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(57) A system and for performance prediction of an
electric aircraft is disclosed. The system may include a
controller (102) including one or more processors con-

figured to execute a set of program instructions stored in

a memory. The set of program instructions may be con-

figured to cause the one or more processors to receive

aircraft data, route data, and environmental data. The
aircraft data may include battery data of the battery of
the electric aircraft. The system may also be configured
to predict an available range based on the aircraft data
and the environmental data.

SYSTEM AND METHOD FOR PERFORMANCE PREDICTION OF ELECTRIC AIRCRAFT
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Description
TECHNICAL FIELD

[0001] The present disclosure relates to the field of aviation, and more particularly to a system and method for per-
formance prediction of electric aircraft.

BACKGROUND

[0002] Electric aircraft are becoming increasingly popular due to their potential for reduced emissions and improved
efficiency. However, they require accurate performance computations in order to ensure the remaining battery energy
(e.g., remaining capacity) is sufficient to reach the destination safely. Many factors affect the battery capability and must
be taken into account when predicting flying range and reserves.

[0003] Currently there is no system that can accurately predict available range of an electric aircraft taking all these
factors into consideration. This lack of a reliable solution means that operators cannot be assured that their flights will
have enough power reserves for safe operation. Therefore, there exists a need for an efficient method or system which
can accurately predict available range of electric aircraft.

SUMMARY

[0004] A system for performance prediction of an electric aircraft is disclosed in accordance with one or more illustrative
embodiments of the present disclosure. In one illustrative embodiment, the system may include a controller including
one or more processors configured to execute a set of program instructions stored in a memory. In another illustrative
embodiment, the set of program instructions may be configured to cause the one or more processors to receive aircraft
data, route data, and environmental data. In another illustrative embodiment, the aircraft data may include battery data
of the battery of the electric aircraft. In another illustrative embodiment, the system may be configured to predict an
available range based on the aircraft data and the environmental data.

[0005] A method forperformance prediction of an electric aircraft is disclosed in accordance with one or more illustrative
embodiments of the present disclosure. In one illustrative embodiment, the method may include receiving aircraft data,
route data, and environmental data. In another illustrative embodiment, the aircraft data may include battery data of the
battery of the electric aircraft. In another illustrative embodiment, the method may include predicting an available range
based on the aircraft data and the environmental data.

[0006] In another illustrative embodiment, the battery data may include historical battery performance data.

[0007] In another illustrative embodiment, the predicting the available range may include determining an initial battery
capacity estimate, where the initial battery capacity estimate is based on a voltage of the battery and a temperature of
the battery.

[0008] This Summary is provided solely as an introduction to subject matter that is fully described in the Detailed
Description and Drawings. The Summary should not be considered to describe essential features nor be used to determine
the scope of the Claims. Moreover, it is to be understood that both the foregoing Summary and the following Detailed
Description are example and explanatory only and are not necessarily restrictive of the subject matter claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The detailed description is described with reference to the accompanying figures. The use of the same reference
numbers in different instances in the description and the figures may indicate similar or identical items. Various embod-
iments or examples ("examples") of the present disclosure are disclosed in the following detailed description and the
accompanying drawings. The drawings are not necessarily to scale. In general, operations of disclosed processes may
be performed in an arbitrary order, unless otherwise provided in the claims. In the drawings:

FIG. 1 is a conceptual diagram of the system for performance prediction of electric aircraft, according to an embod-
iment of the present invention.

FIG. 2 is a process flow diagram illustrating the method for performance prediction of electric aircraft, according to
an embodiment of the present invention.

FIG. 3 is a data flow diagram illustrating determining an updated battery capacity estimate, according to an embod-
iment of the present invention.
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FIG. 4A is a display that is displaying a predicted performance of the battery, according to an embodiment of the
present invention.

FIG. 4B is a display that is displaying a predicted performance including a remaining energy at the destination,
according to an embodiment of the present invention.

DETAILED DESCRIPTION

[0010] Before explaining one or more embodiments of the disclosure in detall, it is to be understood that the embod-
iments are not limited in their application to the details of construction and the arrangement of the components or steps
or methodologies set forth in the following description or illustrated in the drawings. In the following detailed description
of embodiments, numerous specific details may be set forth in order to provide a more thorough understanding of the
disclosure. However, it will be apparent to one of ordinary skill in the art having the benefit of the instant disclosure that
the embodiments disclosed herein may be practiced without some of these specific details. In other instances, well-
known features may not be described in detail to avoid unnecessarily complicating the instant disclosure.

[0011] Broadly speaking, the present disclosure is directed to a system for performance prediction of electric aircraft.
The system is configured to receive aircraft data, route data, and environmental data. The aircraft data includes battery
data of the battery of the electric aircraft. The system is configured to predict an available range based on the aircraft
data and the environmental data. Memory may be configured to store the aircraft data, route data, and environmental
data. Embodiments of this disclosure allow crews of future electric aircraft to plan their flights more effectively and ensure
that the battery energy is sufficient to reach their destination safely.

[0012] Referring to FIG. 1, a conceptual diagram of the system 100 for performance prediction of an electric aircraft
is shown, according to one or more embodiments of the present disclosure. The system 100 includes a controller 102
configured to execute a set of program instructions stored in a memory 104 and executed on a processor 106. The
controller 102 may be communicatively coupled to a network (not shown) to receive data (e.g., aircraft data 108) but the
network isn’t a part of the system 100, unless otherwise noted. The network and/or memory 104 may be used to store
the data.

[0013] Referring to FIG. 2, a process flow diagram illustrating the method 200 for performance prediction of an electric
aircraft is shown, according to one or more embodiments of the present disclosure.

[0014] Atstep 202, aircraft data 108, route data, and environmental data 110 are received. For example, the controller
102 may receive aircraft data 108, route data, and environmental data 110 to be stored on memory 104.

[0015] In embodiments, the aircraft data 108 may include weight and basic airframe performance data. The weight
data may include the weight of the aircraft, the weight of the payload, and/or the like. The basic airframe performance
data may include the drag coefficient of the aircraft, the lift coefficient of the aircraft, and/or the like. This data may be
used to predict the available range 112.

[0016] Atstep 204, the available range 112 is predicted based on the aircraft data 108 and the environmental data 110.
[0017] Referring to FIG. 3, a data flow diagram 300 illustrating determining an updated battery capacity estimate 322
is shown, according to one or more embodiments of the present disclosure. Although not necessarily a part of the system
100, generally, an electric aircraft 302 (e.g., aircraft with flight powered by batteries and electric motors) includes a
battery 304. The battery 304 may include sensors (not shown) inside the battery configured to transmit battery data such
a voltage 306, a temperature 308, other battery data 310 (e.g., last battery charge data such as kWh charged and/or
length of time charged), and historical battery performance data (e.g., discharge and charge cycle data such as voltage,
time, amperage, and/orthe like configured to be used to determine battery energy used versus battery charging efficiency).
Note that battery charging efficiency may be known per battery specifications (e.g., provided by an OEM).

[0018] The aircraft data 108 may include battery data of the battery 304 of the electric aircraft 302. The controller 102
may be further configured to predict an available range 112 based on the aircraft data 108 and the environmental data
110. The memory 104 may be configured to store the aircraft data 108, route data, and environmental data 110. In
embodiments, the aircraft data 108 includes battery data of the battery 304 of the electric aircraft 302 such as historical
battery performance data 318.

[0019] In embodiments, the controller 102 may determine an initial battery capacity estimate 312 based on the voltage
306 and the temperature 308 of the battery 304. This estimate is typically accurate, but may not be the most precise.
To improve accuracy, the controller 102 may also determine an updated battery capacity estimate 322 based on the
initial battery capacity estimate 312 and historical battery performance data 318.

[0020] Data such as wind speed and temperature data is available from weather monitoring and prediction services,
and may be received by the controller 102 to be used in the performance prediction calculations. This data may be
received by the controller (e.g., linked to a controller 102 of the aircraft) at an airport gate or on an airport ramp, using
a wireless communication protocol such as Wi-Fi or other terrestrial communication link. Updates to this data in-flight
may be performed using existing satellite or datalink communication methods. The electric aircraft 302 may also measure
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its own environmental data 110 (e.g., wind/temp) along the route, and factor that into the calculations. This data may
be received from aircraft sensors and/or used to update the available range 112.

[0021] In embodiments, the controller 102 may determine a performance trend 316 based on the historical battery
performance data 318 and use the performance trend 316 to predict a future performance of the battery (e.g., an updated
battery capacity estimate 322 for an upcoming flight). For example, the performance trend 316 may be based on single
flight performance coefficients 314.

[0022] In embodiments, the controller 102 may determine single flight performance coefficients 314 for each flight
based on the historical battery performance data 318. The single flight performance coefficients (Coefficient) 314 may
be based on, for example, the following equation:

Coefficient = 1 — ((Energyagjusted — EN€rgyused)/ENergyadusted)

where Energyj,steq IS actual energy used to recharge the battery 304 times the recharge efficiency, and Energy,s¢q is
the actual energy used during flight. For example, energy (e.g., kWh) may be voltage times current and may also include
time. Recharge efficiency may be a measure of the energy used in recharging the battery 304 versus the energy actually
stored in the battery from such a recharging. The value may be between 0 and 1 and provided by the battery supplier
or some other method for determining such a value known in the art.

[0023] Note that, in some embodiments, the available range 112 may be based on a battery capacity such as the
initial battery capacity estimate 312 and/or the updated battery capacity estimate 322. In this regard, similar to how
combustion engine aircraft display remaining fuel in pounds or kilograms, the available range 112 may be displayed in
battery capacity units such as kWh or the like. In other embodiments, the available range 112 is, or includes, a distance
range, such as may indicate a remaining distance that may be traveled in miles or kilometers. A distance range may be
calculated, for example, based on a battery capacity (e.g., updated battery capacity estimate 322) or estimated remaining
battery capacity mid-flight (i.e., remaining energy) and other data such as the aircraft data, the route data, and/or the
environmental data.

[0024] In embodiments, the controller 102 may receive a user adjustment factor 320 that can be used to adjust the
available range 112 and/or the initial battery capacity estimate 312. This adjustment factor can be used to customize
the available range based on a user’s preferences. The user can adjust the user adjustment factor to increase or decrease
the available range (or a remaining portion of the available range) by a certain percentage (e.g., 5%, 10%, and/or the
like). In this way, a user may use the user adjustment factor 320 to account for variables outside of the system’s normal
input parameters, or simply for added safety or confidence in reserved energy.

[0025] Referring to FIG. 4A, adisplay 400 that is displaying a predicted performance of the battery is shown, according
to one or more embodiments of the present disclosure.

[0026] The display 400 may include a (currently predicted) remaining energy at the destination or alternate destination
402. For instance, "8130" may indicate that 8130 kWh is predicted to remain after reaching a destination, which may be
"+530" kW higher than originally predicted before the flight started. As the flight goes on, the real-world conditions (e.g.,
wind speeds, temperatures, etc.) may differ from predicted conditions, causing changes in the originally predicted re-
maining energy of the battery 304.

[0027] Note that "190" may indicate a (predicted) remaining energy available at an alternate destination. An alternate
destination may need to be used if the destination is not available (e.g., can’t be landed at). The "1110" is the difference
in what was originally predicted to reach the alternate destination. The display 400 may be configured to display a caution
message if the remaining energy at a destination and/or alternate destination 402 drops below a predetermined threshold.
For instance, the caution message may include colored text and/or graphics, and/or the text may say "Check Energy at
Dest", "Check Energy at Alt", or the like. By way of another example, these remaining energy numbers may appear in
yellow such as if the "190" number is lower than the predetermined threshold (e.g., ‘minimum energy quantity’) defined
in a flight management system (FMS) as a default value.

[0028] The display 400 may include a (previously measured) remaining energy 404 when sequencing the last waypoint
(e.g., the FROM waypoint). Further, "-20" indicates that 20 kWh more energy remained at this waypoint than originally
predicted before takeoff.

[0029] The display 400 may include a (currently predicted) remaining energy 406 when sequencing the next waypoint
(e.g., the TO waypoint, the KAYOU waypoint). For instance, the number "8250" may be the predicted remaining energy
when sequencing the TO waypoint, and "+530" may be the difference in energy between "8250" and the originally
predicted remaining energy when sequencing the TO waypoint. For example, additional energy may mean the conditions
(e.g., lower headwinds) and/or battery performance to reach the TO waypoint are going better than expected, and
additional remaining energy is anticipated compared to the original prediction.

[0030] Similarly, the display 400 may show the remaining energy 408 when sequencing another (e.g., third) waypoint,
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similar to the remaining energy 406 shown for the next waypoint.

[0031] Referring to FIG. 4B, a display 410 that is displaying a (currently predicted) remaining energy is shown. For
example, the remaining energy ("8420 kWh") and energy used so far ("640") are shown in block 418 of FIG. 4B.
[0032] FIG. 4B may be FIG. 4A, but at a different time of the flight, with updated values. Remaining energy 412 (at
the FROM checkpoint) may be the same as remaining energy 412 because nothing has changed regarding the FROM
checkpoint previously sequenced; remaining energy 414 (at the TO checkpoint) may be remaining energy 406; and
remaining energy 416 (at the checkpoint thereafter) may be remaining energy 408.

[0033] In embodiments, the available range 112 calculated at an earlier time may be used to calculate at least some
of the values shown in FIG. 4A and 4B.

[0034] In another embodiment, the (currently predicted) available energy (e.g., 8420 kWh) may be determined using
the same or similar methods described herein for calculating the available range 112 but adjusting for factors such as,
but not limited to, battery energy already used, and updated information such as new predictions for wind speed, tem-
perature, altitude, remaining distance to destination, updated waypoints, and/or the like.

[0035] Because of the large amount of data needed to make these computations accurately, it may be critical that as
much of the data entry and caution messages as possible are automated to relieve the crew of data entry tasks.
[0036] Inembodiments, the route data may include origin airportlocation, destination airportlocation, selected runways,
flight plan, and cruising altitude. The environmental data may include temperatures along the route, wind speeds along
the route, predicted temperatures along the route, and predicted wind speeds along the route.

[0037] Embodiments of this disclosure may allow crews of future electric aircraft to better plan their flights, and provide
more assurance that the battery energy is sufficient to get them to their destination safely.

[0038] Components (e.g., controller 102) are described in additional detail below, in accordance with one or more
embodiments.

[0039] The one or more processors 106 of controller 102 may include any one or more processing elements known
in the art. In this sense, the one or more processors 106 may include any microprocessor device configured to execute
algorithms and/or instructions. In one embodiment, the one or more processors 106 may consist of a desktop computer,
mainframe computer system, workstation, image computer, parallel processor, or other computer system (e.g., networked
computer) configured to execute a program configured to operate the system 100, as described throughout the present
disclosure. It should be recognized that the steps described throughout the present disclosure may be carried out by a
single computer system or, alternatively, multiple computer systems. In general, the term "processor" may be broadly
defined to encompass any device having one or more processing elements, which execute program instructions from
a non-transitory memory medium (e.g., memory 104). Moreover, different subsystems of the system 100 may include
processor or logic elements suitable for carrying out at least a portion of the steps described throughout the present
disclosure. Therefore, the above description should not be interpreted as a limitation on the present invention but merely
an illustration.

[0040] The memory medium 104 may include any storage medium known in the art suitable for storing program
instructions executable by the associated one or more processors 106. For example, the memory medium 104 may
include a non-transitory memory medium. For instance, the memory medium 104 may include, but is not limited to, a
read-only memory, a random access memory, a magnetic or optical memory device (e.g., disk), a magnetic tape, a solid
state drive and the like. In another embodiment, it is noted herein that the memory 104 is configured to store one or
more results from the system 100 and/or the output of the various steps described herein. Itis further noted that memory
104 may be housed in a common controller housing with the one or more processors 106. In an alternative embodiment,
the memory 104 may be located remotely with respect to the physical location of the processors and controller 102. For
instance, the one or more processors 106 of controller 102 may access a remote memory (e.g., server), accessible
through a network (e.g., internet, intranet and the like). In another embodiment, the memory medium 104 stores the
program instructions for causing the one or more processors 106 to carry out the various steps described through the
present disclosure.

[0041] Allofthe methods described herein may include storing results of one or more steps of the method embodiments
in a storage medium. The results may include any of the results described herein and may be stored in any manner
known in the art. The storage medium may include any storage medium described herein or any other suitable storage
medium known in the art. After the results have been stored, the results can be accessed in the storage medium and
used by any of the method or system embodiments described herein, formatted for display to a user, used by another
software module, method, or system, etc. Furthermore, the results may be stored "permanently," "semi-permanently,”
temporarily, or for some period of time. For example, the storage medium may be random access memory (RAM), and
the results may not necessarily persist indefinitely in the storage medium.

[0042] In another embodiment, the controller 102 of the system 100 may be configured to receive and/or acquire data
or information from other systems by a transmission medium that may include wireline and/or wireless portions. In
another embodiment, the controller 102 of the system 100 may be configured to transmit data or information (e.g., the
output of one or more processes disclosed herein) to one or more systems or subsystems by a transmission medium
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that may include wireline and/or wireless portions. In this manner, the transmission medium may serve as a data link
between the controller 102 and other subsystems of the system 100. Moreover, the controller 102 may send data to
external systems via a transmission medium (e.g., network connection).

[0043] In another embodiment, the system 100 includes a user interface. In one embodiment, the user interface is
communicatively coupled to the one or more processors 106 of controller 102. In another embodiment, the user interface
device may be utilized by controller 102 to accept selections and/or instructions from a user. In some embodiments,
described further herein, a display may be used to display data to a user (not shown). In turn, a user may input, via user
input device, a selection and/or instructions responsive to data displayed to the user via the display device.

[0044] The user interface device may include any user interface known in the art. For example, the user input device
of the user interface may include, but is not limited to, a keyboard, a keypad, a touchscreen, a lever, a knob, a scroll
wheel, a track ball, a switch, a dial, a sliding bar, a scroll bar, a slide, a handle, a touch pad, a paddle, a steering wheel,
a joystick, a bezel input device or the like. In the case of a touchscreen interface device, those skilled in the art should
recognize that a large number of touchscreen interface devices may be suitable for implementation in the present
invention. For instance, the display device may be integrated with a touchscreen interface, such as, but not limited to,
a capacitive touchscreen, aresistive touchscreen, a surface acoustic based touchscreen, aninfrared based touchscreen,
or the like. In a general sense, any touchscreen interface capable of integration with the display portion of a display
device is suitable for implementation in the present invention. In another embodiment, the user input device may include,
but is not limited to, a bezel mounted interface.

[0045] The display device may include any display device known in the art. In one embodiment, the display device
may include, but is not limited to, a liquid crystal display (LCD). In another embodiment, the display device may include,
but is not limited to, an organic light-emitting diode (OLED) based display. In another embodiment, the display device
may include, butis not limited to a CRT display. Those skilled in the art should recognize that a variety of display devices
may be suitable for implementation in the present invention and the particular choice of display device may depend on
a variety of factors, including, but not limited to, form factor, cost, and the like. In a general sense, any display device
capable of integration with a user input device (e.g., touchscreen, bezel mounted interface, keyboard, mouse, trackpad,
and the like) is suitable for implementation in the present invention.

[0046] As used herein a letter following a reference numeral is intended to reference an embodiment of the feature
or element that may be similar, but not necessarily identical, to a previously described element or feature bearing the
same reference numeral (e.g., 1, 1a, 1b). Such shorthand notations are used for purposes of convenience only and
should not be construed to limit the disclosure in any way unless expressly stated to the contrary.

[0047] Further, unless expressly stated to the contrary, "or" refers to an inclusive or and not to an exclusive or. For
example, a condition A or B is satisfied by any one of the following: A is true (or present) and B is false (or not present),
A is false (or not present) and B is true (or present), and both A and B are true (or present).

[0048] Inaddition, use of"a" or"an" may be employed to describe elements and components of embodiments disclosed
herein. This is done merely for convenience and "a" and "an" are intended to include "one" or "at least one," and the
singular also includes the plural unless it is obvious that it is meant otherwise.

[0049] Finally, as used herein any reference to "one embodiment" or "some embodiments" means that a particular
element, feature, structure, or characteristic described in connection with the embodiment is included in at least one
embodiment disclosed herein. The appearances of the phrase "in some embodiments" in various places in the specifi-
cation are not necessarily all referring to the same embodiment, and embodiments may include one or more of the
features expressly described or inherently present herein, or any combination or sub-combination of two or more such
features, along with any other features which may not necessarily be expressly described or inherently present in the
instant disclosure.

[0050] Itis to be understood that embodiments of the methods disclosed herein may include one or more of the steps
described herein. Further, such steps may be carried out in any desired order and two or more of the steps may be
carried out simultaneously with one another. Two or more of the steps disclosed herein may be combined in a single
step, and in some embodiments, one or more of the steps may be carried out as two or more sub-steps. Further, other
steps or sub-steps may be carried in addition to, or as substitutes to one or more of the steps disclosed herein.

[0051] Although inventive concepts have been described with reference to the embodiments illustrated in the attached
drawing figures, equivalents may be employed and substitutions made herein without departing from the scope of the
claims. Components illustrated and described herein are merely examples of a system/device and components that
may be used to implement embodiments of the inventive concepts and may be replaced with other devices and com-
ponents without departing from the scope of the claims. Furthermore, any dimensions, degrees, and/or numerical ranges
provided herein are to be understood as non-limiting examples unless otherwise specified in the claims.
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Claims

10.

1.

12.

A system for performance prediction of an electric aircraft, the system comprising:
a controller (102) including one or more processors configured to execute a set of program instructions stored in a
memory, the set of program instructions configured to cause the one or more processors to:

receive aircraft data, route data, and environmental data, wherein the aircraft data includes battery data of the
battery of the electric aircraft; and
predict an available range based on the aircraft data and the environmental data.

The system of Claim 1, wherein the battery data comprises historical battery performance data.

The system of Claim 2, wherein the predicting the available range comprises determining an initial battery capacity
estimate, wherein the initial battery capacity estimate is based on a voltage of the battery and a temperature of the
battery, and optionally wherein the predicting the available range comprises determining an updated battery capacity
estimate, wherein the updated battery capacity estimate is based on the initial battery capacity estimate and the
historical battery performance data.

The system of Claim 2, wherein the predicting the available range comprises determining a performance trend based
on the historical battery performance data and using the performance trend to predict a future performance of the
battery.

The system of any preceding Claim, wherein the set of program instructions are further configured to cause the one
or more processors to:

display a caution message on a display if a difference between a currently predicted remaining energy at a destination
drops below a predetermined threshold, or wherein the set of program instructions are further configured to cause
the one or more processors to:

display, after the predicting of the available range and during a flight, a difference in predicted performance of the
battery based on an updated available range configured to be predicted during the flight and the available range
previously predicted.

The system of any preceding Claim, where the system is configured to receive a user adjustment factor configured
to be used to adjust the predicted available range.

The system of any preceding Claim, wherein the route data comprises origin airport location, destination airport
location, selected runways, flight plan, and cruising altitude, and/or wherein the environmental data comprises
temperatures along the route, wind speeds along the route, predicted temperatures along the route, and predicted
wind speeds along the route.

A method for performance prediction of an electric aircraft, the method comprising:

receiving aircraft data, route data, and environmental data, wherein the aircraft data includes battery data of
the battery of the electric aircraft; and
predicting an available range based on the aircraft data and the environmental data.

The method of Claim 8, wherein the battery data comprises historical battery performance data.

The method of Claim 8 or 9, wherein the predicting the available range comprises determining an initial battery
capacity estimate, wherein the initial battery capacity estimate is based on a voltage of the battery and a temperature
of the battery, and optionally wherein the predicting the available range comprises determining an updated battery
capacity estimate, wherein the updated battery capacity estimate is based on the initial battery capacity estimate
and the historical battery performance data.

The method of any of Claims 8 to 10, wherein the predicting the available range comprises determining a performance
trend based on the historical battery performance data and using the performance trend to predict a future perform-

ance of the battery.

The method of any of Claims 8 to 8, further comprising:
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displaying a caution message on a display if a difference between a currently predicted remaining energy at a
destination drops below a predetermined threshold.

The method of any of Claims 8 to 12, further comprising:

displaying, after the predicting of the available range and during a flight, a difference in predicted performance of
the battery based on an updated available range configured to be predicted during the flight and the available range
previously predicted.

The method of any of Claims 8 to 138, receiving a user adjustment factor configured to be used to adjust the predicted
available range.

The method of any of Claims 8 to 14, wherein the route data comprises origin airport location, destination airport
location, selected runways, flight plan, and cruising altitude, and/or wherein the environmental data comprises
temperatures along the route, wind speeds along the route, predicted temperatures along the route, and predicted
wind speeds along the route.
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FIG.2
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