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achieve a higher sensing accuracy than the first one. This paper presents a novel orientation estimation
system that uses seven single-axis linear accelerometers and 3-axis magnetic sensors. These seven linear
accelerometers are deployed in a way to form a “coplanar” gyro-free inertial measurement unit (IMU).
As such, they can perform the integrated measurements of gravity force and angular velocity for the

ﬁ?cl :;Z:gsr;leters subsequent sensor fusion algorithms. With the information of the angular velocity, this novel design
Gyroscopes achieves a comparable performance with the one that includes 3-axis gyroscopes. The analysis of the
Gyro-free inertial measurement unit system observability indicates that the angular velocity measurements can improve the observability
Euler angles of the angle estimation under certain circumstances. This result suggests the possibility of using fewer
Sensor fusion sensors in an orientation estimation system. Simulation results indicate that the proposed design achieve
System observability a sensing accuracy of 0.11°, 0.09°, and 0.2°for the roll, pitch, and yaw angle; this leads to the improvement

of 540%, 632%, and 754% over the one that does not include the measurement of the angular velocity.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Atalocation around the earth surface, the intensity of earth magnetic field is about 0.5-0.6 G and has a component parallel to the earth’s
surface that always points toward magnetic north [1]. Meanwhile, the earth gravity force is roughly at 9.8 m/s2and always points to the
center of the earth. Therefore, for the accelerometers and magnetic sensors that attached to an object and rotated with the object, these
sensors can detect portion of the gravity force and earth magnetic field depending on the orientation of the object. Reversely, these sensor
measurements can be processed to determine the orientation of an object.

Using 3-axis linear accelerometers and 3-axis magnetic sensors is one of the most popular methods to determine the orientation
angles of an object. However, in practice, the accelerometer measurements are often contaminated by the sensor noise and drift; the
magnetic sensor measurements are often interrupted by the surroundings. This leads to the inaccuracy of the angle determination. Some
researchers included 3-axis rate gyroscopes in an orientation estimation system [2-4]. In that approach, the angular velocity measurements,
obtained from gyroscopes, and the angle measurements, obtained from accelerometers and magnetic sensors, are integrated by the “sensor
fusion” techniques to improve the accuracy of the angle estimation. Most of these research reports focus on the relations between the angle
estimation accuracy and sensor fusion algorithms. We did not find many discussions on the issue of employing different sensor components
in an orientation estimation system.

Generally speaking, there are two ways to measure the 3-axis angular velocity using inertial sensors. One uses three gyroscopes, while
the other one uses linear accelerometers together with signal processing techniques. Therefore, the second approach is often referred to
as a gyro-free inertial measurement unit (IMU) [5,6]. When operating as a stand-alone angular velocity sensor, a gyroscope offers a higher
sensing accuracy than a gyro-free IMU due to its high sensitivity and no mathematical integral operation required [7]. On the other hand,
when operating as one of the sensor components in an orientation estimation system, the performance difference between gyroscopes
and gyro-free IMUs is reduced because they only play portion of roles in improving the accuracy of the angle estimation. Therefore, it is
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possible to replace the expensive gyroscopes with gyro-free IMUs in an orientation estimation system while still achieving a requested
estimation accuracy.

In the conventional gyro-free IMU designs, accelerometers have to be attached to an object at specific locations, in a 3D manner, to
ensure IMU’s proper operation. As a consequence, it is not only expensive for the assembly but also susceptible to the alignment error that
would deteriorate its sensing accuracy. In previous research [7], the author proposed a novel “coplanar” gyro-free IMU design, in which all
the employed accelerometers, in-plane sensing accelerometers and out-of-plane sensing accelerometers, are situated on the same facet
of the measurement unit. Current MEMS technology developments [8,9] show that it is possible to simultaneously fabricate the in-plane
and out-of-plane sensing accelerometers on a substrate. Therefore, all the accelerometers in the coplanar gyro-free IMU can be fabricated
in situ by these techniques. The fabrication cost and accelerometer alignment error can be minimized.

In this paper, we propose a novel orientation estimation system using single-axis linear accelerometers and 3-axis magnetic sensors.
These linear accelerometers are deployed in a way to form a coplanar gyro-free IMU. As such, they can perform the integrated measurements
of gravity force and angular velocity for the subsequent sensor fusion algorithms. The design procedures and stability analysis of this
orientation estimation system are discussed in details. Furthermore, we discuss the relations between the angular velocity measurements
and the observability [12] of the angle estimation. This leads to another issue of using fewer sensors in an orientation estimation system,
for examples: removing x-direction gravity force sensor, z-direction magnetic sensors, etc.

2. Preliminary for orientation determination
2.1. Description for orientation angles

By defining the coordinates that is fixed at a point (inertial frame) and a coordinate that is rotating with a body in motion (body frame),
one can use three rotation angles: roll (¢), pitch (8), and yaw (/) angles to describe the orientation of an object. This method is known as
the “euler angle method”. With this method, one can find a transformation matrix that describes the relation of a vector represented in
body frame and in inertial frame.

1 0 0 cosf 0 —sin6 cosyr sinyr O
C,.b =R(x,p)R(y,O)R(z,y) = |0 cos¢ sing 0 1 0 —siny cosy O (1)
0 —sing cos¢ sinf 0 cosf 0 0 1

For the convenience of this application, the inertial frame is chosen to be the “navigation frame,” which is defined as follows: the origin
is located at the center of the object with one axis (N-axis) points to the north pole of the earth, one axis (D-axis) points to the center of
earth and the third axis (E-axis) points to the east. Therefore, this coordinate system is often referred to as the NED frame.

2.2. Angle measurement using earth gravity and magnetic field

According to the definition of NED frame, the vector form of gravity force and earth magnetic field, represented in NED frame, can be
obtain as follows:

ig=[0 0 1]', ‘m=[a 0 b]" )

where a and b are the strength of the magnetic field and their values vary with the locations of interest. Using the transformation matrix
shown in Eq. (1), one can obtain the values of gravity force and magnetic field measured in the body frame.

bg=CPig=[-sinf singcosd cosqf)cosdﬂT

bm=CPim = R(z, ¥)Y'm =R(y. 0)'R(x, $)"’m (3)
= [acosy —asiny b]Tz (vi v V3]T

where bg = [gx gy 21" and ®m = [my my m;]". The conventional approach of determining orientation angles is
0ov] = [— sin1(gy) tan™! (g—y) —tan™! (\Q” (4)
8z Vi

According to above equations, the roll and pitch angles can be determined from the measurements of gravity force, and the yaw angle
can be determined from the measurements of gravity force and earth magnetic field. In this approach, the parameters of earth magnetic
field (a, b) is not required in determining orientation angles. And, when the pitch angle is 90°, the measurements of g, and g; are both zero
and thus this particular pitch angle cannot be determined from Eq. (4). This leads to the singularity problem of this approach.

2.3. Quaternion for the orientation presentation

Although the euler angle method is straightforward, it has the singularity problem during coordinates transformation [13]. Therefore,
instead of using euler angles, many researchers use “Quaternion” to avoid this problem. Since these two methods are both developed to
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Fig. 1. Schematic of inertial frame vs. body frame.

describe the orientation of an object, they are equivalent and the relations are described as follows [14,15]:

2
= tan! ( 2(‘11%4 + 1122‘13 )2>
; Q4 - q] - qz + q3
6 =sin"" (2(g294 — q193)) (5)
= tan-! g(chqzz + 1723614)2
q] - q2 - q3 + q4
Since three parameters are sufficient to describe the orientation of an object, these four quaternions must satisfy the “unity constraint” at
all time.

Qunity 2 + 95 +45 +45 =1 (6)

Similar to the euler method, there is a transformation matrix with the quaternion method.

ch =

1

- -a3+95  2(9192 +9394) 2(q193 — q294)
2(q192 - q394) —92+q5—-0q5+4;  2(q194 + 9293) (7)
2(q193 +9294)  2(-q1Ga +92q3) —43 —q3+q% + a5

3. Gyroscope-free IMU Theory

Fig. 1 shows the relation between an inertial frame {i} and a body frame {b}. Roisa position vector from the center of the inertial frame
to the center of body frame. kj is a position vector from the center of the inertial frame to location j, and 7; is a position vector from the
center of body frame to location j. w is the rotation rate of the body frame. According to the coordinate transformation, the acceleration at
location j can be written as follows:

I._.éj=i?o+\7v><f"j+\7Vx(\7v><?j)+2\7v><?.j+?} (8)
In the case that the body frame is rotated with the object in motion, brj, the FJ vector represented in body frame, is constant. Eq. (8) can
be simplified to
R =Ro + C)PW x Prj + CiPw x (Pw x ") (9)
le — le +ig

where iFj is the specific force [16] applied at location j and ig is the gravitational force, both of which are represented in the inertial
frame. Assuming that a single-axis accelerometer is rigidly mounted on the object at the location j with the sensing direction of 7;, the
accelerometer output A; can be written as:

= N . T T
Aj =Ry -7 ="R; Py = [(bfijﬂj) bm’] { + 0 - (Cw x (Pw x Pry)) (10)

w
bFo + bg
When there are m accelerometers distributed on the object and no linear motion of the object (°F, = 0), these accelerometer measurements
can be arranged in a vector form
T T
Ay . by - (Pw x (bw x Pry)) (bry xbmy)” Py
W . .
=] [ b ] + : J= : (11)
g T :

) T
Am D - (Pw x (Pw x Prpn)) Crm xPny) Py
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Fig. 2. Cube-type gyro-free IMU vs. coplanar gyro-free IMU. The arrow denotes the sensing direction of each accelerometer. (— ) denotes in-plane sensing accelerometers;
(®) denotes out-of-plane sensing accelerometers.

If the matrix JTJ is invertible, the relation between the dynamics of an object in motion and the measurements from accelerometers located
at various locations can be shown as follows:

T
Aq iy - (Pw x (Pw x bry))

-
{bvgv} SN - : (12)
> Al [y, Ow x (bw x brp))

3.1. Coplanar gyro-free IMU

The coplanar gyro-free IMU denotes that all the employed accelerometers are situated on the same facet of the measurement unit
at the same elevation. The way to construct such a gyro-free IMU, using the minimum number of accelerometers, is to employ three
accelerometers measuring the acceleration along the direction parallel to the plane surface of the measurement unit (in-plane sensing),
and the other three accelerometers measuring the acceleration along the direction perpendicular to the plane surface of the measurement
unit (out-of-plane sensing) [7]. The difference between a conventional cube-like gyro-free IMU and coplanar gyro-free IMU is depicted in
Fig. 2.

3.2. Direct measurement of earth gravity using coplanar accelerometers

According to Eq. (11), the output of a linear accelerometer attached to a moving object depends on the linear acceleration, angular
acceleration, and angular velocity of the object. The “direct measurement” of earth gravity using coplanar accelerometers denotes that
using those accelerometer to retrieve the earth gravity (linear accelerations) without the information of angular motions.

For an in-plane sensing accelerometer located at [ cos¢; 1 sing; O]T with sensing direction [cos §; sin B; O]T, the accelerometer output,
derived from Eq. (10), can be simplified to

. T
W, sin(B; — ;)
: : . 2 2 . .
. w2 +w : : : :
Ai_pj | = | cosB; sinp; Bl 4 rHip | % + | Hi,=|: —singsing; : (13)
g wy + W,
. . . Y y Tz — cosa; cos f;
WxWy sin(e; + B;)
it P

where "w = [wy wy w;|". Similarly, for an out-of-plane sensing accelerometer located at [r coso; T sing; 0} with sensing direction [001]7,
the accelerometer output can be simplified to

Wy
A.‘ = 1 +1H Wy Ho_p = | sing; co;a- cosa; sing; (14)
o-pj | = & P | wew, o-p = j j j j
. Wy W,
yvWwz

Egs. (13) and (14) indicate that the gy and gy only relate to the in-plane sensing accelerometers, while g; relates to the out-of-plane sensing
accelerometers. Therefore, the design of the direct measurement of earth gravity can be separated into that using in-plane and out-of-plane
sensing accelerometers, respectively.
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To obtain values of gy and gy, the design task is to determine the locations and sensing directions of these in-plane sensing accelerometers
such that H;_j, in Eq. (13) satisfies the following conditions.

UH;_, =0, rank | U | cos(B;) sin(B;) =2 (15)

where U is the null space of H;‘fp and Hi*—p is the transpose conjugate of H;_,. To achieve this task, the minimum number of accelerometers
required is four, and these four accelerometers are distributed in the “pairs” configuration (Appendix A). The relation between gx, gy and
measurements of these four accelerometers is described as follows:
-1
A

: : i-p1
EX]: U | cos(8)) sin(f;) ul (16)
Y . . Ai—p4

Analogously, one can prove that the minimum number of out-of-plane sensing accelerometers required for g; is three, and there is no
constraint on the locations of these three accelerometers (Appendix A).
1 -1 Ao—pl
z=[(V|1 v (17)
1 Ao—p3

where V is the null space of H;_, and H;;_, is the transpose conjugate of Ho_p.
4. A novel orientation estimation method using coplanar gyro-free IMU
Since accelerometers are required in an orientation estimation system, we propose using gyro-free IMU to measure the gravity force

and angular velocity so as to save expensive gyroscopes and increase the accuracy of the angle estimation. Here, we discuss two cases: one
assumes that the parameters of earth magnetic field (a, b) is unknown; the other one assumes (a, b) is known.

4.1. (a, b)is unknown

When (a, b)is unknown, these two parameters are modelled as unknown constants. Therefore, the governing equations of the orientation
estimation system can be written as follows:

T
A +my by - (Ow x (Pw x bry))
. -1
Pw], =0 T (1:3,) : - :
As+med | byg. (bwx (bw x 'rg)
qa  —q3 (2
w. .
: 1 3 qs -G * a 0
= — W . . = 18
Waa =201 | -a: @1 aa w b|~ |0 (%)
-1 —q2 —Q3

where |q| is the 2-norm of the vector; J(1 : 3, :) is the first 3 row vectors of the J matrix; n; is the measurement noise pertinent to the
accelerometer A;. And the output equations of the orientation estimation system are

. T
g =CPg=CP[0 0 1] +ng (19)
bm = CPim = C{’[a 0 b]T-i—nm
where ng and n;, are the noise associated with the accelerometers and magnetic sensors. Comparing to the conventional approach Eq. (4),
this method does not have the singularity problem at the pitch angle of 90°. Furthermore, it is rather straightforward to obtain the noise
properties of the output equations. Thus, the employed sensor fusion algorithms can be simple.

The feasibility of this state estimation approach depends on whether the associated observability matrix is full rank. The observability
matrix of a dynamic system is

Wo=V[zz...] (20)

where z is the outputs of a system. In this case, the estimation system Eq. (18) consists of nine states: three from angular velocities, four
from quaternions, and two from the parameters of earth magnetic field. However, if four quaternions can be estimated correctly, three
angular velocities can be calculated from Eq. (18); this leads to six states to be estimated. Furthermore, since the orientation angles here
are described by four quaternions instead of three euler angles, for the observability check, the system outputs z should include the unity
constraint of quaternions in addition to the output equations shown in Eq. (19).
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When the orientation angle to be measured is constant, the z equals to zeros and the number of row vectors in an observability matrix is
reduced. In turns, the rank of the observability matrix could be reduced and the angle estimation could be erroneous. Because the proposed
design needs to estimate constant angles correctly, we check the rank of the observability matrix for W, = V|z].

abm 3bm acce 1), .
o 2 Aab 8@(@73) e 1) C.3)
Z 2z g be.
T RN M 21
[z] [aq a(a,b)] 3 % 0 0 o1
3QUn1ty 0 aqunity 0 .
aq 3

Since the transformation matrix Cf’ is always invertible, the above matrix can provide six independent column vectors as long as a # 0;
four of them come from dz/dq and the rest come from dz/d(a, b). Therefore, it is full rank for the estimation of six states.

When removing any measurements out of the output equations, the rank of the resulting observability matrix is smaller than six. There-
fore, in this case, we conclude that the measurements of 3-axis gravity force and 3-axis earth magnetic filed are necessary in determining
three orientation angles of an object.

4.2. (a, b)is known
When (a, b) is known, the observability matrix consists of dz/dq only, which is a 7 x 4 matrix. Since, in this case, only four quaternions
need to be estimated, there exists a chance to reduce the number of output equations, meaning that reduce sensor usage. For example,

if the measurements of x-direction gravity force are removed from the output equations, the rank of the associated observability matrix
would still be four mostly, except at two sets of singularity points. These singularity points can be obtained by

T
det | %8 P22 @m0z dg Fm ) _
dg 9dq Iq dg 9dq oq

=q1 =02, 43 =44 Or (1 =—(q2, 43 = —(4 (22)
(¢ 6 )= ttan! 22q1Q32 0° 90°
q?, _Q1

Meanwhile, if another measurements of z-direction magnetic field are removed from the output equations, this would add another two
sets singularity points, which are

q1 =44, 42 = —q3; Or q.1=—Q4, q2 =43 (23)
=(¢ 0 Y)=(90° =£sin(4q1q2) 0°)

Looking at the euler angles of the above four sets of singularity points, they are four individual lines in a 3D space. If one more sen-
sor measurements are removed from the output equations, for example: measurements of the y-direction magnetic field, the resulting
observability matrix would lose rank at the following singularity points, which represent two surfaces in a 3D space.

(9193 — 9294)(q192 + q394) =0 (24)
5. Angular velocity measurements and system observability

The angular velocity measured in body frame appears in the derivative of output equations, that is the z in an observability matrix Eq.
(20). Therefore, if these measurements can improve the observability of angle estimation, the (d/9q)z should provide independent row
vectors in addition to (d/0q)z. To investigate on this, the (9, dq)z are evaluated at the singularity points of the matrix (d/9q)z, and the rank
of the observability matrix [(d/0q)z, (8/8q)2]T is examined accordingly.

Using the measurement of gravity force as an example, the derivative of gravity force measured in body frame can be obtained by the
following:

d . d .
b b b _rb
g= (&Cﬁ) g 2=C (ac;,) (25)

Since Cib is a rotation transformation matrix, £2 equals to —£2T. £2 is then a skew symmetric matrix and can be represented as

0 -3 »
=y3 0 -n (26)
ez 0
When removing the measurements of x-direction gravity force out of the output equations, the gradient of the derivative of gravity force is
. y, 2B 7} Pl gy
d | & a d 0 0
— |7 = T v | 0|+ T | (27)
09 [&] | _,, 08 s || g n 5
373 aq ?7aq aq

According to the equation above, as long as the entire angles to be measured do not stay in the singularity points obtained in Eq. (22),
the matrix [ (3g,/9q), (98,/9q) ]T can provide another two independent row vectors in addition to [ (dgy/dq), (9g./9q) ]T. In that case,
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Table 1

Coplanar configuration of seven single-axis accelerometers

Accel. number Location °rj(x, y, z) Sensing direction "nj(x, ¥,2)

#1 r[cos(4/9) sin(4m/9) 0] [cos(177/18) sin(177/18) 0]
#2 r[cos(10r/9) sin(107/9) 0] [cos(—7m/18) sin(—7m/18) 0]
# 3y r[cos(—5m/9) sin(—5m/9) 0] [cos(—m) sin(—m) O]

#3, r[cos(r/9) sin(w/9) 0] [cos(r/2) sin(m/2) 0]

#4 r[cos(27/9) sin(2w/9) 0] [0 0 1]

#5 r[cos(8/9) sin(8m/9) 0] [0 0 1]

#6 r[cos(14/9) sin(147w/9) 0] [0 0 1]

the observability matrix is full rank and one can successfully estimate four quaternions without the measurements of x-direction gravity
force.

On the other hand, when the entire trajectory stays in the singularity points of Eq. (22), the rank of the observability matrix should be
evaluated at such singularity points Q, :q1 = 2,43 = G4, 41 = G2, 3 = q4. After some mathematics derivations, the following equations can
be obtained.

8xlg, = V210, = ¥3lg, =0

. g 9y 7
&) | ¥ og aq
a*q . = 3 + " 9
gz Qo _gzl &
aq g, aq 1q,
841q3G1 + (—12¢% — 442)43 !
R | 8¢1q301 + (—12q% — 4q%)q3 (28)
-1 = . .
dq —8q1q343 + (493 + 12¢2)i1
—8¢19343 + (497 + 1243)1
gy
aq I I TS
gz —q1 —q1 43 Q3

Therefore, 83y /dq and 3g,/dq are just linear combinations of 3°g, /dq and 8°g,/dq. In turns, the observability matrix stays singular and thus
the orientation estimation system cannot estimate four quaternions correctly.

6. Simulation results

This section presents simulation results for an example design: the seven single-axis accelerometers are distributed on a size 0f 0.125 m
radius disk to form a coplanar gyro-free IMU. The location and sensing direction of each accelerometer are listed in Table 1. Assuming this
gyro-free IMU and 3-axis magnetic sensors are mounted on an object and rotated with the object, the accelerometers and magnetic sensors
would produce signals corresponding to the rotational motions of the object. These sensor outputs are then processed by the extended
Kalman filter (EKF) [11] to determine the orientation angles of the object.

In the IMU design, the accelerometers that are marked Al, A2, A 34, A 3, are the in-plane sensing accelerometers, whereas the
ones marked A4, A5, A6 are the out-of-plane sensing accelerometers. The six accelerometers: A1, A2, A 3y, A4, A5, A6 are chosen to
construct the coplanar gyro-free IMU. Furthermore, the A1 and A 3x pairs are used for the direct measurement of x-direction grav-
ity force; the A2 and A 3, pairs are used for the y-direction gravity force; the A4, A5, and A6 are used for the z-direction gravity
force. The data processing flow is shown in Fig. 3. The trajectories to be followed are three angular velocities represented in body
frame: 1.1 sin(272t), 2.2 sin(272t), 2.2 sin(272t) rad/s. The earth magnetic field represented in the NED frame is [0.424300.4243]T
G. Without loss of generality, the noise associated with each measurement is assumed to be white, with the standard devia-
tion of 0.1 m/s%for each accelerometer and 0.01G for each magnetic sensor. This leads to the signal-to-noise ratio of 50 for the

A1 ___n-C 8.
In-plane sensing A2 [ -
accelerometers  A3x :( : )ﬁ‘

Asy \J

Out-of-plane o, [ ip

sensing As _ Coplanar LN Extended 3]

accelerometers Ae | Gyro-free IMU 1/ Kalman Filter ™ >
— -

Magnetic Ikddx w 8, WYY
Sensors Y

Mz

Fig. 3. Block diagram of the proposed orientation estimation system.
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Fig. 4. The outputs of seven accelerometers and three magnetic sensors along a trajectory.

sensor measurements. The measurements of seven accelerometers and three magnetic sensors along the trajectory are shown in
Fig. 4.

Fig. 5 shows the estimation of euler angles and the parameters of earth magnetic field. As evident in the plots, the estimated values
quickly converge to their respective correct values. Thanks to the extended Kalman filter, after 4 s, the standard deviations of the estimated
values decrease to 0.18°, 0.1°, and 0.5°for three euler angles and 10> G for the parameters of magnetic field. Furthermore, if the standard
deviations are calculated for the last two seconds, they are 0.11°, 0.09°and 0.2°for three euler angles.

Fig. 6 shows the state estimation for the case where the orientation to be measured are three euler angles of 8°, 90°, and 20°, which are
equivalent to four quaternions of —0.074, 0.703, 0.074, and 0.703. Unlike conventional methods, the proposed method can still estimate
orientation angles correctly for the pitch angle of 90°. In this particular case, the state estimation is shown for quaternions instead of euler
angles, because our computation codes were written for quaternions and the transformation between euler angles and quaternions is
singular at the pitch angle of 90°.

Fig. 7 shows the angle estimation for the case where the earth magnetic field in NED frame is known. Furthermore, the sensor measure-
ments of x-direction gravity force and z-direction earth magnetic field are removed from the output equations. To increase the visibility
of plots, the singular values of the observability matrix, [dz/dq] in Eq. (21), are drawn in log scale. There are four singular values for four
quaternion estimation; two of them are roughly identical at the value of 20 and thus only 3 lines are visualized. As shown in the plot, the

roll{¢) pitch(8)
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° estimate & estimate
i 2/ VV VN
o (=2}
L) @
10 © 10
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. w .
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©
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Fig. 5. Estimation of orientation angles and earth magnetic field. Estimated values converge to their respective correct values (target).
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Fig. 6. Estimation of quaternions and earth magnetic field for the case where the corresponding pitch angle is at 90°. Estimated values converge to their respective correct
values (target).

singular values of the observability matrix are mostly nonzero, except at some distinct points. And, the estimation of euler angles are still
accurate.

Fig. 8 shows the angle estimation for the case where the measurements of x-direction gravity force and y, z-direction earth magnetic
field are all removed from the output equations. According to the simulation results, the estimation of euler angles are erroneous. The
associated observability matrix [dz/dq] indicates that one of its singular values remains zero along the entire trajectory.

Fig. 9 shows the angle estimation for the case where the measurements of x-direction gravity force are removed from the output
equations, and the angle to be measured is [¢(t), 0, 90]. This trajectory corresponds to the singularity points wherein the measurements
of x-direction gravity force are removed. Different from Fig. 7, the associated observability matrix has one singular value of zero along the
entire trajectory and the angle estimation is erroneous.

Table 2 lists the accuracy of angle estimation for the cases where different accuracies of angular velocity measurements are included
in an orientation estimation system. According to simulation results, the accuracy of the angle estimation is greatly improved by angular

roll(¢) pitch(6)
- — - target - = = ftarget
estimate 50 estimate
100
@ o
o 2
g g ©
T 50 °
-50
0
0 0.5 1 15 2 ] 0.5 1 1.5 2
sec sec
yaw(y) Observability (singular values)
200 2
— — — target 10
100 estimate .
0] 10
1
o 0
o _2
© 10
-100
107
-200
0 0.5 1 1.5 2 0 0.5 1 1.5 2
sec sec

Fig. 7. Estimation of orientation angles for the case where the sensor measurements of x-direction gravity force and z-direction earth magnetic field are removed from the
output equations. Estimated values are almost identical with their respective correct values (target).
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Fig. 8. Estimation of orientation angles for the case where the sensor measurements of x-direction gravity force and y, z-direction earth magnetic field are removed from the
output equations. Estimated values deviate from their respective correct values (target).
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Table 2

The accuracy of angle estimation varies with the accuracy of incorporated angular velocity sensors

Sensor noise

Roll (°) (EKF/(r-o-t))

Pitch (°) (EKE/(r-0-t))

Yaw (°) (EKF/(r-o-t))

Direct measurement
Gyro-free 0.1 (m/s?)
Gyro std 0.03 (rad/s)
Gyro std 0.1 (rad/s)
Gyro std 0.2 (rad/s)
Gyro std 1 (rad/s)
Gyro std 10 (rad/s)

0.594

0.11
0.025/(0.05)
0.066/(0.09)
0.113/(0.12)
0.280/(0.27)
0.563/(0.55)

0.569
0.09
0.029/(0.049)
0.078/(0.089)
0.128/(0.126)
0.279/(0.268)
0.485/(0.53)

1.507
0.2
0.027/(0.08)
0.084/(0.14)
0.152/(0.206)
0.478/(0.45)
1.202/(1.164)

The accuracy is predicted by EKF algorithm and by the rule-of-thumb (r-o-t).
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velocity measurements. Furthermore, the more accurate of angular velocity measurements; the more accurate of the angle estimation. The
proposed gyro-free method improves the accuracy over the one that does not include any angular velocity measurements, as the “direct
measurement” shown in Table, by 540%, 632%, and 754% for the roll, pitch, and yaw angle.

7. Discussion

Figs. 9 and 7 indicate that the angular velocity measured in body frame improves the observability of the angle estimation when
the angles to be measured do not remain in the singularity points, which are the singularity points of the Jacobian matrix of the out-
put equations Eq. (19). These simulation results agree well with the analysis work stated in Section 5. Together with the simulation
results of estimation accuracy shown in Table 2, it can be concluded that the information of the angular velocity, measured in body
frame, can greatly improve the accuracy of the angle estimation and improve the observability of angle estimation only under certain
circumstances.

Due to the nonlinearity of this particular sensor fusion system, one must go through complicated numerical simulations to obtain
the relation between the accuracy of the incorporated angular velocity measurements and that of the estimated angle. However,
it would be very useful to engineers if there exists a rule-of-thumb (r-o-t) that can predict this relation. Here, we use a linear,
first-order system together with Kalman filter to obtain the rule-of-thumb. The derivation is shown in (Appendix B). As listed in
Table 2, the values predicted by rule-of-thumb may not be accurate but the orders of the predicted values are correct. Particularly,
when the incorporated gyroscope is noisily, the value predicted by rule-of-thumb can be fairly close to the results obtained from
numerical simulations. This is because when the incorporated gyroscope is noisy, its measurements play a less important role in
determining the orientation angle. Therefore, the deviation between the simplified linear system and the original nonlinear system is
reduced.

8. Conclusions

This paper presents the design procedures and stability analysis of a novel orientation estimation system. This design does not have
the singularity problem at the pitch angle of 90° and can work with a simple sensor fusion algorithm. A design example shows that it
can achieve the sensing accuracy of 0.11, 0.09, and 0.2°for roll, pitch, and yaw angle; this leads to the 540%, 632%, and 754% accuracy
improvement over the one that does not employ any sensor fusion design.

The observability matrix is an indicator for a feasible orientation estimation system design. Therefore, as long as the associated
observability matrix maintains its rank, it is possible to use fewer sensors in an orientation estimation system.

The analysis work shows that including the angular velocity measurements in an orientation estimation system can greatly improve
the accuracy of the angle estimation and improve the observability of that only when the angles to be measured do not remain
in the singularity points, which are the singularity points of the Jacobian matrix with respect to the accelerometer and magnetic
sensor measurements. Furthermore, the accuracy of the angle estimation can be predicted by the proposed rule-of-thumb to some
extent.

Appendix A. Direct measurement of earth gravity using single-axis, coplanar accelerometers
A.1. Design of in-plane sensing accelerometers

The task can be achieved by finding the locations and sensing directions of several in-plane sensing accelerometers such that Uis the null
. . . . T
space of H;_j, and consists of two independent row vectors. For any two accelerometers located at r[cos &; sino; 0]T andr [cos Q;j sing; O]

with sensing directions [cos §; sin §; 0] " and [cos B; sin B; 0] " the rank of H;_, of one can be achieved by
Ol,'ZOlj-i-]T ﬂi:ﬂj or ﬂiZﬂj-i-ﬂ' (A])

Since it must be single-axis accelerometers in this design, meaning that there is only one accelerometer at a location, it is impossible to
achieve the rank of H;_, of one with three accelerometers. Therefore, the minimum number of accelerometers required could be four; this
leads to the rank of H;_,, of two. In turns, one can arbitrary design two pairs of in-plane sensing accelerometers, as long as the accelerometers
in each pair are located 180° apart.

A.2. Design of out-of-plane sensing accelerometers

Follow the same design procedures, with two out-of-plane sensing accelerometers, one can prove that these two accelerometers must
be 180° apart to achieve the rank of Ho_p of one. However, this leads to V - [1 1]T = 0, which violate a similar rule described in Eq. (15).
Therefore, one needs to use three out-of-plane sensing accelerometers, with which the rank of Hoyt-of-plane 1S two and numbers of row
vectors of V is one. Since, with the number of out-of-plane sensing accelerometers larger than two, the rank of Ho_p is always two, these
three accelerometers can be placed at any locations.
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Appendix B. Accuracy of the state estimation

If the euler angle transformation is defined as the so called “3-2-1,” the relation between angular velocities represented in body frame
and euler angle change rates can be obtained as follows:

Wy ) 0 0

wy | =|0|+RX ) |0 |+Rx PRy, 0)|0

VYz 0 . 0 v (B.1)
1) 1 singtanf cos¢tand Wy

6l=10 cos @ —sin¢g wy

W 0 sin¢gsech cos¢gsecH | | w;

As shown in the equation above, it is extremely difficult to predict the accuracy of angle estimation not only because the system is
nonlinear but also the noise variance depends on the angles to be measured.
Here, we discuss the accuracy of state estimations for a first-order, one-state linear system, which is described by a pure integration.

X(k+1)=x(k)+nq
B.2
y(k) = x(k) + n; (B2)
Follow the standard procedures of the Kalman filter construction, one can obtain the following equations for the above system.

P(k+ 1k + 1)R(k + 1)
Rk+1)—Plk+ 1k+ 1)

where R(k) and Q(k) are the variance of the noise n; and nq at time k; P(k|k) is the variance of the estimated state at time k. If this states
estimation is stable, P(k + 1|k + 1) should converge to P(k|k); this leads to the following:

P2(k|k) + P(kIk)Q (k) — Q(K)R(k + 1) = 0 (B4)

= P(k|k) + Q(k) (B.3)

Therefore, if the Q(k) and R(k + 1) are known, one can solve the above second order polynomial function and predict the estimation accuracy
for this simple system.
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