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CONTROL OF ENGINE-INTEGRATED ELECTRIC MACHINE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No.
62/369.,480, filed on August 1, 2016, the entire disclosure of which is hereby expressly

incorporated by reference.

BACKGROUND

[0002] This disclosure relates to hybrid electric motor systems and methods and more
particularly to sensor and sensorless systems and methods for determining and/or altering
electric motor position and/or engine position.

[0003] The need to reduce fossil fuel consumption and reduce emissions in various systems,
such as generators, automobiles, and other vehicles powered by internal combustion engines is
continuing to grow in light of new governmental regulations, customer demand, and in an effort
to reduce the operating costs of such systems. In an attempt to address these needs, some efforts
have included the use of both an electric motor and an internal combustion engine, such as, for
example, a hybrid electric vehicle.

[0004] When engine power is not needed (or the power is being provided by another
source), it can be shut off. When needed, it is often desired that the engine restart and produce
power quickly. In some engines, this restart can be delayed due to uncertainty around the engine
component position, and a certain number of crankshaft revolutions that is required to determine
the engine component position and begin fueling.

[0005] A bidirectional engine position sensor has been previously employed to minimize
this delay by providing data to an algorithm which estimates initial engine component position
for use in accurately timing the introduction of fuel. This results in fast restart events, but
traditionally high engine crank fueling rates are required. In order to meet fast restart
requirements but minimize fuel consumption, a higher power electric machine may be employed
to rapidly accelerate the engine up to its desired speed without fueling.

[0006] There are both sensorless and sensor-based methods to control the electric machine.
Sensorless control methods use known machine parameters, voltage and current measurements
in the motor inverter to determine machine position. This control has worked well when the
machine is rotating, however, such systems currently lack the ability to determine the electric

motor position during initial startup or when the system is running at low speeds.
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[0007] Systems with sensor-based control are generally able to more accurately determine
the electric motor position, resulting in high efficiency and full torque capability at zero- or low-
speed operation. However, these may require dedicated encoders and resolvers. The use of
dedicated encoders and resolvers may increase the cost, complexity, and maintenance procedures
of such systems.

[0008] Such systems can also suffer from increased inaccuracy during shutdown because
various methods may fail to account for both positive and negative rotation during shutdown.
Not accounting for negative rotation during shutdown, may decrease the efficiency and accuracy
of such systems.

[0009] A need therefore exists to improve the accuracy, efficiency, size, cost, and
complexity of such systems both during startup, during low power operations, and during
shutdown.

[0o010] Additional methods may also comprise receiving, by a processor in electrical
communication with a first sensor and a second sensor, a first position data of an engine and a
second position data of an engine, and estimating, by the processor, a position of an electric
motor in mechanical communication with the engine based on the first position data and the

second position data.

SUMMARY
[0011] In some embodiments, systems may comprising an internal combustion engine
including a crankshaft, a crankshaft sprocket coupled to the crankshaft, an electric motor in
mechanical communication with the crankshaft sprocket, a bidirectional engine position sensor
coupled to the crankshaft sprocket, a controller in electrical communication with the
bidirectional engine position sensor and a non-transitory memory having instructions that, in
response to execution by a processor, cause the processor to estimate a position of an engine
component upon shutdown of the engine, store the position of the engine component at shutdown
in the non-transitory memory, and control the electric motor at restart in response to the position
of the engine component at shutdown.
[0012] Methods may comprise receiving, by a processor in electrical communication with a
first sensor, a value indicating a position of an engine component in mechanical communication
with an electric motor, estimating, by the processor, the position of the engine component at
shutdown of the engine, and storing, by the processor, the position of the engine component at

shutdown.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The above mentioned and other features and objects of this disclosure, and the
manner of attaining them, will become more apparent and the disclosure itself will be better
understood by reference to the following description of an embodiment of the disclosure taken in
conjunction with the accompanying drawings, wherein:

[0014] FIG. 1A and 1B are schematic diagrams of engine and electric motor systems

according to various embodiments;

[0015] FIG. 2 is a flowchart of a method of storing engine position data according to various
embodiments;
[0016] FIG. 3 is a flowchart of a method of accounting for stored engine position data

according to various embodiments;

[0017] FIG. 4 is a flowchart of a method of controlling the engine position according to
various embodiments;

[0018] FIG. 5 is a flowchart of a method of estimating the position of an electric motor
according to various embodiments;

[0019] FIG. 6 is a flowchart of a method of estimating the position of an electric motor with
a bidirectional engine position sensor according to various embodiments; and

[0020] FIG. 7 is a flowchart of a method of estimating the position of an electric motor
according to various embodiments.

[0021] Corresponding reference characters indicate corresponding parts throughout the
several views. Although the drawings represent embodiments of the present disclosure, the
drawings are not necessarily to scale and certain features may be exaggerated in order to better
illustrate and explain the present disclosure. The exemplification set out herein illustrates an
embodiment of the disclosure, in one form, and such exemplifications are not to be construed as

limiting the scope of the disclosure in any manner.

DETAILED DESCRIPTION

[0022] The embodiment disclosed below is not intended to be exhaustive or limit the
disclosure to the precise form disclosed in the following detailed description. Rather, the
embodiment is chosen and described so that others skilled in the art may utilize its teachings.
[0023] One of ordinary skill in the art will realize that the embodiments provided can be
implemented in hardware, software, firmware, and/or a combination thereof. Programming code

according to the embodiments can be implemented in any viable programming language such as
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C, C++ HTML, XTML, JAVA or any other viable high-level programming language, or a
combination of a high-level programming language and a lower level programming language.
[0024] As used herein, the modifier “about” used in connection with a quantity is inclusive
of the stated value and has the meaning dictated by the context (for example, it includes at least
the degree of error associated with the measurement of the particular quantity). When used in the
context of a range, the modifier “about” should also be considered as disclosing the range
defined by the absolute values of the two endpoints. For example, the range “from about 2 to
about 4” also discloses the range “from 2 to 4.”

[0025] With reference to FIG. 1A, a hybrid system 100 is illustrated. System 100 may
comprise an internal combustion engine 105 that may including a crankshaft 120 and a
crankshaft sprocket (not shown) coupled to the crankshaft. Engine 105 is not particularly limited
and may be any type of reciprocating engine, such as a diesel engine or a gasoline engine.
System 100 may also comprise an electric motor 190 in mechanical communication with the
crankshaft sprocket. In various embodiments, electric motor 190 may be coupled to a
bidirectional engine position sensor 130, engine 105, and a clutch 127 via crankshaft 120. In
various embodiments, the bidirectional engine position sensor 130 and motor 90 are in
mechanical communication with the crankshaft 120. By being in mechanical communication,
the relative position can be maintained and operational control of the engine can continue. Also,
the electric motor 190 is not particularly limited and, for example, may be a generator,
synchronous motor, or an induction motor.

[0026] In various embodiments, system 100 may also comprise a controller 150 in electrical
communication with the bidirectional engine position sensor 130 and may include a non-
transitory memory 157 having instructions that, in response to execution by a processor 155,
cause the processor 155 to determine a position of the internal combustion engine 105 upon
shutdown of the engine. For example, at shutdown, the position of the pistons may be
determined. In various aspects, this may include determining whether the combustion chamber
and/or the piston of and engine is under increased pressure or a vacuum. In various
embodiments, processor 155 may store the position of an engine component (e.g., a piston) at
shutdown in the non-transitory memory 157. Processor 155, non-transitory memory 157, and
controller 150 are not particularly limited and may, for example, be physically separate. Also, in
some embodiments, the controller 150, may comprise a processor 155, as illustrated in FIG. 1A.
[0027] In certain embodiments, the controller 150 may form a portion of a processing

subsystem including one or more computing devices having memory, processing, and
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communication hardware. The controller 150 may be a single device or a distributed device, and
the functions of the controller may be performed by hardware and/or as computer instructions on
a non-transient computer readable storage medium, such as non-transitory memory 157.

In certain embodiments, the controller 150 includes one or more interpreters, determiners,
evaluators, regulators, and/or processors that functionally execute the operations of the
controller. The description herein including interpreters, determiners, evaluators, regulators,
and/or processor emphasizes the structural independence of certain aspects of the controller 150,
and illustrates one grouping of operations and responsibilities of the controller. Other groupings
that execute similar overall operations are understood within the scope of the present application.
Interpreters, determiners, evaluators, regulators, and processors may be implemented in
hardware and/or as computer instructions on a non-transient computer readable storage medium,
and may be distributed across various hardware or computer based components.

[0028] Example and non-limiting implementation elements that functionally execute the
operations of the controller include sensors providing any value determined herein, sensors
providing any value that is a precursor to a value determined herein, datalink and/or network
hardware including communication chips, oscillating crystals, communication links, cables,
twisted pair wiring, coaxial wiring, shielded wiring, transmitters, receivers, and/or transceivers,
logic circuits, hard-wired logic circuits, reconfigurable logic circuits in a particular non-transient
state configured according to the module specification, any actuator including at least an
electrical, hydraulic, or pneumatic actuator, a solenoid, an op-amp, analog control elements
(springs, filters, integrators, adders, dividers, gain elements), and/or digital control elements.
[0029] Certain operations described herein include operations to interpret and/or to
determine one or more parameters or data structures. Interpreting or determining, as utilized
herein, includes receiving values by any method known in the art, including at least receiving
values from a datalink or network communication, receiving an electronic signal (e.g. a voltage,
frequency, current, or PWM signal) indicative of the value, receiving a computer generated
parameter indicative of the value, reading the value from a memory location on a non-transient
computer readable storage medium, receiving the value as a run-time parameter by any means
known in the art, and/or by receiving a value by which the interpreted parameter can be
calculated, and/or by referencing a default value that is interpreted to be the parameter value.
[0030] In various embodiments, the processor 155 may be configured to estimate the
position of any type of reciprocating engine, such as internal combustion engine 105 at

shutdown. Furthermore, the processor may be configured to estimate the position of the electric
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motor 190, for example, upon shutdown or while the engine 105 and the electric motor 190 are
running.

[0031] As disclosed herein, system 100 is not particularly limited and may perform any of
the methods described within the scope of this disclosure. For example, the processor 155 may
be configured to receive position data of the engine 105, estimate the engine position or position
of an engine component at shutdown of the engine 105, and store the engine component position
at shutdown. Also, in various embodiments, the processor 155 may be configured to estimate
the position of the electric motor 190.

[0032] As vet another example and with reference to FIG. 2, a method 200 for estimating
the position of an engine is illustrated. Method 200 may comprise receiving, by a processor in
electrical communication with a first sensor, a value indicating a position of an engine in
mechanical communication with an electric motor at shutdown (step 210). The processor then
may estimate the engine component position at shutdown of the engine (step 220) and may store,
by the processor, the estimated engine component position at shutdown (step 230). For example,
processor 150 may store the estimated engine component position at shutdown in non-transitory
memory 157 as illustrated in FIGs. 1A and 1B.

[0033] In various embodiments, various systems may also comprise a separate engine
electric controller 170, which may comprise processor 175 and non-transitory memory 177, as
shown in FIG. 1B. In some embodiments, engine controller 170 may also store the estimated
engine component position at shutdown in non-transitory memory 177.

[0034] With reference to FIG. 3, method 300 is depicted according to various embodiments.
Similar to method 200, method 300 may comprise steps 210, 220, and 230. Method 300 may
also comprise controlling, by the processor, an electric motor during restart of the engine (step
340). Storing the estimated engine component position and controlling the electric motor during
restart of the engine may allow for the proper amount of torque to be applied during engine
startup, thereby conserving the amount of energy required for engine startup. Thus, in various
embodiments, a torque input from the electric machine rotor may be altered at or before the
startup of the engine.

[0035] With reference to FIG. 4,a method 400 for controlling and storing the position of the
engine component at shutdown is depicted. In various embodiments, method 400 may comprise
receiving, by a processor in electrical communication with a first sensor, a value indicating a
position of an engine in mechanical communication with an electric motor at shutdown (step

210), estimating the engine component position at shutdown of the engine (step 220), and
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storing, by the processor, the engine component position at shutdown (step 230). In various
embodiments, method 400 may also estimate—prior to or during shutdown—the position at
shutdown and then control the position of the engine component at shutdown (step 440), for
example, to a desired position through control of the system.

[0036] In various embodiments, method 400 may comprise active control of the angular
position of the crankshaft at shutdown. In some embodiments, controlling the angular position
of the crankshaft at shutdown may leave it at an optimized position for any event for current or
anticipated engine conditions. Thus, in various embodiments, optimizing the position of the
engine component or motor may reduce an amount of estimated torque needed for the restart of
the engine or motor.

[0037] Thus, method 400 may incorporate the knowledge of the engine component position
to optimize startup as much as possible. Accordingly, as with the other methods disclosed
herein, the order of method 400 is not particularly limited. For example, the control of the
engine component position at shutdown (step 440) may come after the processor stores the
estimated position at shutdown (step 230). In some embodiments, the speed during shutdown
(e.g., during the last stages of shutdown) may be controlled so the crankshaft turns at low speeds
at the end of the shutdown event in order to obtain an optimal position. Furthermore, in some
embodiments the motor may be used to prevent engine reversals during shutdown.

[0038] With reference to FIG. 5,a method 500 for estimating the position of an electric
motor in mechanical communication with an engine is depicted. Method 500 may comprise
receiving, by a processor in electrical communication with a first sensor, a first position data of
an engine (step 510). Also, the processor in electrical communication with a second sensor may
receive a second position data of an engine (step 520). Then, in various embodiments, the
processor may estimate a position of an electric motor in mechanical communication with the
engine (step 530), for example accounting for both the crankshaft angular position and engine
reversals.

[0039] In various embodiments and with reference to FIG. 6, the processor may also receive
position data of the electric motor from a bidirectional engine position sensor (step 640).
According to various embodiments, the information received from the bidirectional engine
position sensor can be used to estimate the position of the electric motor. In some
embodiments—both system and methods—accounting for the data or information received from

the bidirectional engine position sensor and the data or information received from the engine
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may allow for a more precise determination of engine component position, motor position, or
both.

[0040] In some embodiments, the machine may be operated exclusively under sensorless
control, with the control at O rpm for a given initial engine condition (e.g., engine/electric motor
position). Thus, various embodiments include controllers 155 that control the electric motor 190
at restart in response to the position of the engine component 105 at shutdown (e.g., 0 rpm).
[0041] For example, as illustrated in FIG. 7, a method 700 may comprise estimating a
position of an electrical motor in mechanical communication with the engine (step 750). In
various embodiments, the processor in electrical communication with a first sensor may receive
a first position data of an engine (step 510). Also, the processor may be in electrical
communication with a second sensor and may receive a second position data of an engine (step
520) and may also receive electric motor position data. For example, the processor may receive
position data of the electric motor from a bidirectional engine position sensor (step 640). Then
the processor may alter the estimation of the position of the electric motor (step 760) based on
the first position data of the engine, the second position data of the engine, and the electric motor
position data. In various embodiments, method 700 may be repeated while the engine is
operating.

[0042] The methods and algorithms used in the estimation of the position of the electric
motor are not particularly limited and can vary depending on various conditions, such as engine
conditions. For example, in various embodiments the revolutions per minute of the engine may
alter the methods or algorithms for determining the estimated position of the electric motor.
[0043] For example, in various embodiments, the bidirectional sensor may send a signal to
the controller. This signal varies depending upon which direction the engine is spinning (e.g., if
it senses the tone wheel tooth coming from one direction or the other). This is important because
during conventional engine shutdown, the engine may experience (sometimes several times)
reversals in direction as it comes to rest. Various algorithms may use the signals and the
frequency of the pulses to determine the speed and direction of the engine, and apply this
direction information to the normal engine position determination all the way to O rpm. This
estimated position may be held in memory (and modified if additional pulses are detected), and
used as a feedforward engine position value when the engine is cranked.

[0044] In other words, various control methods may be used not only for different speeds,
but in some embodiments, may allow for and operate under sensor-based control from O rpm up

to maximum engine speeds.
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[0045] In some embodiments, the shutdown position estimation and conventional engine
position signal processing algorithms may be in an inverter controller, with the engine position
sensor signals sent to both the engine ECM and/or PE ECM.

[0046] In various embodiments, control regions could be incorporated into the various
methods and systems disclosed herein. For example, from about 0 revolutions per minute (rpm)
to about a first threshold rpm, sensorless control using an initial position estimation for
maximum torque output may be used. Then, from about the first threshold rpm to about a
second threshold rpm, a combination of sensorless and engine position sensor based control may
be used. Finally, in from about the second threshold rpm to a third threshold rpm, engine
position sensor based control may be used. Thus, in various embodiments the estimation may be
calculated from at least one of sensorless and engine position sensor based control.

[0047] In various embodiments, sensorless control from about O revolutions per minute
(rpm) to about a first threshold rpm, and/or sensorless control using an initial position estimation
for maximum torque output may be used. Then, from about the first threshold rpm to about a
second threshold rpm, a combination of sensorless and engine position sensor based control may
be used.

[0048] In other embodiments, sensorless control from about 0 revolutions per minute (rpm)
to about a first threshold rpm, and sensorless control using an initial position estimation for
maximum torque output may be used. Then, from about the first threshold rpm to a second
threshold rpm, sensorless control may be used, for example, exclusively.

[0049] In various embodiments, system 100 may be configured—at various times—to
operate exclusively under sensorless control, with the control set at O rpm, for example, based on
the electric motor and engine component position. While different control methods may be used
for different engine speeds, methods incorporating sensor-based control may be utilized from
speeds between 0 rpm and the maximum engine speed.

[0050] According to the various embodiments of the various system and methods disclosed
herein, it is believed that the fuel consumption of start/stop operations may be reduced from
about 5% to about 20%. Also, the various systems and methods disclosed herein may enable
smaller electric machines or faster engine restart responses.

[0051] Additionally, systems and methods disclosed herein may enable controls, such as the
controller that are capable of injecting current into the electric motor without having a sensed
rotor position and, thus, may start producing torque and rotor rotation. Once rotor rotation is

started, the accuracy of "traditional" sensorless control algorithms may be enabled and thus
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utilized throughout the rotating operation of the machine, or the engine position sensor
information can be used.

[0052] Moreover, the various systems and embodiments disclosed herein may reduce costs
by employing fewer sensors and sharing information between components, which may yield
systems with the resolution or capability to meet very demanding requirements.

[0053] It should be understood that, the connecting lines shown in the various figures
contained herein are intended to represent exemplary functional relationships and/or physical
couplings between the various elements. It should be noted that many alternative or additional
functional relationships or physical connections may be present in a practical system. However,
the benefits, advantages, solutions to problems, and any elements that may cause any benefit,
advantage, or solution to occur or become more pronounced are not to be construed as critical,
required, or essential features or elements. The scope is accordingly to be limited by nothing
other than the appended claims, in which reference to an element in the singular is not intended
to mean “one and only one” unless explicitly so stated, but rather “one or more.” Moreover,
where a phrase similar to “at least one of A, B, or C” is used in the claims, it is intended that the
phrase be interpreted to mean that A alone may be present in an embodiment, B alone may be
present in an embodiment, C alone may be present in an embodiment, or that any combination of
the elements A, B or C may be present in a single embodiment; for example, A and B, A and C,
B and C, or A and B and C.

[0054] In the detailed description herein, references to “one embodiment,” “an

2% <<

embodiment,” “an example embodiment,” etc., indicate that the embodiment described may
include a particular feature, structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or characteristic. Moreover, such phrases are
not necessarily referring to the same embodiment. Further, when a particular feature, structure,
or characteristic is described in connection with an embodiment, it is submitted that it is within
the knowledge of one skilled in the art with the benefit of the present disclosure to affect such
feature, structure, or characteristic in connection with other embodiments whether or not
explicitly described. After reading the description, it will be apparent to one skilled in the
relevant art(s) how to implement the disclosure in alternative embodiments.

[0055] Furthermore, no element, component, or method step in the present disclosure is
intended to be dedicated to the public regardless of whether the element, component, or method

step is explicitly recited in the claims. No claim element herein is to be construed under the

provisions of 35 U.S.C. 112(f), unless the element is expressly recited using the phrase “means
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for.” As used herein, the terms “comprises,” “comprising,” or any other variation thereof, are
intended to cover a non-exclusive inclusion, such that a process, method, article, or apparatus
that comprises a list of elements does not include only those elements but may include other

elements not expressly listed or inherent to such process, method, article, or apparatus
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WHAT IS CLAIMED IS:

1.

A system comprising:

an internal combustion engine including a crankshaft;

a crankshaft sprocket coupled to the crankshaft;

an electric motor in mechanical communication with the crankshaft sprocket;
a bidirectional engine position sensor coupled to the crankshaft sprocket;

a controller in electrical communication with the bidirectional engine position sensor and

a non-transitory memory having instructions that, in response to execution by a processor, cause

the processor to estimate a position of an engine component upon shutdown of the engine, store

the position of the engine component at shutdown in the non-transitory memory, and control the

electric motor at restart in response to the position of the engine component at shutdown.

2.

The system of claim 1, wherein the processor is configured to estimate the position of the

electric motor.

3.

A system of claim 1, wherein the controller comprises the processor.

The system of claim 1, wherein the electric motor is a generator.

The system of claim 1, wherein the processor

is in electrical communication with a first sensor and a second sensor;

is configured to receive a first position data of an engine from the first sensor;

is configured to receive a second position data of an engine from the second sensor; and

is configured to estimate a position of the electric motor based on the first position data

and the second position data.

The system of claim 1, wherein the processor is configured to
receive position data of the engine;
estimate an engine component position at shutdown of the engine; and

store the engine component position at shutdown.

A method comprising:
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receiving, by a processor in electrical communication with a first sensor, a value
indicating a position of an engine component in mechanical communication with an electric
motor,

estimating, by the processor, the position of the engine component at shutdown of the
engine; and

storing, by the processor, the position of the engine component at shutdown.

8. The method of claim 7, further comprising sending the estimated engine component
position to an electric machine rotor in mechanical communication with the engine at or before a

startup of the engine.

9. The method of claim 8, further comprising altering a torque input from the electric

machine rotor at or before the startup of the engine.

10. The method of claim 9, wherein the engine is a diesel engine.
11. The method of claim 9, wherein the engine is a gasoline engine.
12. The method of claim 9, wherein the engine is a natural gas engine, an alcohol fueled

engine, or an alternative fuel engine.

13. The method of claim 7, further comprising controlling the position of the engine

component at shutdown.

14. The method of claim 13, wherein controlling the position of the engine component at
shutdown includes reducing an amount of estimated torque needed for restart of the engine a

restart of the engine.

15. A method comprising:
receiving, by a processor in electrical communication with a first sensor and a second
sensor, a first position data of an engine and a second position data of an engine; and
estimating, by the processor, a position of an electric motor in mechanical

communication with the engine based on the first position data and the second position data.

13-
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16. The method of claim 15, further comprising receiving position data of the electric motor

from a bidirectional engine position sensor.

17. The method of claim 15, further comprising receiving, by the processor, electric motor

position data.

18. The method of claim 17, further comprising altering the estimated position of the electric
motor based on the first position data of the engine, the second position data of the engine, and

the electric motor position data.

19. The method of claim 18, wherein the method is repeated while the engine is operating.
20. The method of claim 15, wherein estimating comprises using a revolutions per minute of
the engine.

21. The method of claim 20, wherein estimating comprises calculating a position of the

electric motor from at least one of sensorless or engine position sensor based control.

-14 -
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