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IN-FLIGHT AZIMUTH DETERMINATION

FIELD OF THE PRESENTLY DISCLOSED SUBIECT MATTER

The presently disclosed subject matter relatas to moving platform navigation

systems.
BACKGROUND

in various applications it is desired to determine an azimuth of a moving
platform. One common technigus of achieving this involves an inertial measurement
unit {IMU)} incorporated as part of an inertial navigation system {INS). A common
MU contiguration includes one accelierometer and one gyro per each of the three
clattorm axes: pitch, roll and yvaw. The MU detects linear acceleration in each axis
using the accelerometers and rotation rate i each axis using the gyroscopes. Some
IMUs also include magnetometers {likewise, one per each axis} which are used for
getermining a magnetic field in each axis. The NS utilizes the raw MU
measurements to calculate navigation data including for example, position, velocity

and attitude {including azimuth) relative to a reference frame {coordinate system).

GENERAL DESCRIPTION

Azimuth of a platform can be determinad on the ground (herein "pre-flight")
before launch/takeoft or during flight {herein "in-flight”}). For pre-flight azimuth
determination, gyrocompassing can be used as known in the art. Atter compietion of
the gyrocompassing process, the MU onboard the platform is aligned with a
navigation reference frame related to Earth. For in-tlight azimuth determination, an

onboard GNSS {e.g. GPS) receiver can be used.

However, in some cases, for various reasons both gyrocompassing and GNSS
are unavatlable, or their use is undesirable. For example, the use of gyrocompassing
as well as GNSS may be avoided in order 1o reduce costs. Specificaily,
ZYrocompassing is a process that reguires an accurate and therefore costly MU
Furthermore, in some cases GNSS signals may not be available due to signal jamming

or signal interference.
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ising other azimuth determination techniques which employ devices
axternal to the platform (e.g. transter alignment} may also be undesirable as such
technigues may introduce various errors during the azimuth determination process,

which may be hard to track and/or costiy.

Further azimuth determination technigues invoive using magnetometers.
Magnetometers are sensitive to  various distortions, which deflect their
measurements, causing them to be unreliable. Some distortions result from ground
environmental influences which include for example, magnetic fields existing at the
launching area, including those created by the aunching device. These types of
distortions may prevent using a magnetometer for determining azimuth on the

Zround.

According to the presently disciosed subject it is assumed that initial
alisnment {(dlignment between MU reference frame and navigation reference
frame) is not performed. Accordingly a respective transformation malrix between
MU frame and navigation frame is thus not available. Thus, azimuth of the platform
cannot be determined by directiy transtorming IMU measurements to navigation

reference frame.

The presently disclosed subject matter includes a method and system
girected for calculating azimuth of an airborne platform during flight based on MU
measurements, without using GNSS data, gvrocompassing or magnetometers

operating on the ground for determining the azimuth.

Furthermore, according to the presently disclosed subject matter the azimuth
of the platform can be determined in case the MU is aligned with respect to the
olatform as well as in case the MU is not mount-aligned with respect to the

plattorm.

According to an aspect of the presently disclosed subject matter there is
provided a computer implemented method of in-fHight determination of azimuth of
an aerial platform, the platform comuprising an IMU operatively connected 1o at least

one computer device, the method comprising:
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defining an auxiliary frame (coordinate system) comprising an axis Xar being a
projection of an MU sensor frame axis on a plane defined by two of a navigation
frame axes, wherein ¥, is an angle on the plane, between the projection Xar and a

oredefined direction on the plane;

obtaining data indicative of Earth's magnetic field at the Thght area of the

aerial platform;

using the at least one computer device tor calculating flight direction of a

platform in the IMU sensor frame based on MU acceieration measurements;
during an in-thight phase:

using IMU magnetometers for obtaining magnetic field measurements in
sensar frame and using the at teast one computer device for calculating magnetic
field values in the auxiliary reference frame based on the magnetic field values in

sensor frame;

using the at least one computer device for calculating angle ¥ based on
magnetic field measurements in the auxiliary reference frame ang karth's magnetic
field in the tlight area, ang thereby obtaining a transtormation matrix from sensor

. . hE
frame to navigation frame &7 ; and

using the at least one computer device for calculating azimuth of the
plattorm based on the flight direction in IMU sensor frame, IMU in-tlight gyro

measurements and the transformation matrix C& .

in addition to the above features, the method according to this aspect of the
presently disclosed subject matter can optionally comprise one or more of features

(i} 0O {xiit) below, in any technically possiblie combination or permutation:

i, wherein the navigation frame is a local reference frame with respect to Earth

and the plane is a horizontal plane.
H, wherein the predefined dirsction is north direction.

i, wherein the navigation frame is North-East-Down.
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iv. the computer implemented method further comprising storing Earth MFE in 3

gdata-storage onboard the platform.

v, wherein the sensor frame is not aligned with the platform frame, and the

platform is positioned in a substantially vertical orientation, the method further

4

comprising, using IMU accelerometers while on the ground for determining flight

direction in the sensor frame based on gravitational vector.

vi. wherein the MU frame is not aligned with the platform frame, and the
platform is positioned in a non-vertical orientation, the method further comuprising .
using MU accelerometers immediately after launch for determining tlight

1{} direction in the sensor frame based on acceleration measurements vector.

vil. wherein the sensor frame s not aligned with the platform frame, the

method further comprising:

using MU accelerometers while on the ground for detsrmining flight
girection in the sensor frame based on gravitational vector; ando
15 using ML) accelerometers immediately atter launch for determining flignt

direction in the sensor frame based on the acceleration measurements vector.

vill, wherein calculating magnetic tield vaiuss i the auxiliary reference frams

further comprises:

transtorming measured magnetic field vaiues in the sensor frame to the

20 initial sensor frame; and transtorming measured magnetic field vailues in the initial
sensor frame to the auxiliary reference frame.

ix. wherein for rectitying distortions in in-flight magnetic field measursments,

the method further comprises:

using IMU magnetometers tor perrorming muttiple in-flight magnetic field

N
4

measuraments at different times; generating equations, each eguation is based on a
respective magnetic field measurement, wherein the minimal number of egquations
is dependent on the number of distortions which are being rectified; and solving the

plurality of equations for cailculating angie ¥, .
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x. The method further comprising:

comparing between MU orientations at the time of different magnetic field
measuraments; and confirming that there are sufficient in-flight magnetic field

measurements, each taken while MU assumes a different orientation.

Xi. wherein gdistortions include one or more of: bias, scale factor, hard iron

gistortions: anda soft iron distortions.

xii. the method further comprising controliing flight of the platform based on

the calculated azimuth.

xifl. the method further comprising, controdling flight of the platform based on
the calculated azimuth for the purpose of maintaining the platform within a

oredetermined thght area.

According to another aspect of the presently disclosed subject matter there is
provided a navigation system mountable on an aerial piatform and configurad tor in-
flicht determination of an azimuth of the platform, the navigation system comprising
an MU fixed to the platform and being operatively connected to at least one
computer device comprising at least one processor, the navigation system being

configured to:

utilize the at least one computer device to detfine an auxiliary frame
(coordinate system) comprising an axis Xar being a projection of an IMU sensor
frame axis on a plane detined by two of 3 navigation frame axes, wherein ', is an
angle on the plane, between the projection Xar and a predefined direction on the

nlane;

obtain data indicative of Earth’s magnetic fieid at the flight area of the aerial

plattorm;

utilize IMU acceierometer to measure MU acceleration and utilize the at
least one computer device to calculate thght direction of platform in IMU sensor

frame based on the IMU acceleration measurementis:

during an in-thight phase:
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utilize IMU magnetometers for obtaining magnetic field measurements in the
sensor frame and utiize the at least one computer device to calculate magnetic field
vaiues in the awxiliary reference frame based on the magnetic field values in the

sensor frame;

utilize the at least one computer device o caiculate angle ¥, based on
magnetic field measurements in the auxiliary reference frame and the Earth's

magnetic field in the tlight area, and thereby obtain a transformation matrix from

the sensor frame to navigation frame C27; and

utilize the at least one computer device to calculate azimuth of the platform
pased on the tlight direction in IMU sensor frame, IMU in-flight gyro measurements

and the transformation matrix oy .

According to ancther aspect of the presantly disciosed subject matier there is
grovided a non-transitory pgrogram storage device readable by a computer, tangibly
empodving a program of instructions executable by the computer to perform a
method of in-fight determination of an azimuth of an aerial platform, the platform
comprising an MU operatively connected o at least one computer device; the

method comprising:

defining an auxiliary frame {coordinate system) comuprising an axis Xar being a
orojection of an IMU sensor frame axis on a plane defined by two of a navigation
frame axes, wherain Y. is an angle on the plane, between the projection Xar and &

predefined direction on the plane;

obtaining data indicative of Earth's magnetic field at the tlight area of the

aerial plattorm; calculating tlight direction of plattorm in IMU sensor frame based on
IMU acceleration measurements;
during an in-flight phase:

obtaining from IMU magnetometers for magnetic field measurements in the
sensor frame and caiculating magnetic field values in the auxiliary reference frame

pased on the magnetic field values in the sensor frame;
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caiculating angle ¥, based on magnetic field measurements in the auxiliary
reference frame and Earth's magnetic field in the Hight area, and thersby obtaining a

transformation matrix from the sensor frame to navigation frame CJy ; and

calculating azimuth of the platform based on the Hight direction in the MU

sensor frame, IMU in-flight gyro measurements and the transformation matrix £y .

According to ancther aspect of the presently disciosed subject matter there is

provided a plattorm comprising a navigation system as gescribed above.

The systemn, the program storage device, and the platiorm disclosed herein
according to wvarious aspects, can optionaily further comprise one or more of
features (i} to (xii} listed above, mutatis mutandis, in any technically possible

combination or permutation.
BRIEF DESCRIPTION OF THE DRAWINGS

in order to understand the presently disclosed subject matter and to ses how
it may be carried out in practice, the subject matter will now be described, by way of

non-Hmiting examples only, with reference to the accompanying drawings, in which:

Fig. 1 is a block diagram schematically iHustrating a system, in accordance

with some examples of the presently disclosed subject matter;

Fig, 2 is a schematic illustration of a platform comprising a navigation system,

in accordance with some axamples of the presently disclosed subject matter;

Fig. 3 is a flowchart tiustrating operations carried out for calculating platform
flight azimuth in accordance with some examples of the presently disclosed subject

matter: and

Fig. 4 is a flowchart dlustrating operations carried out for calculating plattorm
fhght azimuth, assuming distortions in magnetic field measurements cannot be

neglected, in accordance with an exampie of the presently disclosed subject matter.
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DETAILED DESCRIPTION

in the drawings and descriptions set forth, identical reference numerals
indicate those components that are common to different ambodiments or

configurations. Components in the drawings are not necessarily drawn to scale.

Uniess specifically stated otherwise, as apparent from the following
discussions, it 1S appreciated that throughout the specification discussions utilizing
terms such as "detining ', "obtaining”, "calculating”, "transtorming’, "determining” or
the like, include action and/or processes of a computer that manipulate and/or

transform data into other data, said data represented as physical guantities, e.g.

such as electronic quantities, and/or said data representing the physical objects.

The terms "computer”, "computer device”, “control unit”, or the like as
gisciosed herein should he broadly construed to include any kind of electronic device
with data processing circuitry, which includes a computer processing device
configured and operable to execute computer instructions stored, for example, on a
computer memory being operatively connected thereto. Examples of such a device
include: a digital signal processor {DSP), a microcontroller, a field programmable gate
array {FPGA}, an application specific integrated circuit {ASIC), a laptop computer, a
personal computer, a smartphone, atc.

As used herein, the phrase "tor exampie,” “such as’, "for instance” and
variants thereot describe non-limiting embodiments of the presently disclosed
subject matter. Reference in the specitication to "one case”, "some cases”, “other
cases’ or variants thereotr means that a particular teature, structure or characteristic
described in connection with the embodimentis) is included in at least one
embpodiment of the presently disciosed subject matter. Thus the appearance of the
phrase "one case’, "some cases’, "other cases’ or varants thereof does not
necessarily refer to the same embodiment{s).

it is appreciated that certain features of the presently disciosed subject

matter, which are, tor clarity, described in the context of separate embodiments,

may also be provided in combination in a single embodiment. Conversely, various
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features of the presently disclosed subject matter, which are, for brevity, described
in the context of a single embodiment, may also be provided separately or in any

suitable sub-combination.

in embodiments of the presently disciosed subiect matter, fewer, more
and/or different stages than those shown in Figs. 3 and 4 may be executed. In
embodiments of the presently disciosed subject matter, one or more stages
ilustrated in Figs. 3 and 4 may be executed in a different order and/or one or more
sroups of stages may be executed simultaneously. For example, operations
gescribed with reference to blocks 385 and 309 in Hg. 3 can be combined into a
combined output {one transtormation matrix} and the resulting output can be used
in the calculation of block 315, e, multiplving the resulting matrix by the measursd

magnetic field vector.

Fig. 1 iHliustrates a general schematic of the functional iayout of the system
architecture in accordance with exampies of the presently disclosed subject matter.
Components in Fig. 3 can be made up of any combination of software and hardware
and/or firmware that performs the functions as defined and explained herein.
Components in Fig. 1 can be in some examples centralized in one location and in
other examples dispersed over more than one location. In other examples of the
oresently disclosed subject matter, the system may comprise fewer, more, and/or
gifferent components than those shown in Fig. 1. For example, while Fig. 1 shows a
single computer device, platform (body) 100 as well as system 200 specifically, can
include a plurality of computers {(which can be at least partly interconnected), each

dedicated for executing certamn operations.

The terms "IMU frame”, "IMU sensor frame” and "sensor frame” are used

nerein interchangeably.

The term "navigation reference frame’” 1s used herein to include any frame of
reference with respect to Earth {e.g. ECEF). For simplicity, in the folowing
description it is suggested to use g local reference frame with respect to Earth, such

as North-East-Down {NED) or North-West-Up {(NWU}, however this should not be
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construed as limiting, as transformation from one reference frams to another
reference frame is possible, as is well known in the art. it s noted that any referencs
made to NED in the foliowing description is done by way of exampie only and should

not be construad as Hmiting.

it is noted that any assignment of directions in a coordinate system to XY and
Z axis is arbitrary and an aiternative assignment of the axes can bhe likewise
implemented. E.g. where a first direction 1s assigned as Y axis instead of X axis, a
second direction is assigned as Z axis instead of Y axis and a third direction is

assigned as X axis instead of Z axis.

Attention is now drawn to Fig. 1 showing a block diagram schematically
Hlustrating a platform comprising a navigation system, in accordance with some
exampies of the presentiy disclosed subject matter. Plattorm 100 schematically
represants various types of airborne vehicles which are capable of being directed 1o
fly in a certain direction, e.g. towards a target. Platform 180 can be for example, a

missile, a rocket, some other projectile or an aircraft {e.g. unmanned aerial vehicle].

Platform 100 comprises navigation system 200 configured and operable in
seneral to determine navigation data, the navigation data including azimuth of the
clattorm. According to some exampies of the presentiy disclosed subject matter the
navigation system 200 comuprises iIMU 218, which comprises in turn MU
subcomponents inciuding: accelerometers 281, gyros 203 and magnetometers 205.
Fach of these IMU subcomponents can be a triple-axis {three-dimensional} device

having three respective components, one for each axis, to provide a 9 degree of

treedom MU device.

in those cases where MU is mount-alisned with the platform (i.e. (MU
attitude with respect to a carrying platform is known) MU measurements can be
transformed to the platform frame {based on a suitable transformation matrix as

known in the art).

According to some examples of the presently disclosed subject matter, MU

210 is fixed to platform 100 (e.g. installed inside the platform)} without mount-
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aligning the MU relative to the platform {referred to herein as "non-aligned IMU").
According to other examples, MU 2310 15 mount-aligned with respect to the

olatform.

N some cases it may be desired 1o refrain from executing a mount-alignment
process for determining transtormation between the MU frame and the platform
frame. This allows in some cases to use a less accurate IMU {which otherwise may
have been required for the mount-alignment process) and a much simpler and
cheaper installation process of the MU device in the platform. In addition, some
IMU mount-alignment methods involve the use of external alignment devicss. Using
such devices may introduce, during the alignment process various misalignment
arrors, which may be hard to track. Therefore, it may be desired to refrain from MU

alignment using external alignment devices, in order to avoid such potential errors.

Navigation system 200 can comprise or be otherwise operatively connected
to one or more {two, three, four, et} computer processing devices 220 comprising a
processing circuitry configured and operable to calculate navigation data from
received MU data input. Specitically, according to the presently disclosed subject
matter, computer processing device 220 is configured and operabie to determineg 3
flight azimuth of plattorm 100 based on measurements received from IMU 2148,

where the IMU can be either mount-aligned or non-aligned.

Computer processing device 220 can comprise for example azimuth
determination module 224 configured and operable for caiculating azimuth of
platform 100 based on IMU measurements. According to some examples computer
processing device 220 can further comprise or be otherwise operatively connected
to platform maneuvering controlier 226 configured and operable to generate
maneuvering instructions girected tor controtling the heading of the platform to
maintain its course in a desired direction based on the calculated azimuth.
instructions generated by platform maneuvering controlier 226 can be provided to
one or more platform control sub-systems 230 {including for example a tall rudder or
other movable platforms) configured and operable, responsive to the instructions, to

maneuver the platform to a desired direction.
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it is noted that Fig. 1 is tunctional biock diagram showing only functiona
componeants which are relevant to the presently disclosed subject matter. In reality,
platform 100 comprises many other components related to other functionalities of
the platforms {e.g. structural system, power source, varicus sensors, eic.) which are

not described for the sake of simplicity and brevity.

Fig. 3 is a fHlowchart flustrating operations related to a flight azimuth
calculation process, in accordance with an exampie of the presently disclosed subject
matter. Operations described with reference to Fig. 3 {as well as Fig. 4 below) can be
axecuted, for exampie, with the heip of system 200 described above with reference
to Fig. 1. Specifically, calculations made as part of the flow in Fig. 3 {and Fig. 4} can
be executed for example by computer processing device 220 {e.s. by azimuth
determination module 224). it is noted however that any description of operations
which is made with reference to at least some of the components in Fig. 1, is done by
way of example and for the purpose of diustration only and should not be construed

as Hmiting in any way.

At block 301 an IMU (including 2 DOF sensors} is provided on an aerial
olatform at a fixed attitude with respect to the platform. This operation can be
carried out for exampile at the factory at the time of manufacturing, where during
instatiation or configuration of the platform, an IMU is mounted on the platform {&.8.
firmly instalied within the platform or otherwise attached thereto). As mentioned
above, according to the presently disclosed subiect matter transformation matrix
from MU reference frame (herein below “sensor frame”, abbreviated "SF"} to

navigation reference frame {(abbreviated "NF"} is not known at this stage.

At block 3063 magnetic field values {in 3-axis} relative to the NF (MFur herein
bhelow also "Earth MF"}, at the flight area are obtained. As is well-known in the art, a
magnetic field at a certain location on Earth can be obtained based on
measuremeants or based on well-known models. Thus, given a flight area the
respective magnetic field at that location on Earth can be obtained. Notably, the
MEne which is used is selected according to the expected flight area, and it can be

assumed that Earth's magnetic field does not significantly change during flight.
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According to one example, this intormation can be made accessible to
computer processing device 220 designated to operate at a certain area on karth.
MFne data can be stored for example within computer memory 222, According to
another example, this information can be provided to system 200 at some time after
manufacturing, e.g. before launch at a designated location on Earth. In some
exampies, system 200 can turther comprise a communication module of some sort
configured and operable to communicate with an external information resource

which provides the magnetic field values.

in the foliowing, azimuth of the platform is determined during flight. The
azimuth is calculated based on a projection of one axis of initial sensor frame {"ISFY,
Le. IMU-sensor frame before launch) on a plane P and calculation of an angle ¥,
petween the projection and a predefined direction on the plane. According to one
axampie, plane P is a horizontal plane at the launch site and the predelined direction

is north direction, however this should not be construed as himiting.

According 1o some examples of the presently disclosed subject matter, a

reference frame is defined (referred to herein below as "auxliary frame”™ and
abbreviated "AF"). Auxiliary frame is sxplained with reference to Fig. 2, which shows
a schematic ilustration of an IMU within a platform positioned before launch. MU
frame is indicated by axes Xsg, Ysr, and Zse, Auxiliary frame is indicated by axes Xar Yar
and Zar. Note that Xar axis of the auxiliary frame represents a projection of Xisr {(X of
ISF} on a horizontal plane of NF. In the current examples NF is North-East-Down
(NED}, where horizontal plane is X, Y plane in NED. As the leveling angles can be
determined, the transformation matrix from AF to NF includes only a single unknown
variable, i.e. angle ¥, , angle between the Xar and Xur {in the current example north

direction}. Notably, 7 axis direction in auxiliary frame (Zar} coincides with apparent

gravitation direction indicated by axis 7 in navigation trame, NED {Zns).

A transformation matrix between the auxiliary frame and the initial sensor
frame {ISF} is determined based on acceleration measurements {by IMU 210} taken
before launch and gravitation {block 385). Transformation matrix from ISF to AF is

determined and the transpose matrix from AF to ISF is determined as well. Notably,
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as the operation of determining a transpose matrix is a well-known mathematical
operation, in the following description any caiculation of a matrix assumas that the
transpose matrix is available as well. Exampies of calculation of transtormation

matrix from AF to ISF are provided below.

3 Equation 1.1:
1 4 3 |lcos{(d O —sin(&
Col =10 cos(e)  sindg) O b 4
0 -sin(e) cos{e) || sin(¥y O cos(F) |
Wherein @, ¥ — roll and pitch Euler angles in accordance with aircraft Buler
angles order convention, and can be caiculated as follows:
Fauation 1.2 and 1.3:
g-sti{F) = a,
10 _ ; . . )
g -cos{}-sin{p) = —a,
Where:
iy, 4y, 0, -accelerometers measurements in Sk
Apparent gravitation value g can be calculated by equation 1.4:
g = Ajay ta, +a,
15 Alternatively, g can be stored and obtained from computer memory 222,
At block 307 flight direction with respect to SF is calculated . Notably, in Figs.
3 and 4 operation 307 is associated with the in-flight phase {assuming non-vertical
orientation). However, as shown below in some examples where platform assumes
vertical orientation, this operation can be exacuted during the pre-tiight phase.
2{} Platform fhight direction in IMU frame can be determined based on MU

acceleration measurements provided by accelerometers 201, Notably, it is generally
assumed that the platform {e.g. missile} advances such that the platforms nose and

the flight direction sufficiently coincide {in the reguested accuracy). In case the
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olatform 1s positioned in a substantially vertical orientation, tlight direction with

respect to SF can be calculated betore flight and can be expressad by:

Eguation 2.1, flight direction unit vector in 5F:

~ o
( dy 4
i = X Y Z
s & &8

r\lwmm

Note equation 1.4 above where: g = xjia}%»i—aﬁ‘i-ag

in case the plattorm is positionad in a non-vertical orientation, this can be

performed at the initial stage of flight immediately atter launch {e.g. less than

several seconds) and can be expressed by
Fauation 2.2 flight direction unit vector in SF:

L Jax{t) ayll)  az{t) ’
alt) aflt)y aft)

Where tis time of measurement, and where
Notably, additional IMU measurements are performed in case of a non-

vertical orientation.

According to some examples, information indicating whether or not the
olatform is placed in a vertical orientation pefore launch can be stored in computer

memuory 222 and used at the time of calculation.

in some exampies, in the event that the platform is positioned in vertical
orientation, both acceleration measurements before ang after takeoft can be
implemented, e.g. for the purpose of validating the determined flight direction
and/or improving accuracy. it is noted that IMU acceleration measurements taken
petore launch or immediately atter launch can be stored and the actual caiculation
can be made at later stages of the process before the calculation of tlight direction

with respect to NF is performed.
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vSF

if the IMU is mount-aligned with the pilatform {body} 1.e. CBQ@ is known,

flight direction in sensor frame can be determined by:

Faguation 2.3 flight direction unit vector in SF:

|
— ~SF
i = ("’ Body G
4

Calculations according to equations 2.1 and 2.2 can aisco be implemented

when MU is mount-aligned, e.g. for the purpose of accuracy and/or confirmation.

While the platform is airborne, transformation matrix from I5F (SF before
takeoff} to a current SF {SF at a time instant t during flight} is calculated (block 309).

As known in the art, this can be accomplished based on IMU angular velocgity

measurements {measured by IMU gyros 203

Further during flight, magnetic field in sensor frame {MFsr) values at 3 time
instant t are measured by magnetometers 205 {Block 311). These measurements are
made at least once, and as explained further below, in some cases it is repeated
multiple times during flight, at multiple time instances. Note that unlike the MFEnr
values at the flight area, which are provided in NF {(see block 303 above), here the

MFEse measurements are measured and provided in SF.

As mentioned above, magnetomaeaters sufter from distortions which detlect
their measurements. In addition to the distortions mentioned above resulting from
ground environmental influences at the launching area, other distortions which
influence magnetic field measurements are caused inside the platform {including
hard iron distortion and soft iron distortion as known in the art}. Furthermore,

magnetometers may suffer from an internal error {e.g. sensors biases, scale factor

arrors, ste. .

Distortions resulting from environmental influences on the ground {(e.g. at
the launching area} are attenuated in magnetometers operating in a platform after

launch while airborne., Furthermore, at least some of the other distortions can be
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estimated and/or attenuated in other ways. Therefore, the MFse measurements
obtained during flight can be rectified and then ussd as disclosed herein. The
following process assumes neglizgible distortions in MPg measurements. A variation
of this process, which assumes distortions in MFo measurements cannot e

neglected is described below with reference to Fig. 4.

At block 333 the MF in I5F (MFisr) is calculated based on measured MFse at
tirne t. This can be accomplished based on the transformation matrix from current SF
to ISF expressed by £127, which has been determined earlier (see block 309), and its
muitiplication by the measured MFse at time t {matrix vector multiplication). It is
noted that the calcuiation of transformation matrix from current SF to I5F is

nertormed repeatedly (e.g. at time t when magnetic field MFs- values are measured)

and used during the calculation of MF in I5F.

Calculation of magnetic field values in ISF can be expressed by equation 3:

hm {1) hf (1)

ISF ~IS5F 1 5 5F o

h},“ (1) =X Oy hl {1)

" (1) t; {2)
Wherein:

B by (0, () - magnetic field measurements {MFse); and

RPT(E), hPE(8), b2t (£) - magnetic field values (MFiss).

At block 315 MFar at time t in auxiliary trame AF are calculated based on
calculated MFisr values at time t in [SF and the transformation matrix from ISF to AF

determined earlier {see hlock 305},

Calculating of magnetic field vaiues in AF can be expressed by equation 4:

0] Ol
) = 0
r AF -~ N R

o) 1)

Where RET(8), hi7(£), " () - magnetic field values {MFar).

PCT/IL2018/050846
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At block 317 a transtormation matrix from NF to AF is calculated based on MF
in AF (known from previous operation 315} and MF in NF obtained earlier {see block
303}, As mentioned above, the transformation matrix from AF to NF includes a single

unknown variable, i.e. angle ¥._.

3 Expression of transtormation matrix from NF o AF can be expressed by:
er e el” - obtained Earth magnetic field values {MFyg).
Egquation 5.1:
Ccos(y )y sin{y) O
Co =i —sin(yr) cos(y,) O
() 4 i
Eguation 5.2:
L AF N - NF
he' (1) e
ALl ~ AL N
10 , (1) i=C 1 ey
AF ; NF
R, () e,

Fauation 5.3:

hf 4 {f ) COS ( L ) 511]( U ) 01 e i;
} ?, ;}F {{) aqupl %i]’l( ! /r/S } CO8 {’ : //q } G EE?FF
" (1) 0 0 1 e

¥, can be now calculated.

At block 318 the transformation matrix from NF to SF is calcuiated based on
5  the output obtained trom operation described above with reference to 305, 309,

317,

Calculation of a transtormation matrix from NF to SF is expressed by eguation

(153? . (wSﬁ' (15}‘5' Al
“NE O YISE YT AR YNF
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Once the transformation matrix trom NF to SF is known, thight direction with
respect to NF is calculated {block 321). This can be accomplished by transforming the

caiculated tlight direction in SF, to NF using transformation matrix calculated in 315.

Calculation of flight direction with respect to NF is expressed by equation 7:

Y “
nhrd
5 U, |=Cq .,
U Lo

At block 323 azimuth of platform is calculated based on tlight direction in NF,

which can be calculated for example by eguation 8;
Azymuth = atan2{u, i, )

in some examples, the calculated azimuth can be ussd for generating

10 maneuvering instructions for controlling the platform and directing its thight in a
desired direction {e.g. by platform maneuvering controller 226 providing instructions

to platform control sub-system 238}, In other examples, the platform can be
destroved or diverted in case the azimuth indicates deflection of the platform from

an allowed flight area e.g. for satety reasons.

13 As mentionead above various distortions of magnetic field measurements ¢an

be estimated in order to reduce their negative eftect on the calculated result.

Because the magnetic field measurements may be not accurate {i.e. suffer
from different errors such as: biases, scale factors, hard and soft iron distortions as
was mentioned above} a plurality of magnetic field measurements can be used at

23  gifferent times 1o generate a plurality of equations which can be solved to enable

rectitication of errors.

Fig. 4 is a flowchart idlustrating operations carried out for calculating platform
flight azimuth assuming distortions in MEse measurements cannot be neglected, in
accordance with an exampie of the presently disclosed subject matter. Notably, the

23 ftollowing is an example aiming to rectity some of the possible distortions. Additional

measurements can be used tor likewise rectifving additional distortions.
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Operations mentioned with respect to blocks 341, 303, 305, 307, 309 in Fig. 4

are executed in the same manner as described above with reference to Fig. 3.

At block 481 magnetic field {MFsr) values are measured at muitiple time

instances to obtain multipie MPsr measurements and corresponding eguations are

4

generated for a respective measurement.

According to some examples, multinie MFsr measurements are stored in
computer memory £22. When the number of measurements is sufticient for the
azimuth calcuiation, the measured M values stored in the computer memory are

used for calculating the azimuth. In some examples, the orientations during different

13 MFsr measurements are compared {e.g. based on transformation matrix Cgsr}
order to confirm that there are sufficient MFsgr measurements taken at different

orientations to provide the needed independent eqguations for calculation.

The tollowing is one non-limiting exampie of a calculation of ¥, while taking

into consideration various magnetic field errors {distortions).

15 Magnetic field measurements in Mgy before rectitication of errors:

SON MO0

Mﬂa@ Mﬁm Aderts

Actual magnetic field in sensor frame {i.e. real magnetic field inside body}:

ﬁXAC (), hy Aﬂf(f) hzﬁm (t)

Farth magnetic field values outside of platform {i.e. without influence of

200 errorsinduced inside body} in sensor frame is expressed by:

(), by, (1), 0, (1)

X}Earﬁ; Farth /L rih

Miagnetometers bigses:
b}*{ 7 bY 7 bZ

Magnetometers scale factors:
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Ky oKy oK

SF’ 7

Platform magnetic field attenuation factors:

kg ) kBY kBZ

X

Platform magnetic field:
5 dy,dy,d,

Faguation 9.1 shows a relation between actual magnetic field inside platform

(body) in sensor frame and measured magnetic field in sensor frame:

s & . - > F .
ﬂf{“ffeqs({) sy U U hj’;i-:t (t} bgf

Y L
SF
M{ﬂ (f) — U kSY () hYA;:r (ﬁ} -4~ b}’
SF 14 .
"Z.Wf Jb(i’) ) G 0 A..SE hzﬂﬂf(i} 'bé{
13 influence of biases bXJ?wbz and scale factors f‘ig}, 5k5},_ akgz , which are

internally induced, are considered in eguation 9.1.

Fauation 8.2 shows a relation between actual magnetic field inside platform

(body) in sensor frame and magnetic field outside platform is sensor frame:

f’iut(t) kg 0 0 Xﬁ'f:?*h ({) d}{

)4
15 {hyt Ol=10 kg O h";n O+ 1dy
Ay
;?Z,q t({) . 0 . kBE‘ f'?EiFTth (t) 4

infiuence of attenuation by body kﬁy ’ ka , fi’B? and constant magnetic field
a’;; ?d}f -;,dz , which are internally induced {inside body) are considered in equation
9.2,

Based on eguations 9.1 and 9.2, equation 9.3 shows a reiation between a

2 measured magnetic tield in sensor frame and Earth's magnetic field in sensor frame:
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. —— /.... =

b, 0 0 Tk 0 0K 0] [a]) [5]

ke 0410 k0]

Mens
(0

i
-

B0 Hd, |+ b

L Meas ¥ Fonth A |
. | : S d, || | b
L,h“zf‘if&m (f) . 0 0 A‘Szt HINE 0 G kgz . L!%Efm (Z) i g - .

Expression of actual magnetic field on the right side of esguation 2.1 is

repiaced with actual magnetic field inside platform in equation 8.2

3 Designate:
X kBX ’kl—"‘:{ kd..@: kﬁx ‘dX H kdbx = kd;s:’_ bx
k, |=| ky ks kd, |=| k, -d, kdb, |=|kd, |+|b,
o) | kg kg kd, | | kg -d, kdb, | kd,| |b,
Rewriting eguation 9.3 and generating equation 9.4:
[ 7 SF 1 | 7 SF = -
h.'XMEm‘ ££) k}f G G hﬁfﬂﬂﬁh (Z) k{j}}X
7 \Ya . § ; ¥ )
/ lzmm U) = :]x}, () / lYE.:;-mh (f ) ;mdb},
SE 0 O k. SE (¢ kdb,
L !z'zf‘.ffﬂ:j (z-) ) o z T ZE‘Q:‘E& (z-) - Z -
1 Designate:

K, =1/k, ki, =1/k, &l =1/k,
kdbl, =kdb, [k, ksbl, =ksb, [k, kdbl, =kdb, [k,

Rewriting eqguation 9.4 and generating eguation 9.5;

. N SF
kK, O 0 ||, O] [hy () dbl,
. SFoso | | 1.5F N g
g &I, O hmﬁ (1) |=|{ by (£) |+]| AdDl,
| F SF -
1 {} U kl/ | k;ww (f) h;; ?I (2—) m;ﬂ,ﬁ%’}/ )

Rewriting equation 9.5 with NF magnetic field
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K, 0 0 0 e T kb,

)4 &X.Mms | é)jf K '10 X

;- ; SF ¢ SF IS ~AF | NF | x
O kj_}/ O f%{wﬁﬁ {f} - (_«* ESE? (/AE? (/f&?f? €}; 1 kdzjl}‘
. — NF -

O 0 &l B RT (o0 e; | | kdbl, |
i T Mees o — = - )

As expliained above with respect 1o eguation 5.1:

- cos(y.)  sin(w,) O

{7 ) x ,
{o, =1 —sin{y. ) cos{w,) O

( () i
and
5 Calculation of (. is explained with reference to block 308
Calculation of €. is explained with reference to block 305
Fauation 5.1 is merged into equation 9.5 axpressed by equation 8.6:
. = 7 ‘ — VA R NONF | gy ]
f, O 0 / ke {£) sty ) sy O & kbl
SE NS e o NP g
O &, Uik @)= ConCor | =iy coslyr,) Ol e, |+ kdbl,
0 0 kL jp® 0 0 1ie | | kb
A 7 { 7, ,
o N e g ;. o T b _— o ""'
1O

Operations described above with respect to biocks 313 to 317 for s

calculation are expressed by squation 9.6.

The number of reguired MFse measurements depends on the number of
uniknowns, which dictates a minimal number of equations of the type 9.6 which are
needed. Notably, assuming a change in orientation is observed between

15 measurements, each MF measurement can provide for three equations, each based

on a respective sensor frame axis.

The process descriped above enables to determine the number of unknowns

and accordingly to estimate the number of reguired MbEse measurements. in the

current examples where there are 7 variables {
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wly, k1, , 81, kabl,, kdbl,, kdol,, ¥} at least three MFs measurements are
needed each taken at a different sensor frame orientation. It is noted that
increasing the number of measurements and the number of respective eguations

can improve the accuracy of calculations. Therefore, in some exampgies a redundancy

of measurements and respective equations can be used.
At block 403 the set of eguations is solved to determine ¥,

Once ¥, is caiculated, transtormation matrix from NF to 5F is determined as
described above with reference to block 319 in Fig. 3, using Equation 6. Flight
direction in NF and azimuth are calculated as described above with reference to

blocks 321 and 323 1o determine the flight azimuth.

it will also be understood that the system according to the presently
disclosed subject matter may be a suitably programmed computer. Likewise, the
prasently  disclosed  subject matter contemplates a computer program bsing
readaibie by a computer for executing the method of the presently disclosed subject
matter. The presently disclosed subject matter further contemplates a machine-
readable non-transitory memory tangibly embodying a program of instructions
axecuytable by the machine for executing the method of the presently disclosad

subject matter.

it is to be understood that the presentiy disciosed subject matter 1s not
Himited in its application to the details set torth in the description contained herein
or iliustrated in the drawings. The presently disciosed subject matter is capable of
other embodiments and of being practiced and carried out in various ways. Hence, it
is to be understood that the phraseology and terminology employed herein are for
the purpose of description and shouid not be regarded as Hmiting. As such, those
skilled in the art wili appreciate that the conception upon which this discliosure is
ased may readily e utilized as a basis for designing other structures, methods, and
systems for carrying out the several purposes of the present presently disclosed

subject matter.

PCT/IL2018/050846



WO 2019/026069 PCT/IL2018/050846

Claims:

1. A computer implemented method of in-flight determination of an
azimuth of an aerial platform, the plattorm comprising an MU operatively

connected to at least one computer device; the method comprising:

L

detining an auxiliary frame comprising an axis Xar being a projection of an
VU sensor frame axis on a planes defined by two of a navigation frame axes, wherein
Y. is an angle on the plane, between the projection Xar and a predefined direction

on the plane;

obtaining data indicative of Earth magnetic field {MFyr) at the flight area of

1 the aerial platform;

using the at least one computer device for calculating flight direction of

plattorm n IMU sensor frame based on MU acceleration measurements;
during an in-tlight phase:

using MU magnetometers for obtaining magnetic field measurements in
15 sensor frame and using the at least one computer device for calculating magnetic
fleld values in the auxiliary reference trame based on the magnetic field values in

Sensor frame:

using the at least one computer device for calculating angle ¥, based on
magnetic field measurements in the auxiliary reference frame and Earth's magnetic
20 field in the flight area, and thereby obtaining a transformation matrix from sensor

frame to navigation frame oy : and

using the at least one computer device for calculating azimuth of the
platform based on the tlight direction in IMU sensor frame, IMU in-tlight gyro

. . r i
measurements and the transformation matrix C8.

25 2. The method of claim 1, wherein the navigation frame is a local

reference trame with respect to Earth and the plane is a horizontal plane.

3. The method of any one of claims 1 or 2, wherein the predefined

gdirection is north direction.
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4. The mesthod of claim 3, wnerain the navigation frame is North-East-
oW,
5. The method of any one of the preceding claims further comprising

storing Earth MF in a data-storage onboard the piattorm.

6. The method of any one of the preceding claims, wherein the sensor
frame is not aligned with the platform trame, and the platform is positioned in a
substantially vertical orientation, the method turther comprising, using MU
accelerometers while on the ground for determining flight direction in sensor frame

ased on gravitation.

7. The method of any one of the preceding claims, wherein the MU
frame s not aligned with the platform frame, and the platform is positioned in 3
non-vertical orientation, the method further comprising ,  using ViL)
accelerometers immediately after {aunch for determining flight direction in sensor

trame based on aceeleration measurements vector.

8. The method of any one of the preceding ciaims, wherein the sensor

frame is not aligned with the platform frame, the method further comprising:

using IMU accelerometers whiie on the ground for determining tlight

direction in sensor frame pased on gravitational vector; and

using MU accelerometers immediately after launch for determining

flight direction in sensor frame based on acceleration measurements vector.

g. The method of any one of the preceding claims, wherein calculating

magnetic field values in the auxiliary reference frame further comprises:
transforming measured magnetic field values in sensor frame to initial sensor
frame; and transforming magnetic field values in intial sensor frame to auxiliary

reference frame.

14. The method of any one of the preceding ciaims, wherein for rectiftying

gistortions in in-tlight magnetic field measurements, the method further comprises:

PCT/IL2018/050846
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using IMU magnetometers for performing multiple in-tlight magnetic field
measuremeants at different times; generating eguations, each eguation Is based on a
respective magnetic field measurement, wherein the minimal number of eguations
s dependent on the number of distortions which are being rectified; and solving the

plurality of equations for calculating angle ¥, .
11, The method of claim 10 turther comprising:

comparing between MU orientations at the time of ditferent magnetic field
measurements; and confirming that there are sufficient in-flight magnetic field

measurements, each taken while IMU is at a different orientation.

iZ. The method of claim 10, wherein distoriions include one or more of:

hias: scale Tactor: hard iron distortions: angd soft iron distortions.

13. The method of any one of the preceding claims further comoprising

controfling fight of the plattorm based on the caiculated azimuth.

14. A navigation system mountable on an aerial platform and configured
for in-flight determination of an azimuth of the platform, the navigation system
comprising an MU fixed to the platform and being operatively connected to at teast
one computer device comprising at least one processor, the navigation system is

configured to:

utilize the at ieast one computer device to define an awxiliary frame
comprising an axis Xar being a proiection of an IMU sensor frame axis on a plane
defined by two of a navigation frame axes, wherein ¥, is an angie on the plane,

between the projection Xar and a predefined direction on the plane;

obtain data indicative of karth magnetic field at the flight area of the aenal

plattorm;

utilize an IMU accelerometer 1o measure MU acceleration and utilize the at
least one computer device to calcuiate flight direction of a platform in IMU sensor

frame based on the IMU acceleration measurementis:

during an in-thight phase:

PCT/IL2018/050846
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utilize IMU magnetometers for obtaining magnetic field measurements in
sensor frame and utiize the at least one computer device to calculate magnetic field
vaiues in the auxiliary reference frame based on the magnetic field values in sensor

frame:

4

utilize the at least one computer device o caiculate angle ¥, based on
magnetic field measurements in the auxiliary reference frame and Earth's magnetic
field in the tlight area, and thereby obtain a transformation matrix from sensor

, | . . = WM
frame to navigation frame C.% ; and

utilize the at least one computer device to calculate azimuth of the platform
13 based on the tlight direction in MU sensor frame, MU in-tlight gyro measurements

and the transformation matrix oy .

i5. The navigation system of claim 14, wherein the navigation frame is a

iocal reterence frame with respect to Earth and the plane is a horizontal plane.

i6. The navigation system of any one of claims 14 or 15, wherein the

13 predefined direction is north direction.

17. The navigation system of claim 16, wherein the navigation frame is

North-Fast-Down.

i8. The navigation system of any one of claims 14 to 17 further
comprising a data-storage device contigured for storing Earth MF in a data-storage

20 onboard the platform.

19, The navigation system of any one of claims 14 to 18, wherein the
sensor frame is not aligned with the platform frame, and the platform is positioned
in a substantially vertical orientation; the system is further configured to utilize IMU
accelerometers while on the ground for determining Hight direction in sensor frame

2 based on gravitational vector.

20, The navigation system of any one of claims 14 to 19, wherein the MU
frame is not aligned with the platform trame, and the platform is positioned in a

non-vertical orientation; the system s further configured to  utilize (MU
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accelerometers immediately after {aunch for determining Hight direction in sensor

trame pased on acceleration measurements vector.

23, The navigation system of any one of claims 14 to 20, wherein the

sensor frame is not aligned with the platform frame, the system is further contigured

4

£0:

use IMU accelerometers while on the ground for determining thght direction

in sensor frame based on gravitational vector; and

use MU accelerometers immediately atter launch for determining flight

gdirection in sensor frame based on acceleration measurements vector.

1O 22 The npavigation system of any one of claims 14 to 21 is further

contigured for calculating magnetic feld values in the auxiliary reference frame, to:

utilize the at least one comuputer device for transforming measured magnetic
field values in sensor frame to initial sensor frame and for transforming measured

magnetic fisid values initial sensor frame 1o auxiliary reference frame.

£ £3. The pavigation system of any one of claims 14 to 22 s further

contfigured for rectifving distortions in in-Hight magnetic fisld measurements, to:

utilize 1ML magnetometers for performing muitiple in-flight magnetic field

measuraments at different times; and the at ieast computer device is configured to:

sanerate equations, each eguation 1 based on a respective magnetic field
20 measurement, wherein the minimal number of equations IS dependent on the
number of distortions which are being rectified; and solve the equations to thereby

caicuiate angle ¥..

24, The system of claim 23, where the at {east one comuputer device is

further configured to compare between MU orientations at the time of different

N
4

magnetic tield measurements and confirm that there are sufticient in-tlight magnetic

field measurements, each taken while IMU assumes a different grientation.

25, A non-transitory program storage device readable by a computer,

tangioly embodving a program of instructions executable by the computer to
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perform a method of in-thight determination of an azimuth of an aerial platform, the
plattorm comuprising an IMU operatively connected to at least one computer device;

the method comprising:

defining an auxiliary frame comprising an axis Xar being a projection of an

4

IMU sensor frame axis on a plane defined by two of a navigation frame axes, wherein
Y. 15 an angle on the plane, between the projection Xar and a predetined direction

on the plane;

obtaining data indicative of Earth magnetic fisld at the flight area of the aerial

olattorm;

I3t calculating flight direction of platform in MU sensor frame based on MU

acceleration measurements;
during an in-flight phase:

obtatning from MU magnetometers for magnetic field measurements in
sensor frame and caiculating magnetic field values in the auxiliary reference frame

15 based on the magnetic field values in sensor frame;

caiculating angle ¥, based on magnetic field measurements in the auxiiary
reference frame and Earth's magnetic field in the Hight area, and thersby obtaining a

transformation matrix from sensor frame to navigation frame €5 ; and

calculating azimuth of the platform based on the flight direction in MU

20 sensor frame, IMU in-flight gyro measurements and the transformation matrix £y .



