 312. Each liquid
fuel injector is supplied with liquid fuel from a common fuel rail 314. The common fuel rail
may be supplied with fuel from a liquid fuel tank 316 (e.g., a diesel fuel storage tank). The
fuel may be provided to the fuel rail at a high pressure via a fuel supply line 320 and one or
more fuel pumps, such as pump 318. The liquid fuel in the liquid fuel system may be diesel
fuel or another liquid fuel, such as gasoline, alcohol, etc. Further, while a common fuel rail
system is illustrated in FIG. 3, a non-common rail unit pump injection system may be used.
[0038] Each cylinder of engine may similarly include a gas admission valve to supply
gaseous fuel, including gas admission valve 236 as well as gas admission valves 322, 324,
and 326. Each gas admission valve may be positioned in an intake passage of a respective
cylinder, or other suitable location. The gas admission valves may be supplied gaseous fuel,
such as natural gas, from a gaseous fuel passage 328. The gaseous fuel passage may receive
gaseous fuel from a gaseous fuel tank (such as an LNG storage tank 330) via a gaseous fuel
supply line 332. In some examples, the LNG storage tank may be located remotely from
engine, such as on board a fuel tender, and may supply fuel to the gaseous fuel supply line via
a fluidic coupling. In other examples, the gaseous fuel storage tank may located on board the
same vehicle as the engine. Further, in some embodiments, the individual gas admission
valves may be dispensed with, and all the cylinders may be supplied with the same gaseous
fuel/intake air mixture from an upstream single-point fumigation system.

[0039] Each liquid fuel injector of each cylinder, as well as each gas admission valve of
each cylinder, may be individually controlled by a controller (such as controller 110) to
enable individual cylinder control of the fuel supply. Accordingly, each cylinder may be
operated with varying levels of liquid fuel and/or gaseous fuel. In some embodiments, the
liquid fuel injectors may be controlled by a different controller than the controller that

controls the gas admission valves. Further, in a gaseous fumigation system, rather than
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controlling the individual gas admission valves, a single gaseous fuel control valve or other
gaseous fuel control element may be controlled by the controller to regulate the amount of
gaseous fuel admitted to the cylinders.

[0040] In an example, a mixture of gaseous fuel and air may be provided to cylinder 200
via the intake passage and, in some embodiments, the gas admission valve. Then, during
compression, diesel fuel may be injected to cylinder 200 via fuel injector 226. The diesel fuel
may be ignited via compression ignition and subsequently ignite the gaseous fuel. Similar
combustion events may occur for each cylinder of engine.

[0041] Each fuel injector and gas admission valve may be controlled (e.g., opened and
closed) by a fuel injector drive circuit. In some examples, each fuel injector and gas
admission valve may be controlled by a separate drive circuit. In the example illustrated in
FIG. 3, two liquid fuel injectors and two gas admission valves are controlled by the same
drive circuit, such as first drive circuit 336. Accordingly, multiple drive circuits (e.g., Nth
drive circuit 338) may be present to drive all the fuel injectors and gas admission valves.
Each drive circuit may be at least partially housed in a control unit 334. The control unit may
be separate from, but in communication with, the controller 110, or the control unit may be
part of the controller. As shown, the first drive circuit is coupled to and is operable to control
fuel injector 226 and gas admission valve 236 of cylinder 200 and fuel injector 308 and gas
admission valve 322 of cylinder 302. By including multiple injectors on one circuit, use of
some componentry may be reduced. Further, by including some liquid fuel injectors and
some gas admission valves on the same circuit, the timing of the when each injector/gas
admission valve is actuated is staggered, thus allowing for more injectors/valves on one
circuit.

[0042] In some vehicles, the control unit may be located relatively far away from the
engine, fuel injectors, and gas admission valves. In the example shown in FIG. 3, the control
unit may be located in a separate cab from the engine, such as in an auxiliary cab. Further,
the engine itself may be relatively large, particularly when the engine includes 12 or 16
cylinders. Accordingly, the wires (also referred to as the harnesses) coupling the control unit
to the fuel injectors and gas admission valves may be relatively long, such as up to 50 feet
(e.g.. 15 meters). As the length of a given hamess increases, the impedance in the drive
circuit increases, causing an increase in the generated electromagnetic field and hence
increased electromagnetic radiation. Further, each drive circuit may include a switch to
generate a pulse width modulated voltage signal. Some drive circuits may be configured to

drive their respective switches at relatively high frequencies, such as 100 kHz, and some fuel
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injectors may utilize high peak current (e.g., 26 amps), necessitating a high-voltage power
supply (such as 110V). This high switching frequency and high voltage signal, together with
the long hamesses, may cause significant EMI. The EMI may interact and interfere with
other electronic devices, such as sensors present on the engine (e.g., NOX sensors).

[0043] To prevent radiation of EMI to nearby components, the drive circuits described
herein may include one or more EMI filters. In one example, the EMI filter included in the
drive circuit may be poly-modal, where multiple types of EMI are filtered and/or rejected.
The EMI filter(s) may remove high frequency spectral energy (e.g., 100 kHz and its
harmonics), thereby preventing the high frequency spectral energy from reaching the harness,
where it would otherwise travel to and dissipate in the fuel injectors. The EMI filter(s) may
further reject both differential and common mode noise.

[0044] An example circuit diagram 400 illustrating a drive circuit, such as first drive
circuit 336, is illustrated in FIG. 4. As explained above, the first drive circuit controls the
liquid fuel injectors and gas admission valves for a set of two cylinders. Each fuel injector
and gas admission valve includes a solenoid that, when energized, opens the fuel injector or
gas admission valve. The first drive circuit couples a power supply to one or more selected
fuel injectors and gas admission valves to provide a pulse width modulated voltage signal to
the respective solenoid(s).  Once the current in a given solenoid reaches an opening
threshold, the solenoid acts to open the respective fuel injector or gas admission valve,
allowing fuel to flow therethrough. The solenoid subsequently closes the fuel injector or gas
admission valve once current drops below a closing threshold. To maintain a given solenoid
within a designated current range, the PWM voltage signal may be adjusted based on
feedback from voltage and/or current sensors present in the drive circuit.

[0045] The drive circuit includes a power supply 402. The power supply may include
one or more of a battery, capacitor, alternator, or other suitable power source. The voltage
from the power supply is supplied to a plurality of solenoids, herein illustrated as first
solenoid 404, second solenoid 406, third solenoid 408, and fourth solenoid 410. Each
solenoid of the plurality of solenoids is coupled to a respective fuel injector or gas admission
valve. In one non-limiting example, the first solenoid may be coupled to the fuel injector 226
of FIG. 3, the second solenoid may be coupled to the gas admission valve 236 of FIG. 3, the
third solenoid may be coupled to fuel injector 308 of FIG. 3, and the fourth solenoid may be
coupled to gas admission valve 322 of FIG. 3. Each solenoid is coupled to a respective low-
side (e.g., current return) line to complete a circuit for each solenoid. The drive circuit also

may include a catch diode 432, herein illustrated as being coupled to the low-side lines.
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[0046] The supply of voltage to the solenoids may be controlled by switch 412. In the
illustrated example, switch 412 is positioned in the high-side (e.g., current supplying) line,
and hence may be referred to as a high-side switch. The high-side switch may be a field
effect transistor (FET) or other suitable switch. The high-side switch may be switched on and
off (e.g., opened and closed) to create a pulse width modulated (PWM) voltage signal. The
control of the high-side switch and hence PWM voltage signal may be carried out by a
control unit, such as control unit 334 of FIG. 3, in order to flow a target current through a
given solenoid. The PWM voltage signal may be adjusted to reach and/or maintain a
designated current based on feedback from one or more voltage sensors and one or more
current sensors, such as voltage sensor 452 and current sensor 454. Each solenoid may be
controlled according to output from individual voltage and current sensors, or the voltage
sensor and current sensor may be positioned such that one voltage and current sensor may
measure voltage and current for all the solenoids. Further, each low-side line includes a
respective low-side switch coupled to ground (including low-side switch 430 for the first
solenoid, low-side switch 438 for the second solenoid, low-side switch 444 for the third
solenoid, and low-side switch 450 for the fourth solenoid) that may act as injector selectors,
as current will only be supplied to a given solenoid if its low-side switch is closed.

[0047] Thus, the high-side switch may be controlled to generate an unfiltered PWM
voltage signal that, if one or more of the low-side switches is closed, causes a flow of current
to and through one or more of the solenoids. If this unfiltered PWM voltage signal were to
reach the solenoids, significant EMI could be radiated from the harnesses coupling the
solenoids to the switch. Further, the high-frequency signal would be dissipated in the
solenoids, leading to premature degradation of the fuel injectors and gas admission valves.
Thus, the drive circuit includes a poly-modal filter 401 to reduce conducted and radiated
EMI, as described below. The poly-modal filter may be coupled near the high-side switch.
In some examples, the high-side switch and poly-modal filter may be housed in a control
unit, such as control unit 334 of FIG. 3.

[0048] The poly-modal filter includes an EMI filter 405. The EMI filter acts as a low-
pass filter that recirculates high-frequency signal content from the unfiltered PWM voltage
signal. As illustrated, the EMI filter includes a filter inductor 414, filter capacitor 416, and a
damping network including a resistor 418 and capacitor 420. The filter inductor has a first
side coupled to the high-side switch and a second side coupled to a first side of the filter

capacitor and a first side of the damping network. The second side of the capacitor and the
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damping network are each coupled to ground and back to the first side of the filter inductor
via a commutational diode 422.

[0049] The EMI filter is a low-pass analog power filter that provides a significant
reduction in the high-frequency signal content that is associated with the PWM voltage
signal. PWM signals are high-frequency square-waves with duty cycles that are proportional
to the desired output voltage. Without the EMI filter, the harnesses in the system are
presented with the high frequency content high voltage PWM drive signal and the current is
low-pass filtered only by the fuel injector impedance. The EMI low-pass filter circulates the
high frequency energy in a tight loop within the control unit.

[0050] The existence of the EMI filter in the circuit also creates a filter choke that
naturally results in a slew-limited current profile under short circuit conditions. This filter
choke enables sufficient time for the circuit to open the high-side switch and protect against
short circuit faults. Achieving successful short circuit protection with FET switches (such as
the high-side switch) may be challenging without a current limiting/slewing device to provide
adequate sense and response time to the fault condition.

[0051] The poly-modal filter further includes a differential-common mode filter 425.
The differential-common mode filter simultaneously rejects both differential noise and
common mode noise. In the illustrated example, the differential filtering may be carried out
by an inductor 423 in the high-side line and a respective inductor in each low-side line, such
as inductor 426, inductor 434, inductor 440, and inductor 446. The common mode filtering
may be carried out by capacitors coupled to chassis ground, including capacitor 424 in the
high-side line and respective capacitors in the low-side line (e.g., capacitor 428, capacitor
436, capacitor 442, and capacitor 448). The inductor 423 in the high-side line may create a
mutually-induced voltage with each of the inductors in the respective low-side lines (e.g.,
inductor 426, inductor 434, inductor 440, and inductor 446) having a polarity marked with
the dots. As illustrated in FIG. 4, when current “enters” the dotted terminal inductor 423, the
reference polarity of the voltage induced in a respective inductor in the low-side line is
positive at its dotted terminal. When current “leaves™ the dotted terminal of a respective
inductor in the low-side line, the reference polarity of the voltage induced in inductor in the
high-side line is negative at its dotted terminal.

[0052] Thus, the common mode filter prevents high frequency radiated emissions and
the differential filter increases system efficiency. Without the differential filter, common
mode filtering may be inefficient because the PWM switch has to drive the common mode

filter capacitors to chassis ground, resulting in high power dissipation in the PWM switch.
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[0053] In some examples, the harnesses may be shielded by one or more shields, such as
shield 460. The shield(s) may include a mesh of copper, aluminum, or other metal, a spiral
winding of copper tape, a layer of conducting polymer, or other suitable composition. The
shield acts as a Faraday cage to reduce electrical noise from affecting the signals, and to
reduce electromagnetic radiation that may interfere with other devices.

[0054] Thus, the injector drive circuit of FIG. 4 includes a poly-modal filter to reduce
conducted and radiated EMI, thus preventing electromagnetic emissions that may interfere
with external electronic devices as well as preventing EMI in the environment surrounding
the drive circuit from interfering with components of the drive circuit. While the poly-modal
filter of FIG. 4 was described with respect to a circuit for driving a plurality of fuel injectors
and gas admission valves, it is to be understood that such a poly-modal filter may be used to
filter EMI in other types of circuits. The poly-modal filter filters high-frequency, high-
energy signal content and thus results in a smooth voltage signal at the load-receiving device
(e.g., fuel injector solenoid). This smooth voltage signal may enable robust detection of fuel
injector degradation, explained below with respect to FIG. 5.

[0055] Turming now to FIG. 5, a method 500 for diagnosing a fuel injector is presented.
Method 500 may be carried out according to non-transitory instructions stored on an
electronic controller, such as controller 110 and/or control unit 334 of FIGS. 1 and 3,
respectively, in combination with one or more sensors and actuators, such as voltage sensor
452 and current sensor 454.

[0056] At 502, method 500 includes generating a PWM voltage signal to open a fuel
injector. The PWM voltage signal may be generated to flow current through the fuel injector
solenoid at an opening threshold to open the fuel injector and maintain the current at a
reference current profile to hold the injector in an open position. The reference current
profile may be selected based on desired engine output (e.g., the fuel injector may be opened
for a selected duration to supply an amount of fuel necessary to achieve the desired engine
output). An example current waveform for opening a fuel injector is illustrated in FIG. 6,
described in more detail below. This PWM voltage signal may be filtered by a poly-modal
filter, as described above with respect to FIG. 4.

[0057] At 504, the voltage and current across the solenoid are measured, using the
voltage and current sensors described above. The voltage and current readings may be used
as feedback to control the PWM voltage signal, and may be sampled over the duration of the
fuel injection event. At 506, the impedance of the fuel injector is determined based on the

current and voltage.
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[0058] At 508, method 500 includes determining if the impedance changes by an
expected amount over the duration of the fuel injection event. The solenoid of the fuel
injector may move the injector needle when energized (e.g., at the opening threshold current),
and this movement may cause the impedance of the solenoid to change. For example, when
the needle moves to open the fuel injector, the impedance of the injector may increase. If the
impedance does not change by the expected amount, it may indicate that the injector is stuck
open or closed.

[0059] Thus, if at 508 it is determined that the impedance does change by the expected
amount, method 500 proceeds to 510 to indicate no fuel injector degradation and maintain
current operating parameters, which may include performing method 500 on a subsequent
fuel injector. If the impedance does not change by the expected amount, method 500
proceeds to 512 to indicate fuel injector degradation and take default action. The default
action may include one or more of notifying an operator of the engine (e.g., an operator of the
vehicle in which the engine is installed) via a malfunction indicator or setting a diagnostic
code, as indicated at 514. Further, in some examples, in response to the indication that a fuel
injector is degraded, engine operating parameters may be adjusted, which may include
shutting down the engine, as indicated at 516. A stuck open or closed fuel injector may cause
engine degradation, and thus in some examples the engine may be automatically shut down
once fuel injector degradation is determined. However, in other examples, particularly if the
fuel injector is determined to be stuck closed, the engine may still be able to operate, but
certain operating parameters may be adjusted to compensate for the degraded injector. For
example, the engine may operate with reduced engine output with the cylinder coupled to the
degraded fuel injector deactivated. In another example, if the degraded fuel injector is a
gaseous fuel injector (e.g., gas admission valve), the cylinder may be operated with only
liquid fuel. Method 500 then returns, for example to perform the method on a subsequent
fuel injector.

[0060] FIG. 6 is a diagram 600 illustrating example parameters during a fuel injector
event. Time is depicted along the vertical axis and each respective parameter (current and
voltage) is depicted along the horizontal axis. The first subplot 602 in FIG. 6 shows the
controlled current 608 in the injector during a typical injection cycle for a liquid fuel injector.
The second subplot 604 shows an unfiltered PWM voltage. With regard to FIG. 4, this
voltage is the input to the EMI filter. In this example, the PWM signal is a 100 kHz square
wave with a duty cycle that is controlled in a feedback loop that is designed to track a desired

reference current profile in the injector coil. The third subplot 606 shows the filtered PWM
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voltage. This signal is the voltage seen at the injector coil and is smoother than the unfiltered
PWM voltage.

[0061] FIG. 7 is a diagram 700 that shows the power spectrums associated with the
unfiltered and the filtered PWM voltage signals in FIG. 6. In this plot, the desired signal
spectral content is below 10 kHz. Both curves indicate high frequency energy at 100 kHz
and all of its harmonics; however, the spectral energy in the filtered PWM voltage (black
line) has been reduced by more than 15 dB below the desired spectral energy components at
low frequency. The spectral energy in the unfiltered voltage is higher than the desired
spectral energy components at low frequency. All of the high frequency spectral energy (100
kHz and its harmonics) is being contained by the EMI filter.

[0062] An embodiment of system for controlling electromagnetic interference (EMI) in a
drive circuit is provided. The system comprises a power supply; a load; a harness coupling
the power supply to the load; a shield coupled to the harness; and an EMI filter coupled
between the power supply and the load. The EMI filter comprises a differential filter and a
differential-common mode filter. In an example, the differential filter comprises an inductor,
a capacitor, and a damping network, the damping network including a resistor and a
capacitor. In an example, the differential-common mode filter comprises a first inductor and
capacitor set and a second inductor and capacitor set, where each capacitor is coupled to
ground. In one example, the load is a solenoid. The solenoid may open a liquid fuel injector
and/or a gaseous fuel admission valve of an engine.

[0063] The system further comprises a switch coupled between the power supply and the
load, the switch configured to be turned on and off by a control unit to generate a pulse width
modulated signal from the power supply to the load. The differential filter may be coupled
between the switch and the load, and the differential-common mode filter may be coupled
between the differential filter and the load.

[0064] A further embodiment for a system for controlling electromagnetic interference
(EMI) may be included in a wheeled vehicle, such as locomotive, automobile, maul haul
truck, or other wheeled vehicle. The system comprises a fuel injector for supplying fuel to a
cylinder of an engine of the wheeled vehicle; and a drive circuit driving the fuel injector. The
drive circuit comprises a power supply; a harness coupling the power supply to the fuel
injector; a shield coupled to the hamess; and an EMI filter coupled between the power supply
and the load. The EMI filter includes a differential filter and a common-mode differential

filter.
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[0065] In an example, the harness comprises a high-side line and a low-side line. The
drive circuit may further comprise a high-side switch between the power supply and the fuel
injector on the high-side line and a control unit to control the high-side switch to generate a
pulse width modulated signal from the power supply to the fuel injector. The control unit
may be located in a separate cab of the wheeled vehicle from the engine, and the harness may
extend from the control unit to the fuel injector.

[0066] Another embodiment relates to a system for controlling electromagnetic
interference (EMI) in a wheeled vehicle. The system comprises an engine having at least two
cylinders, each cylinder having a liquid fuel injector and a gaseous fuel admission valve to
supply liquid and gaseous fuel thereto; and a drive circuit driving each liquid fuel injector and
gaseous fuel admission valve of two of the at least two cylinders. The drive circuit comprises
a power supply; a first cable (e.g., a high-side line) from the power supply to a supply node; a
high-side switch in the first cable; a differential filter in the first cable; and a differential-
common mode filter, where the differential-common mode filter includes a first capacitor-
inductor set in the first cable and a plurality of second capacitor-inductor sets, each liquid fuel
injector and gaseous fuel admission valve comprising a solenoid coupled to the supply node
via respective supply lines, each solenoid coupled to a respective second capacitor-inductor
set via a respective second cable (e.g., low-side line), each solenoid coupled to ground via a
respective low-side switch.

[0067] The differential filter comprises an inductor, a capacitor, and a damping network,
the damping network including a resistor and a capacitor. Each respective second capacitor-
inductor set is coupled between a respective solenoid and low-side switch. The power supply
is configured to supply a voltage in a range of 90-120V to the first cable. In one example, the
power supply supplies a voltage of 110V. The system further comprises a control unit to
control the high-side switch and each respective low-side switch, the high-side switch
controllable to switch at a rate in a range of 90,000 to 110,000 times per second.

[0068] An embodiment for a system comprises a poly-modal filter coupled to a load
device; a shield disposed between the load device and the poly-modal filter; and the poly-
modal filter comprises an EMI filter and a differential-common mode filter. The EMI filter is
operable to filter high frequency spectral energy to therefore be contained by the EMI filter
inside a control unit. The EMI filter creates a filter choke that results in a slew-limited
current profile in response to a short circuit. The filter choke enables a threshold amount of
time for the control unit to open a high-side switch in response to the short circuit. The

differential-common mode filter simultaneously rejects both differential noise and common
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mode noise. The load device may be a solenoid in one example. The solenoid may be
coupled to a liquid fuel injector or to a gas admission valve of an engine. The system further
comprises a switch operable to generate a pulse width modulated signal to the load device.
[0069] Another embodiment for a system comprises a switch operable to generate a
pulse width modulated voltage signal; a poly-modal filter comprising an EMI filter and a
differential-common mode filter, the poly-modal filter operable to generate a filtered pulse
width modulated voltage signal to control a solenoid of a fuel injector of an engine; a shield
disposed between the solenoid and the poly-modal filter; and a control unit. The control unit
is configured to control the switch based on a reference current profile of the solenoid and to
indicate degradation of the fuel injector based on the filtered pulse width modulated voltage
signal and sensed current at the solenoid.

[0070] The control unit is configured to determine an impedance of the solenoid based
on the filtered pulse width modulated voltage signal and sensed current, and if the impedance
changes by less than a threshold amount over a given period of time, the control unit is
configured to indicate the fuel injector is degraded. the control unit is configured to adjust
one or more engine operating parameters responsive to the indication of degradation of the
fuel injector.

[0071] The EMI filter is operable to filter high frequency spectral energy to therefore be
contained by the EMI filter, and wherein the differential-common mode filter simultaneously
rejects both differential noise and common mode noise. The system further comprises a
hamess coupled between the poly-modal filter and the solenoid, where the shield is coupled
to the harness. The poly-modal filter may be housed in the control unit.

[0072] A further embodiment for a system comprises an engine having a plurality of
cylinders arranged into one or more sets of two cylinders, each cylinder including a liquid
fuel injector and a gas admission valve coupled thereto and at least one drive circuit, each
drive circuit being coupled to a respective set of two cylinders. Each drive circuit comprises
a poly-modal filter coupled to each solenoid of each liquid fuel injector and gas admission
valve of the respective set of two cylinders; a shield disposed between the poly-modal filter
and each solenoid of each liquid fuel injector and gas admission valve of the respective set of
two cylinders; and the poly-modal filter comprises an EMI filter and a differential-common
mode filter.

[0073] The EMI filter comprises an inductor, a capacitor, and a damping network
including a resistor and capacitor, and thereby to filter high frequency spectral energy from

reaching each respective solenoid. The differential-common mode filter comprises a high-
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side inductor and capacitor and a plurality of low-side inductor and capacitor sets, each low-
side inductor and capacitor set coupled to a respective solenoid of each liquid fuel injector
and gas admission valve of the respective set of two cylinders, and thereby to prevent both
differential noise and common mode noise from reaching each respective solenoid.

[0074] The drive circuit further comprises a switch operable to generate a pulse width
modulated voltage signal. The pulse width modulated voltage signal may be in a range of 90-
120 V and switch at a frequency in a range of 90-110 KHz.

[0075] As used herein, an element or step recited in the singular and proceeded with the
word “a” or “an” should be understood as not excluding plural of said elements or steps,
unless such exclusion is explicitly stated. Furthermore, references to “one embodiment™ of
the present invention are not intended to be interpreted as excluding the existence of
additional embodiments that also incorporate the recited features. Moreover, unless
explicitly stated to the contrary, embodiments “comprising,” “including,” or “having” an
element or a plurality of elements having a particular property may include additional such
elements not having that property. The terms “including” and “in which™ are used as the

2

plain-language equivalents of the respective terms “comprising” and “wherein.” Moreover,
the terms “first,” “second,” and “third,” etc. are used merely as labels, and are not intended to
impose numerical requirements or a particular positional order on their objects.

[0076] This written description uses examples to disclose the invention, including the
best mode, and also to enable a person of ordinary skill in the relevant art to practice the
invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims, and
may include other examples that occur to those of ordinary skill in the art. Such other
examples are intended to be within the scope of the claims if they have structural elements

that do not differ from the literal language of the claims, or if they include equivalent

structural elements with insubstantial differences from the literal language of the claims.
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CLAIMS:
1. A system comprising:
a poly-modal filter coupled to a load device; and
a shield disposed between the load device and the poly-modal filter;
wherein the poly-modal filter comprises an EMI filter and a differential-common

mode filter.

2. The system of claim 1, wherein the EMI filter is operable to filter high frequency

spectral energy to therefore be contained by the EMI filter inside a control unit.

3. The system of claim 1, wherein the EMI filter creates a filter choke that results in a

slew-limited current profile in response to a short circuit.

4, The system of claim 3, wherein the filter choke enables a threshold amount of time for

the control unit to open a high-side switch in response to the short circuit.

5. The system of claim 1, wherein the differential-common mode filter simultaneously

rejects both differential noise and common mode noise.

6. The system of claim 1, wherein the load device is a solenoid.

7. The system of claim 6, wherein the solenoid is coupled to a liquid fuel injector.

8. The system of claim 6, wherein the solenoid is coupled to a gas admission valve.

9. The system of claim 1, further comprising a switch operable to generate a pulse width

modulated signal to the load device.

10. A system comprising:

a switch operable to generate a pulse width modulated voltage signal;

a poly-modal filter comprising an EMI filter and a differential-common mode filter,
the poly-modal filter operable to generate a filtered pulse width modulated voltage signal to
control a solenoid of a fuel injector of an engine;

a shield disposed between the solenoid and the poly-modal filter; and
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a control unit configured to control the switch based on a reference current profile of
the solenoid, the control unit further configured to indicate degradation of the fuel injector

based on the filtered pulse width modulated voltage signal and sensed current at the solenoid.

11.  The system of claim 10, wherein the control unit is configured to determine an
impedance of the solenoid based on the filtered pulse width modulated voltage signal and
sensed current, and if the impedance changes by less than a threshold amount over a given

period of time, the control unit is configured to indicate the fuel injector is degraded.

12. The system of claim 10, wherein the control unit is configured to adjust one or more

engine operating parameters responsive to the indication of degradation of the fuel injector.

13. The system of claim 10, wherein the EMI filter is operable to filter high frequency
spectral energy to therefore be contained by the EMI filter, and wherein the differential-

common mode filter simultaneously rejects both differential noise and common mode noise.

14, The system of claim 10, further comprising a harness coupled between the poly-

modal filter and the solenoid, where the shield is coupled to the harness.

15. The system of claim 10, wherein the poly-modal filter is housed in the control unit.

16. A system comprising:
an engine having a plurality of cylinders arranged into one or more sets of two
cylinders, each cylinder including a liquid fuel injector and a gas admission valve coupled
thereto; and
at least one drive circuit, each drive circuit being coupled to a respective set of two
cylinders and comprising:
a poly-modal filter coupled to each solenoid of each liquid fuel injector and
gas admission valve of the respective set of two cylinders; and
a shield disposed between the poly-modal filter and each solenoid of each
liquid fuel injector and gas admission valve of the respective set of two cylinders;
wherein the poly-modal filter comprises an EMI filter and a differential-

common mode filter.
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17. The system of claim 16, wherein the EMI filter comprises an inductor, a capacitor,
and a damping network including a resistor and capacitor, and thereby to filter high

frequency spectral energy from reaching each respective solenoid.

18.  The system of claim 16, wherein the differential-common mode filter comprises a
high-side inductor and capacitor and a plurality of low-side inductor and capacitor sets, each
low-side inductor and capacitor set coupled to a respective solenoid of each liquid fuel
injector and gas admission valve of the respective set of two cylinders, and thereby to prevent

both differential noise and common mode noise from reaching each respective solenoid.

19. The system of claim 16, wherein the drive circuit further comprises a switch operable

to generate a pulse width modulated voltage signal.

20.  The system of claim 19, wherein the pulse width modulated voltage signal is in a

range of 90-120 V and switches at a frequency in a range of 90-110 KHz.
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