JPNT 7(2), 91-103 (2018)
https://doi.org/10.11003/JPNT.2018.7.2.91

Journal of Positioning,
]I) N T Navigation, and Timing

A Gyro-Free INS Algorithm in the Navigation Frame and Its
Application to the Spinning Vehicle with High Rotation Rate

Junhak Lee', Heyone Kim', Sang Heon Oh?, Jae Chul Do®, Chang Woo Nam?®, Dong—Hwan Hwang'",

Sang Jeong Lee!

'"Department of Electronics Engineering, Chungnam National University, Daejeon 34134, Korea

“Navcours Co. Ltd, Daejeon 34014, Korea
*Hanwha Co., Daejeon 34101, Korea

ABSTRACT

Conventional inertial measurement units cannot be used in the spinning vehicle with high rotation rate due to gyro's narrow

operation range. By the way, angular acceleration can be measured using the accelerometer array distributed in the vehicle.

This paper derives a mechanization for the gyro-free INS in the navigation frame, and proposes a gyro-free INS algorithm

based on the derived mechanization. In addition, the proposed algorithm is used to estimate angular velocity, attitude,

velocity, and position of a spinning vehicle with high rotation rate. A MATLAB-based software platform is configured in order

to show validation of the proposed algorithm. The reference trajectory of a spinning vehicle at 3 round per second, 30 round

per second are set up, and the outputs of accelerometer are generated when triads of accelerometer are located at the origin

and all the axes. Navigation results of the proposed algorithm for the generated output are presented. The results show that the

proposed navigation algorithm can be applied to the spinning vehicle with high rotation rate.

Keywords: gyro-free INS, mechanization, navigation frame, spinning vehicle

1. INTRODUCTION

Conventional inertial navigation systems (INSs)
measure acceleration and angular velocity using an inertial
measurement unit (IMU) to estimate vehicles’ position,
velocity, and attitude. Gyroscopes in the IMU cannot measure
angular velocities of the spinning vehicle with high rotation
rate due to the narrow operation range (Mickelson 2000,
Pachter et al. 2013). Therefore, it is very difficult to estimate
an attitude of the vehicle using conventional IMUs when a
vehicle is rotated at high rotation rate (Mickelson 2000). Since
an accelerometer has a wide operation range, it can measure
an angular acceleration generated by the rotational motion
of the vehicle through an accelerometers array, and angular
velocity can be obtained by integrating angular accelerations
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(Schuler et al. 1967, Padgaonkar et al. 1975). That is, an
angular velocity of a high-speed spinning vehicle can be
estimated from the output of a gyro-free IMU (GF-IMU) (Tan
etal. 2001, Tan & Park 2002).

The method of measuring angular accelerations using
accelerometers was first proposed by Schuler et al. (1967),
and the estimating method for angular velocities using
distributed accelerometers was proposed by Padgaonkar et al.
(1975). The Army Research Laboratory in the USA carried out
a research on GF-IMU application to artillery shells in 1994
(Harkins 1994). Tan & Park (2002) designed an INS based on
accelerometers for ground vehicles as part of the Partners
for Advanced Transit and Highways (PATH) program, and
analyzed the performance. Clark (2003) estimated angular
velocities and velocities of re-entry vehicle using distributed
six accelerometers. Pamadi et al. (2004) performed a research
on Global Positioning System (GPS)-guided spinning vehicle
using an accelerometer-based IMU. Hanson & Pachter (2005)
showed a research result on geometric location method of
the GF-IMU.
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Fig. 1. Gyro-free inertial navigation system.

The inertial navigation algorithm can be represented in
various frames including the earth centered inertial (ECI)
frame, the earth centered earth fixed (ECEF) frame, the
navigation frame, and the Wander-azimuth frame (Wray &
Flynn 1979, Titterton & Weston 2004). Vehicle motion in the
Earth are usually expressed in the ECEF frame and navigation
frame (Wei & Schwarz 1990, Titterton & Weston 2004).

Generally, a velocity of a vehicle in the Earth is expressed
in the navigation frame, and a position is by latitude,
longitude, and altitude (Titterton & Weston 2004). Even
though the inertial navigation algorithm in the ECEF frame
has a less computation burden than that in the navigation
frame (Wei & Schwarz 1990), the velocity has to be converted
into the velocity in the navigation frame, and the position
into the latitude, longitude, and altitude (Titterton & Weston
2004). The velocity and the position can be directly obtained
when the algorithm is expressed in the navigation frame.
Furthermore, a simpler model of the gravity can be used in
the calculation since it is only in the down axis (Titterton &
Weston 2004).

The gyro-free inertial navigation algorithm can also be
expressed in the ECEF frame or navigation frame as in the
conventional INS. The mechanization of gyro-free inertial
navigation system (GF-INS) expressed in the ECEF frame was
proposed by Pachter et al. (2013).

In this paper a mechanization of the GF-INS in the
navigation frame is derived. In addition, a gyro-free inertial
navigation algorithm based on the derived mechanization
is porposed. It is shown that the proposed algorithm can be
applied to the spinning vehicle with high rotation rate.

In Section 2, a GF-INS is briefly introduced and a
mechanization of the GF-INS in the navigation frame is
derived. In Section 3, an algorithm that estimates angular
velocity, attitude, velocity, and position is proposed based on
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Fig. 2. Accelerometer in the vehicle.

the mechanization in the navigation frame. Section 4 shows
the application of the proposed GF-INS algorithm to the
spinning vehicle with high rotation rate. Finally, in Section 5,
concluding remarks and future studies are presented.

2. MECHANIZATION OF THE GF-INS IN
THE NAVIGATION FRAME

Fig. 1 shows the block diagram of N accelerometers
distributed in the vehicle and GF-INS. As shown in Fig. 1,
the GF-INS estimates angular velocities from outputs of
accelerometers, and attitude, velocity, and position of the
vehicle are estimated from the estimated angular velocity and
the output of the accelerometers.

Fig. 2 shows the N accelerometers in the vehicle. The
acceleration at r’,, where accelerometer is placed, is given in
Eq. (1) when the vehicle moves.



atbu'c = ab + (be xrfcc + (be x (mlbb xr:cc) (l)
where a’ denotes the acceleration of the vehicle in the body
frame. o', is the angular velocity in the body frame. If d,, is
the unit vector of the accelerometer input, the measured
acceleration y,. can be expressed as Eq. (2).
Viee =Uged” + (1 xd, ) 0 +d (0], x (@), xr,))-d, g (2)
where g’ denotes gravity in the body frame. Measured
accelerations by the N accelerometers can be written in Eq. (3)
from Eq. (2).
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2.1 Angular Velocity Differential Equation

If terms in Eq. (3) is expressed in Egs. (4-7), Eq. (3) can be
written in Eq. (8).

T
v=[» »# L ] (4)
[dl, (@) x @), xr},)
N — d:ccz ((D fb X (‘D fb xr:ccz)) (5)
M
_d7a-(cN (’ofb X (u)lbb Xr:crN ))
[ hxd,)" d,
H= (r:(‘cZ x dach)T dachz (6)
M M
_(rivczv x daa'N)T dfm
T
Dg’ =[d],-g" dl,g L d,g] @
® b
_ ib
Y—H{ab}—Dg+N (8)

From Eq. (8), angular velocity and acceleration can be
written in Eq. (9).

(l)b
{ Z’}:(HTH)H'I(Y+Dg—N) 9)
a

If A is defined as in Eq. (10), Eq. (9) can be written in Eq. (11).
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e
A=| “7 |[=(HH)H"' (10)
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(11)
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a
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Since N is a function of ', Eq. (11) can be re-written as in
Egs. (12) and (13) (Pachter et al. 2013).

o, =A, Y+A, Dg'—f, (©}) (12)
a"=A Y+A Dg' -, (o)) (13)

where fwm(wfb) and f,(w}) are AN represented as and in
order to emphasize functions of 0}, respectively.

It can be seen in Eq. (12) that g’ should be calculated
first in order to obtain a solution of the angular velocity
differential equation. When the INS is represented in the
navigation frame, the gravity can be calculated using a
simpler model since the gravity is only in the down axis (Wei
& Schwarz 1990, Titterton & Weston 2004).

2.2 Attitude Differential Equation

The attitude differential equations in the ECEF frame
and the navigation frame are given in Eqgs. (14) and (15),
respectively (Wei & Schwarz 1990, Titterton & Weston 2004).

Ce :Cegb
b b=eb (14)
:CZ(be _Qi)
Cn :Cngb
b b="nb (15)

=CQ, -2(C,, -2,

where C; denotes the Direction Cosine Matrix (DCM) which
defines the attitude of the body frame with respect to the
ECEF frame. Q’,, Q), and Q’, denotes the skew-symmetric
matrix of Q’,, angular velocity of the body frame with respect
to the ECEF frame in the body frame, Q!,, angular velocity
of the body frame with respect to the inertial frame in the
body frame, and Q’, angular velocity of the ECEF frame with
respect to the inertial frame in the body frame, respectively.
C; is the DCM which defines the attitude of the body frame
with respect to the navigation frame. Q°, and Q. are the
skew-symmetric matrices of @, angular velocity of the body
frame with respect to the navigation frame in the body frame,
and o)

en)

angular velocity of the navigation frame with respect
to the ECEF frame in the body frame, respectively.

It can be seen in Eq. (15) that angular velocity in the
navigation frame with respect to the ECEF frame should
be calculated first to obtain the solution of the attitude
differential equation in the navigation frame. Therefore, a
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computation burden is lower than that of Eq. (15) when a
solution of the attitude differential equation in the ECEF
frame is calculated as in Eq. (14) (Wei & Schwarz 1990).

The roll, pitch, and yaw of the vehicle can be directly
obtained from C; which in a solution of Eq. (15). However,
the attitude of the vehicle in Euler angle cannot be obtained
directly from the solution of Eq. (14) (Wei & Schwarz 1990,
Titterton & Weston 2004).

2.3 Velocity Differential Equation

Before the velocity differential equation is derived in the
navigation frame that in the ECEF frame is derived. The
relationship between the position vector R’ in the inertial
frame and the position vector R’ in the ECEF frame is given in
Eq. (16).

R’ =CR° (16)
By differentiating Eq. (16), Eq. (17) is obtained.
R' = C/Q R°+C'R* 17)
By differentiating Eq. (17) again, Eq. (18) is obtained.
R =C QO R+2CQR+CQR+CR (18)
From Eq. (18), the velocity differential equation in the
ECEF frame is given in Eq. (19) (Wei & Schwarz 1990,
Titterton & Weston 2004).
Ve =Cia" -, x (0, xR) =200, xv* (19)
where V is the ground velocity in the ECEF frame.
By substituting Eq. (13) into Eq. (19), the velocity
differential equation in the ECEF frame is obtained as Eq. (20)

(Pachter et al. 2013).

vi=Ci(A, Y +A ,C'Dg 1 ()

e e e e e (20)
_Zmie XV, —0, X(mic’ xR )

The relationship between velocity v, in the navigation
frame and that in the ECEF frame is given in Eq. (21).

v =C'v* (21)
where C] is the DCM which defines the attitude of the ECEF

frame with respect to the navigation frame.
By differentiating Eq. (21), Eq. (22) is obtained.
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v, =Cv, —CQ v, (22)
By substituting Eq. (19) to Eq. (22), Eq. (23) is obtained.

v =Cia’ - (2o, +0! )xV! -0, x(@,xR")  (23)

By substituting Eq. (15) to Eq. (23), the velocity differential
equation in the navigation frame is obtained as Eq. (24).

vi=Cy(A Y+A CDg" —f,(0,)) (24)
- (2o + o, )xv; -0 x(0;, xR")
2.4 Position Differential Equation

The position differential equation in the ECEF frame is
given in Eq. (25) (Wei & Schwarz 1990, Pachter et al. 2013).

R =v¢ (25)

The position differential equation in the navigation frame
is given in Egs. (26-28) (Titterton & Weston 2004).

_ (V)
B R, +h (26)
A 27
(R, +h)cos L
h= _(VZ)D (28)

where L denotes the latitude. / denotes the longitude. h
denotes the altitude. (v})y is the north axis component of
the velocity vector in the navigation frame. (v}); is the east
axis component. (v}), is the down axis component. R, is the
meridional radius of the Earth, and R, is the tangential radius
of the Earth.

As shown in Egs. (26-28), the latitude, longitude, and
altitude can be calculated directly from the velocity through
position differential equation expressed in the navigation
frame (Titterton & Weston 2004).

3. NAVIGATION ALGORITHM

3.1 Angular Velocity Estimation Algorithm

Attitude can be estimated from the outputs of the
accelerometers using the angular velocity differential
equation Eq. (12). The angular velocity is estimated by
integrating the outputs from accelerometer array.

Let the sampling time be At and flk] be the value of f{#) at
time ¢ = kAt. The angular velocity differential equation Eq. (12)



is approximated by the Euler method as Eq. (29).
o) [k+1]= o, [k]+(A,, Y[k]+A, Dglk]-f, (;[k])Ar (29)

The angular velocity w}[k+1] at the current time can be
calculated from the array of the accelerometers, gravity, the
accelerometer output Y[k], and angular velocity w,[] at the
previous time using Eq. (29).

3.2 Attitude Estimation Algorithm

The attitude can be estimated from the angular velocity
using the attitude differential equation Eq. (15). The solution
is obtained using the attitude differential equation Eq. (30)
represented by the quaternion since it is known to have the
least numerical error (Titterton & Weston 2004).

Q=W (30)

where W is given in Eq. (31).

b b
O a]nb,x a)nb,y mnb,z
b b b
[0 0 10) -,
nb,x nb,z nb,y
W= , 0 N (31)
a’nb,y _a)nb,z a)nh,x
b b b
Oz Ouy  ~ Oy 0

where o', is the angular velocity of the body frame with
respect to the navigation frame in the body frame. Assuming
that the angular velocity ©’,(t), is constant from ¢ = kAt to t
= (k+1)At, and its integration is A0,,(kAt), Af,,(kAt) can be
represented in Eq. (32) (Bose 1997).

80, (ke = [ ot (kAd)ar )
=, (k+ 1At —kAt) = 0°,[k]- At

Using Eq. (32), A8,,[k] and AB,,[k-1] can be calculated as in
Egs. (33) and (34), respectively.

AB,,[k]= o, [k]- At (33)
A, [k-1]=0"[k-1]-At (34)

If ¢(¢) is the rotation vector at time ¢, the differential
equation with respect to ¢(t) can be written in Eq. (35).

¢<r>:mﬁ,,(o%aﬁ(z)xw’;,,(t) (35)

where x denotes the vector outer-product operator.
Letting A¢[k] be integration of ¢(¢) from ¢ = kAt to ¢t = (k+1)
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At, Eq. (36) is obtained from Eq. (35).

gkl = [ peyae o)

_ (kDA (k+)ar ] b
o’ (dt+ LA, S@Oxo, o) dr

- kAt
Eq. (37) is obtained by re-arranging Eq. (36).
1
AGIK]= A6, (K14 A8, [k~1]x A8, [K] (37)

The solution can be updated as Eq. (38) using A¢[k] in Eq.
(37) (Bose 1997, Titterton & Weston 2004).

Adlk]

Olkl=e > -Qlk-1] (38)
where -’ is the quaternion product operator.

3.3 Velocity Estimation Algorithm

Eq. (24) is approximated to Eq. (39) using the Euler
method.

AV [k]=(Cjk ~1]a’[k = 1]- Qe [k ~1]+ e, [k ~1])

39
x V' [k —1])At (39)

The solution is given in Eq. (40).
V:[k]z‘,:[k_l]Jr(AV"z [K]+AV,Tk-1]) (40)

2

3.4 Position Estimation Algorithm

In order to obtain the position of the vehicle, the attitude
differential equation given in Eq. (41) is solved.

C=CQ! (41)

The latitude and longitude of the vehicle is obtained from
the solution C; and the altitude from Eq. (28).

Assume that the angular velocity w, () is constant from ¢ =
kAt to t = (k+1)At. Assuming that the rotation vector of w;,[k]
is {(1), integration of {(¢) from ¢ = kAt to t = (k+1)At, A{(t) can
be obtained. The attitude AC} " between the time k-1 and the
time k can be obtained as in Eq. (42) from A{[k] (Bose 1997).
ACH =1 +M(A§[k]x) +

|ASTA] |ASTK]

The solution can be updated as Eq. (43) using AC; " (Bose
1997).

O_C“M?U‘]D(Acmx)z (42)

Ci[k]=C;[k—1]AC}" (43)
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The latitude and longitude is calculated as Egs. (44) and
(45) (Titterton & Weston 2004). A 12
E| e é 10
Llk]=sin" (-C;[k](3,3)) (44) i 11
o —Ci[k1(2,3 9
I[k]=tan ‘[’;[ K )j (45)
~Cy[KI(13) —

The altitude can be obtained as Eq. (46).

M=k =11+ (V) 1= (V) k= TDAr (46)

4. APPLICATION OF THE GF—-INS
ALGORITHM TO A SPINNING VEHICLE
WITH HIGH ROTATION RATE

4.1 Software Platform

In order to observe the navigation result of the proposed
GF-INS algorithm to a spinning vehicle with high rotation
rate, a software platform based on MATLAB was configured
as in Fig. 3. Since the target vehicle is rotated at a six or more
round/s such as artillery projectiles and guided spinning
projectiles, the angular velocity is difficult to measure using
conventional gyroscopes (Mickelson 2000, Doty & McGraw
2003). The software platform consists of a sensor output
generator, an angular velocity estimation algorithm, and
an attitude, velocity, and position estimation algorithm.
The sensor output generator includes a reference trajectory
generator, an angular velocity generator, and a GF-IMU
output generator. The reference trajectory generator
generates a motion trajectory of the rotating vehicle. The
rotation rate can be adjusted from 1 round/s to 30 round/s.
The angular velocity is generated from a motion trajectory of
the vehicle. The GF-IMU output is generated from a motion
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Fig. 4. 4 accelerometer-triads arrangement.

trajectory of the vehicle as shown in Fig. 3. The distance from
the center of gravity of the vehicle to the accelerometer is
adjustable. The angular velocity is estimated from the output
of the accelerometer array and the attitude, velocity, and
position are estimated from the estimated angular velocity.
The estimated angular velocity, attitude, and position
estimation performance can be evaluated by comparing
with the reference trajectory. In order to evaluate the
proposed algorithm for the spinning vehicle with 30 round/
s rotation rate, accelerometer outputs were generated for the
arrangement given in Fig. 4.

4.2 Reference Trajectory and Results of the Performance
Evaluation on the Proposed GF-INS Algorithm

The three-dimensional position trajectory of the vehicle
is given in Fig. 5. Fig. 6 shows the reference trajectories of
the vehicles with 3 round/s and 30 round/s. In order to
compare the result of the proposed GF-INS algorithm with
the conventional INS algorithm, the trajectory of the vehicle
with 3 round/s was generated. For the conventional INS,
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Fig. 6. Reference trajectories of the vehicle.

gyroscope outputs were generated. Fig. 7 shows enlarged roll
trajectories for 1 second. The initial position of the vehicle is
36° of latitude, 127°of longitude, and 0 m of altitude.
Performance evaluation on the navigation algorithm
was performed for MPU-9250, which is a Micro Electro
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Fig. 7. Expanded trajectory plot of the roll during 1 sec.

Table 1. Specification of MPU-9250.

Accelerometer Gyroscope
Range +16g +2000°/s
Noise density 300 ug/yHz  0.01°/s/yHz
Bias instability X axis +60 mg +5°/s
y axis +80 mg +5°/s
7 axis +80 mg +5°/s

Mechanical Systems (MEMS) IMU manufactured by
Invensense Inc. Characteristics of the MPU-9250 is given in
Table 1.

Before evaluating the performance of GF-INS algorithm for
spinning vehicle with a high rotation rate, the performance of
GF-INS algorithm was compared with that of a conventional
INS algorithm when the vehicle rotates with a low rotation rate.

When the vehicle is rotated at 3 round/s and there is no
sensor error, the navigation results are shown in Fig. 8, Fig. 9,
and Table 2. The initial angular velocity error was set to zero.
It can be seen from Fig. 9 and Table 2 that the angular velocity
error in the x-axis of the GF-INS algorithm is less than 107°/s,
and y-axis and z-axis less than 10”°/s. The errors are caused
by numerical computation. It can be seen from Figs. 8 and 9
that the roll error is both less than 0.5°, and pitch error is both
less than 0.01° when angular velocity is measured by the gyro
and angular velocity is estimated by the GF-INS. It also can
be seen that the heading error is larger when angular velocity
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Fig. 9. Navigation result without sensor error.
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Table 2. Navigation result without sensor error.
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Table 3. Navigation result with sensor error.

Using Gyroscopes GF-INS
Angular rate error X 0 0.000000056
(deg/s, RMSE) y 0 0.0097
Z 0 0.0097
Attitude error Roll 0.0450 0.3144
(deg, RMSE) Pitch 0.0011 0.0048
Heading 0.1099 0.7015
Velocity error North 1.7353 5.1354
(m/s, RMSE) East 6.7288 6.4556
Down 0.1376 0.1448
Position error North 114.9788 218.3997
(m, RMSE) East 497.0630 412.2946
Down 6.3627 7.2036
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Fig. 10. Navigation result with sensor error.

is estimated by the GF-INS.

When the vehicle is rotated at 3 round/s and the noise and
bias error in Table 1 are included in the sensor outputs, the
navigation results are shown in Fig. 10, 11, and Table 3. The
initial angular velocity errors were set to 2°/s in all the axes. It
can be seen from Fig. 11 and Table 3 that the angular velocity
error of the GF-INS algorithm are larger than 106 °/s and
attitude errors in all the axes are larger than 60°. The errors
are due to initial angular velocity errors and accelerometer
errors. It can be observed from Figs. 10 and 11 and Table 3
that errors are smaller when gyros are used to have angular
velocities.

Using Gyroscopes GF-INS
Angular rate error X 1.6671 128240
(deg/s, RMSE) y 1.5097 166440
z 1.7890 195080
Attitude error Roll 57.9043 102.7170
(deg, RMSE) Pitch 28.5607 68.6790
Heading 63.2604 115.1441
Velocity error North 152.3793 209.9362
(m/s, RMSE) East 146.5936 160.2155
Down 127.0294 247.3606
Position error North 7650.9 13799
(m, RMSE) East 7655.8 10205
Down 5822.2 9084.2
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When the vehicle moves with 30 round/s rotation rate,
only accelerometer array outputs were generated. When
there is no sensor error, the navigation results are shown
in Fig. 12 and Table 4. The initial angular velocity error was
set to zero. It can be seen from Fig. 12 and Table 4 that the
angular velocity error in the x-axis of the GF-INS algorithm
is less than 10™/s, and y-axis and z-axis less than 10°°/s. The
errors are caused by numerical computation.

When the noise and bias error in Table 1 are included in
the sensor outputs, the navigation results are shown in Fig. 13
and Table 5. The initial angular velocity errors were set to 2°/s
in all the axes. It can be seen from Fig. 11 and Table 3 that the
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Fig. 11. Navigation result with sensor error.
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Fig. 9. Navigation result without sensor error.
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Table4. Navigation result without sensor error.
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Table 5. Navigation result with sensor error.

Angular rate error X 186670
(deg/s, RMSE) y 134460
z 103190

Attitude error Roll 104.4672
(deg, RMSE) Pitch 68.9455
Heading 90.3799

Velocity error North 172.3704

(m/s, RMSE) East 112.2375

Down 247.4588

Position error North 10987.0
(m, RMSE) East 6615.2
Down 87774

Angular rate error X 0.000000071
(deg/s, RMSE) y 0.0743
z 0.0743
Attitude error Roll 2.4351
(deg, RMSE) Pitch 0.1294
Heading 5.2991
Velocity error North 37.3522
(m/s, RMSE) East 27.6929
Down 1.0340
Position error North 1165.0
(m, RMSE) East 539.5082
Down 53.1754
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Fig. 9. Navigation result without sensor error.

angular velocity errors of the GF-INS algorithm are larger than
10%/s in all the axes and the attitude errors in all the axes are

larger than 60°. It can be seen that the accelerometer error and

attitude error affects the velocity and position estimation.

When the vehicle is rotated at a low rotation rate 3 round/

s, an angular velocity can be measured using a gyro. When

the vehicle is rotated at a high rotation rate, angular velocities

can be estimated using the proposed algorithm. However,

navigation performance is significantly degraded when there

is the initial angular velocity error and sensor errors. In that
case, a Kalman filter can be used (Santiago 1992, Edwan et al.

2011), or aiding sensors as GPS can be used to compensate
the errors (Titterton & Weston 2004, Pachter et al. 2013).
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5. CONCLUDING REMAKRS AND FURTHER
STUDIES

A mechanization for the GF-INS in the navigation frame
was derived and GF-INS algorithm based on the derived
equation was proposed. The proposed algorithm was
used to estimate angular velocity, attitude, velocity, and
position of spinning vehicle with high rotation rate. The
navigation results of the proposed GF-INS algorithm and
those when gyros are used were presented. It was shown
that the proposed algorithm could be used in the navigation
algorithm of the spinning vehicle with high rotation rate.
Although the GF-INS navigation algorithm can be used in the
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navigation algorithm of spinning vehicle with high rotation
rate, the result showed the navigation performance is
significantly degraded due to sensor errors and initial angular
velocity error.

As further studies, algorithm that estimates an angular
velocity using an extended Kalman filter, and integrated
navigation system of GPS and GF-INS will be carried out to
compensate the navigation error.

ACKNOWLEDGMENTS

This work was supported by research fund of Chungnam
National University.

REFERENCES

Bose, S. C. 1997, Lecture Note on GPS/INS Integrated
Navigation Systems (San Diego, CA: Technalytics, Inc.)

Clark, G. 2003, Angular and linear velocity estimation for a
re-entry vehicle using six distributed accelerometers -
Theory, simulation, and feasibility, Lawrence Livermore
National Lab Technical Report, US, No. UCRL-ID-153253

Doty, J. H. & McGraw, G. A. 2003, Spinning-Vehicle
Navigation Using Apparent Modulation of Navigation
Signals, U. S. Patent, No. 6520448B1

Edwan, E., Knedlik, S., & Loffeld, O. 2011, Constrained
Angular Motion Estimation in a Gyro-Free IMU, IEEE
Transactions on aerospace and electronic systems, 47,
596-610. https://doi.org/10.1109/TAES.2011.5705694

Hanson, R. & Pachter, M. 2005, Optimal Gyro-Free IMU
Geometry, in AIAA Guidance, Navigation, and Control
Conference and Exhibit, AIAA 2005-6151, Aug. 2005,
San Francisco, CA. https://doi.org/10.2514/6.2005-6151

Harkins, T. E. 1994, Assessing the feasibility of
accelerometer-only inertial measurements units for
artillery projectiles, USA Army Research Laboratory
Research Reports, AR-MR-200

Mickelson, W. A. 2000, Navigation system for spinning
projectiles, U.S. Patent No. 6163021A

Pachter, M., Welker, T. C., & Huffman Jr, R. E. 2013, Gyro-
Free INS Theory, Journal of the Institute of Navigation,
60, 85-96. https://doi.org/10.1002/navi.32

Padgaonkar, A. J., Krieger, K. W., & King, A. I. 1975,
Measurement of Angular Acceleration of a Rigid
Body Using Linear Accelerometers, Journal of
Applied Mechanics, 42, 552-556. https://doi.org/
10.1115/1.3423640

Pamadi, K. B., Ohlmeyer, E. J., & Pepitone, T. R. 2004,

https://doi.org/10.11003/JPNT.2018.7.2.91

Assessment of a GPS Guided Spinning Projectile
Using an Accelerometer-Only IMU, in AIAA Guidance,
Navigation, and Control Conference and Exhibit, AIAA
2004-4881, 16-19, Aug. 2004, Providence, Rhode Island.
https://doi.org/10.2514/6.2004-4881

Santiago, A. A. 1992, Extended Kalman Filtering Applied to
a Full Accelerometer Strapdown Inertial Measurement
Unit, MS Thesis, Massachusetts Institute of Technology

Schuler, A. R., Grammatikos, A., & Fegley, K. A. 1967,
Measuring Rotational Motion with Linear Accelerom-
eters, IEEE Transactions on Aerospace and Electronic
Systems, AES-3, 465-472. https://doi.org/10.1109/TAES.
1967.5408811

Tan, C.-W. & Park, S. 2002, Design and Error Analysis of
Accelerometer-Based Inertial Navigation Systems,
California Partners for Advanced Transit and Highways
(PATH), Institute of Transportation Studies, UC
Berkeley Technical Report, UCB-ITS-PRR-2002-21

Tan, C.-W., Park, S. S., Mostov, K., & Varaiya, P. 2001,
Design of Gyroscope-Free Navigation Systems, IEEE
Intelligent Transportation Systems Conference, 25-29
Aug. 2001, Oakland, CA, USA, pp.286-291. https://doi.
0rg/10.1109/1TSC.2001.948670

Titterton, D. & Weston, J. L. 2004, Strapdown Inertial
Navigation Technology, 2nd Ed. (AIAA: Reston)

Wei, M. & Schwarz, K. P. 1990, A Strapdown Inertial Algorithm
Using Earth-Fixed Cartesian Frame, Navigation: Journal
of The Institute of Navigation, 37,153-167. https://doi.
0rg/10.1002/j.2161-4296.1990.tb01544.x

Wray, G. L. & Flynn, D. J. 1979, An Assessment of Various
Solutions of the Navigation Equation for a Strapdown
Inertial System, Technical Report 79017, Royal Aircraft
Establishment

Junhak Lee received B. S. degree and M. S.
degree in the Department of Electronics
Engineering, Chungnam National University
in 2016, 2018, respectively. His research
interest include Gyro-Free Inertial
Navigation System and Kalman filtering.

Heyone Kim received B.S. degree in the
Department of Electronics Engineering,
Chungnam National University, in 2017. His
research interest includes Gyro-Free Inertial
Navigation System and Modeling &
Simulation Software.



Sang Heon Oh is a principal research
engineer of the Integrated Navigation
Division of Navcours Co., Ltd., Korea. He
received Ph.D. degree from Chungnam
National University. His research interests
include GPS/INS integration system, Kalman
filtering, and military application.

Jae Chul Do is a senior researcher in the
Defense R&D Center, Hanwha Corp. in
Korea. He worked in the engineering of
Inertial Navigation System and GNSS
technology. He received M.S. in the
Electrical Engineering, Kyoungbuk National

University.

Chang Woo Nam received the Bachelor and
Master degree in Electronic Engineering,

- Soongsil University in 1989, 1991. He is a
wl -~ doctoral course student at Electronic
:5- Engineering, Chungnam National
v/ University. He is currently a Chief Research
b il Engineer at Defense R&D Center, Hanwha

Corp. His research interest includes GNSS receiver, Inertial
Navigation System.

Dong-Hwan Hwang is a professor in the
Department of Electronics Engineering,
Chungnam National University, Korea. He
received his B.S. degree from Seoul National
University, Korea in 1985. He received M.S.
and Ph.D. degree from Korea Advanced

Institute of Science and Technology, Korea
in 1987 and 1991, respectively. His research interests include
GNSS/INS integrated navigation system design and GNSS
applications.

Sang Jeong Lee is currently a Professor in the
Department of Electronics Engineering at
Chungnam National University, Daejeon,
Korea. He received the Doctor’s degree in
Control and Measurement in Seoul National
University in 1987. His research interests
include GNSS and Robust Control.

Junhak Lee et al. A Gyro-Free INS Algorithm 103

http://www.ipnt.or.kr



