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Abstract: A redundant rotational inertial navigation system (RRINS) comprises a redundant inertial
measurement unit (RIMU) and a turntable for improving reliability and navigation accuracy. Because
of the multi-sensor configuration, the RIMU has a more complex error model compared with the
traditional orthogonal inertial measurement unit (IMU). Therefore, the RIMU-based rotation scheme
cannot simply replicate the traditional IMU-based rotation scheme. In this study, a dual-axis rotation
scheme for RIMU characteristics is proposed. First, the error model of the RIMU was established,
and the error compensation of RIMU caused by rotation was analyzed. Second, the principles
of rotation axis switching and reciprocating rotation were summarized, and a dual-axis rotation
scheme was designed by these principles. Finally, the rotation scheme was applied to an RRINS
prototype consisting of RIMU (four fiber optic gyroscopes + four quartz accelerometers) and a dual-
axis turntable, and then simulations and experiments were performed. The results of the simulations
and experiments show that the positioning accuracy of RRINS can be obviously improved by using
the proposed rotation scheme.

Keywords: redundant rotational inertial navigation system; redundant inertial measurement unit;
dual-axis rotation; fiber optic gyro; quartz accelerometer

1. Introduction

To improve the reliability of an inertial navigation system (INS), the redundant inertial
measurement unit (RIMU) has been developed, and it has been widely used in aircraft,
ships, land vehicles, etc. [1]. RIMU is an inertial sensing device composed of more than three
accelerometers and three gyroscopes [2]. Unlike the orthogonal triaxial configuration of
sensors in the traditional inertial measurement unit (IMU), the configurations of redundant
sensors in RIMU are varied. These RIMU configurations can be classified as orthogonal and
nonorthogonal [3]. The nonorthogonal redundant configuration is the most widely used
configuration in RIMU, and includes skew redundant configuration, tetrahedron redundant
configuration, dodecahedron redundant configuration, and four-cross configuration [4-7].
RIMU in navigation systems is mainly used for strapdown INS to improve the reliability
of the system. In addition to improved reliability, the navigation accuracy of RIMU can
also be improved by data fusion of redundant information. However, the improvement of
navigation accuracy brought by data fusion is limited because of the existence of RIMU
errors. Although error calibration can also improve the navigation accuracy of RIMU,
RIMU error is not invariable. Therefore, compensating RIMU errors in real time is the key
to improving its navigation accuracy.

With the development of inertial navigation technology, real-time error compensation
technology has come into the field of view. As early as the 1980s, Levinson proposed a
systematic error compensation technique based on the strapdown INS, which modulated
the constant errors of IMU into periodically varying signals by regularly rotating the
IMU. In the navigation calculation, the periodically varying errors will not diverge after
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integration, which effectively improves the navigation accuracy [8]. Subsequently, the
rotational inertial navigation system (RINS) has been widely used in various areas.

In 1987, the marine ring laser inertial navigator (MARLIN), jointly developed by Sperry
Marine Inc. and Honeywell Inc., greatly improved navigation accuracy by using dual-axis
rotation technology [9]. In 1994, the high-precision fiber optic gyroscope inertial navigation
program for strategic nuclear submarines launched by the United States proposed to
develop a fiber optic gyroscope triple-axis rotational inertial navigation system [10]. In 2006,
Ishibashi applied the rotation technique to the autonomous navigation of Autonomous
Underwater Vehicles (AUV), and the position error was decreased to about half of the
original [11]. In the early stage of RINS, rotation technology was mainly applied to high-
precision inertial sensors, such as mechanical gyroscopes, ring laser gyroscopes, or fiber
optic gyroscopes with mechanical or solid-state accelerometers. With the fast spread of
MEMS sensors, the MEMS-based RINS have more and more applications in areas such as
projectiles, land vehicles, etc. [12]. As the core of rotation technology, the rotation scheme
has always been the focus of RINS research. The rotation scheme for the single-axis RINS
is relatively simple. Giovanni proposed a classical 4-position single-axis rotation scheme
which has been widely used [13]. However, the single-axis RINS cannot compensate for the
constant errors of the inertial sensor with the input axis coinciding with the rotation axis. To
compensate more constant errors, a dual-axis or triple-axis RINS is required. For the dual-
axis rotation scheme, the 8-position is the simplest scheme [14]. Based on the 8-position
scheme, the dual-axis rotation scheme has been extended to 16-position, 32-position, and
64-position schemes [15-17]. Yuan proposed a 16-position rotation scheme for dual-axis
RINS, where IMU stays for 30 s after a half-cycle rotation, and the biases of the inertial
sensors can be compensated after a whole period [18].

At present, most research on rotation technology is limited to traditional IMU as
the research object. If RIMU is applied to RINS to form a redundant rotational inertial
navigation system (RRINS), the reliability and navigation accuracy of navigation system
will both be improved. There are few studies about RRINS at present. Cheng presented
a dual-axis rotation method based on RIMU with a tetrahedron configuration, but the
error analysis of RIMU while rotating is based on the specific redundant configuration,
and it is not applicable to other redundant configurations [19]. The error analysis of the
general redundant configurations for RRINS is reported in Reference [20], but its rotation
scheme is a copy of the traditional IMU-based rotation scheme without any improvement
for RIMU. Therefore, it is necessary to design the rotation scheme of RRINS based on the
characteristics of RIMU constant errors to improve the navigation accuracy of RRINS.

In this study, a dual-axis rotation scheme for RRINS is introduced. To the best of the au-
thors” knowledge, the result presented in this study is the first attempt to accomplish constant
error compensation by dual-axis rotation based on the RIMU error model in the RRINS.

The remainder of this paper is structured as follows. First, in Section 2, the errors
of RIMU are modeled and their variations in rotation are analyzed, such as bias, scale
factor error, and installation error. Second, the principles of rotation axis switching and
reciprocating rotation are summarized, and a 16-point dual-axis rotation scheme is designed
by these principles in Section 3. The rotation scheme was applied to an RRINS prototype,
and the simulations and experiments are detailed in Section 4. Finally, Section 5 presents
the conclusions of this study.

2. Error Model of RIMU and Error Variation in Rotation
2.1. General Error Model of RIMU

RIMU errors mainly consists of inertial sensor error and installation error. Inertial sen-
sor error includes gyroscope or accelerometer bias, noise, symmetric and asymmetric scale
factor error, etc. Installation error is the deviation between the actual installation direction
and the design direction of the gyroscope or accelerometer. To realize the generality of the
model, the RIMU error model is constructed for any sensor.
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2.1.1. Inertial Sensor Error Model

The inertial sensor of RIMU mainly includes a gyroscope and an accelerometer, and the
sensor error is the difference between the measured value of the gyroscope or accelerometer
and the real value. Taking gyroscope as an example, the relationship between the true
value and the measured value of the ith gyroscope in RIMU can be expressed as follows:

NS = [1+A% + y?sign(wf)}wf%—bf +7f (1)

where wlg represents the true angular rate along with the ith gyroscope axis, N ;g represents the
; S 1,8 18 8 ; ;
measured value of the ith gyroscope, and b3, 777, A7, and 5 represent the bias, noise, symmet-
ric scale factor error, and asymmetric scale factor error of the ith gyroscope, respectively.
Similarly, the relationship between the true value and the measured value of the ith
accelerometer in RIMU can be expressed as follows:

Nif = [+ AF + pisign(F)If +0f + i )

where f{ represents the true specific force along with the ith accelerometer axis, N/ repre-
sents the measured value of the ith accelerometer, and b7, n{, Af, and pf represent the bias,
noise, symmetric scale factor error, and asymmetric scale factor error of the ith accelerome-
ter, respectively.

2.1.2. Installation Error Model

Similar to IMU, an orthogonal triaxial coordinate system (called s-frame) is built in
RIMU for navigation calculation. However, the inertial sensors are not necessarily installed
along the coordinate axis in RIMU. Considering the generality of the model, the installation
direction of any inertial sensor in RIMU is modeled as shown in Figure 1.

Az

Figure 1. The installation direction of any single inertial sensor in RIMU. Here, 0xsyszs represents the
s-frame, s; represents the ith gyroscope or accelerometer, &; indicates the angle between the s; axis
and the zs axis, and f; indicates the angle between the projection of the s; axis in the oxsys plane and
the x5 axis.

Taking gyroscope as an example, without considering the installation errors, the
angular rate of the ith gyroscope sensitive is the sum of the projection of the s-frame
angular rate onto the gyroscope axis:

g
w;

— lcin ad 4 S qin RS 8
= [smtxi cos B sinag sin 5 cosoci} wy (©)]

where the angular rate of the s-frame can be expressed as follows:

4)

w
w = (W
w

N ®OR®
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The installation direction of the ith gyroscope can be expressed as the configuration vector:

i

S — |ain 4 i S qin RS 8
b = {sma cos f;  sinas sin 5 cosai] (5)
Similarly, the specific force of the ith accelerometer sensitive is

fx

ff = [sinaf cos B sina?sinp? cosaf] |f; (6)
S
z

where the specific force of the s-frame can be expressed as follows:

f
F= 5 @)

S
z

The configuration vector of the ith accelerometer is

h{ = [sina?cos B¢ sinafsinp? cosaf] (8)

The angular rates of all gyroscopes in RIMU are expressed as a matrix:

8 8
wy bl Tws
W=|:|=]:||w|=Hud )
S
wé;l h§1 Wz

where m represents the total number of gyroscopes and H¢ represents the configuration
matrix of gyroscopes in RIMU.
The specific force of all accelerometers in RIMU is expressed as

f hi] s
fr=1v0=1] || ==HF (10)
a he | Lf2

n n

where 1 represents the total number of accelerometers and H” represents the configuration
matrix of accelerometers in RIMU.

During the installation of the RIMU inertial sensor, the installation angle often has a
certain deviation from the design value, which leads to the installation error of the inertial
sensor, and the sensitive value is also inconsistent with the expected value. Therefore, it is
necessary to establish an appropriate installation error model for correction. Considering
the non-orthogonal redundancy configuration of the RIMU inertial sensors, the rotation
vector is used to model the installation error as in Figure 2.

Figure 2. The RIMU installation error model by using rotation vector. Here, h represents the designed
installation vector of the sensor (gyroscope or accelerometer), # and v are unit vectors that are
perpendicular to h, h represents the actual installation vector, § represents the rotation vector from h
toh,and & = 6,u — ,v.
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The installation error of a single inertial sensor is expressed as a rotation vector. Taking
the gyroscope as an example, the designed installation vector of the ith gyroscope is h ,

and the actual installation vector is h‘l-g . The deviation between h;g and hlg can be represented
by a rotation vector (Slg ):

ﬁ§:(1+5§x)h§:h§—h§x5§ (11)
where
§ 8. ¢ & ¢
87 = 0,7 — 03,7; (12)

where hig , uig ,and vig are perpendicular in pairs.
Combine Equation (11) and Equation (12):

B =0 — 6508 — 8%l (13)

ui l U1 l

Therefore, considering the installation errors, the angular rate of the ith gyroscope
sensitive is

Mll Zill

wf = (W5 - 050 — S )’ (14)
Similarly, the true specific force of the ith accelerometer sensitive is
fi = (hi = oyof — g )f (15)

2.1.3. Vector Representation of RIMU Error Model

Combining Equation (1) and Equation (14), the measured value of the ith gyroscope
in RIMU is

NS = [14Af + pifsign (ef ) | (1§ — 65,05 — o5 ) + 6§ + (16)

ui l

Combining Equation (2) and Equation (15), the measured value of the ith accelerometer
in RIMU is
Ni' = [L+Af + pisign(fi)|(hf — Gu0f — g )f + b} + i (17)

The measurements of all gyroscopes in RIMU are represented by a vector as follows:

NS — (1+A8+Mg)(Hg_A§[V8—A%,Ug)ws%-Bg—l-qg (18)
where T T
NS = [N§ N$] HS = [HS .- HS]
§ o 0q () - o
A= | | ME= : : :
0 AS, y‘};sign(w‘fn)
19
(551 (19)
A=
0o .- 5§m 5§m
Vg:[vf ug— élz umT
BS = [1¥ b§1] =[]

Similarly, the measurements of all accelerometers in RIMU are expressed as
N' = (I+ A"+ M) (H' — 84V — SU)f + B +off 20)

where



Micromachines 2023, 14, 351 6 of 22

N = [Nf - Nl H = [H) - H)
A0 uisign(ff) -0
A= | |, MR = : :
0 - Ay 0 o pgsign(fy)
69, - 0 s - 0 (21)
Ap= | o A=
0 --- 0 0o .- 5,
T T
Vlz = I:’U’f v%} ’Ua = I:u? u%}
T T
N R LI

2.2. Gyroscope Error Variation in Rotation

Install the RIMU in the dual-axis turntable to build the RRINS. When RRINS rotates, there
will be a deviation between the s-frame and the body frame (b-frame), as shown in Figure 3.

Xp Yy

Inner-Gimbal
Outer-Gimbal

—_— z, RIMU

aO y s

Figure 3. The frames in RRINS. Here, 0x;1;z; represents the b-frame, aj represents the rotation angle
of the inner gimbal, and & represents the rotation angle of the outer gimbal.

The conversion matrix from the s-frame to the b-frame is given as

1 0 0 cosa; —sinay 0
Ci’ = |0 cosap —sinap| |sina; cosa; O (22)
0 sinap cosap 0 0 1

According to Figure 1, the projection of a single gyroscope measurement into the
s-frame is as follows:

s 8 qinws .
wy; Nig sin «; cos B
A L . )
wj = |Wy;| = | N sina;sin B (23)
W’ ng cos ;

zZ1l
As RIMU rotates, the projection of a single gyroscope measurement into the b-frame is
as follows:
w ng sin «; cos B;
wb = wb‘ = Cg ng sin o sin ﬁi (24)
w N lg COos &;
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Expand Equation (16), ignoring the higher-order minor terms, considering only the
constant errors, and the gyroscope measurement value can be obtained as

NS = B + ASHf o’ + i sign (wf ) W' — (85,05 + 05w + b (25)

ur-1

where )Lig hlg w?® is the measurement error caused by symmetric scale factor error (MESSEF),

W sign (wi )h °w?® is the measurement error caused by asymmetric scale factor error (MEASF),

and (55 ivf + 5§iuig ) w?® is the measurement error caused by installation error (MEIE).

It can be seen that the factors affecting the measurement accuracy of the gyroscope are
MESSE, MEASF, MEIE, and bias. As RIMU rotates, the projection of these errors into the
b-frame will change.

2.2.1. Gyroscope Bias Variation

When RIMU is rotated «; around the zs axis, and ap = 0, the projection of the
gyroscope bias into the b-frame is

b? sin«; cos B; cosay — b? sina; sin B; sinwg
Szi = b? sin &; cos fB; sin ocgl + b‘ig sina; sin B; cos o (26)
€ b cos a;

When RIMU is rotated ap around the x; axis, and a; = 0, the projection of the
gyroscope bias into the b-frame is

b 9 .
sgi b; sina; cos B;
SZI- = bf sina; sin B; cos ap + bf cos ; sinwp (27)
e —bf sina; sin B; sinap + big COS (; COS X

It can be seen from Equations (26) and (27) that if RIMU is rotated periodically around
one axis, the bias projected by the gyroscope on the other two axes can be completely
compensated. If the two axes are rotated alternately, the bias of a single gyroscope can be
completely compensated. Since the gyroscope model is a general model, the bias of all
gyroscopes in RIMU can be compensated by the dual-axis rotation.

2.2.2. Gyroscope MESSF Variation
The projection of gyroscope MESSF into the b-frame is

sl = COAS S WS (28)

Because the rotational angular rate of the turntable is much higher than that of the
Earth, the influence of the Earth’s rotational angular rate can be ignored. Thus, when
RRINS is stationary, the angular rate of RIMU is derived only from the rotational angular
rate of the turntable.

When RIMU is rotated «; around the zs axis, and ap = 0, the projection of the
gyroscope MESSF into the b-frame is

0
bo— cbASHSTHS
dwy; = C A h; b 0
&r
cos x sinw; cos B; — sina; sin «; sin B;
= )\,gﬁéz cosw; | sinaysing;cos B; + cosajsing; sin B;
cos i;

(29)



Micromachines 2023, 14, 351

8 of 22

When RIMU is rotated ap around the x;s axis, and «; = 0, the projection of the
gyroscope MESSF into the b-frame is

T %0

b _ ~b281,811,8

dwy; = CATh: B | 0
0

. (30)

sina; cos B;

= Algéco sina;cos B; | coswapsina;sin B; — sinap cos ;
sin xp sin &; sin B; 4 cos ap cos &;

/\‘f , &;, and B; are all constants. When the axis of rotation rotates at a constant speed, «;
and &g are also constants. Therefore, the MESSF of the other two non-rotational axes can be
completely compensated after one cycle of rotation. If the rotation is positive and negative
in the two rotation cycles, respectively, the MESSF of the rotation axis can be completely
compensated. In conclusion, the gyroscope MESSF can be completely compensated by
single-axis reciprocating rotation or dual-axis rotation.

2.2.3. Gyroscope MEASF Variation
The projection of gyroscope MEASF into the b-frame is

5“’;;11‘ = Chudsign (h?ws)h;ﬂhlgws (31)

When RIMU is rotated «; around the zs axis, and ap = 0, the projection of the
gyroscope MEASF into the b-frame is

0
(5wzi = Cbufsign (is cos txi)h;ﬂhf 0
aq
cos x sina; cos B; — sinag sin «; sin B;
= pfsign(aycosa;)aycosa; | sina;sina;cos B; + cosa; sina; sin B;
oS &;

(32)

When RIMU is rotated ap around the x; axis, and a; = 0, the projection of the
gyroscope MEASF into the b-frame is

x0
o T
éwzi = Chussign (ko sina;cos B;)hi kS | 0
0
. (33)
sin «; cos B;
= y;gsign (xo sina; cos B;)ap sinw;cos B; | cosap sina; sin f; — sinap cos ;
sin xp sin &; sin B; + cos ap cos &;

Similar to MESSF, the gyroscope MEASF of the other two non-rotational axes can
be completely compensated after one cycle of rotation. Because of the anti-symmetry of
the asymmetric scaling factor error, the MEASF continues to diverge in both positive and
negative rotation. Therefore, dual-axis rotation is required to compensate the gyroscope
MEASF completely.

2.2.4. Gyroscope MEIE Variation
The projection of gyroscope MEIE into the b-frame is

uvi ui”i viti

6l = —CuT (8508 + 65 )’ (34)
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Since h? ! (5g V5 4+ 08 ub ) is a constant matrix, the variation in the gyroscope MEIE

ui”'i vi”i

is the same as that of the gyroscope MESSF. The gyroscope MEIE can be completely
compensated by single-axis reciprocating rotation or dual-axis rotation.

2.3. Accelerometer Error Variation in Rotation

Expand Equation (17), ignoring the higher-order minor terms, considering only the
constant errors, and the accelerometer measurement value can be obtained as

NP = KIf + ATHF + plsign ( f;’)hyf - (5@«:;? n 5gju7) o+ b (35)

The factors affecting the measurement accuracy of accelerometer are MESSE, MEASE,
MEIE, and bias. As RIMU rotates, the projection of these errors into the b-frame will change.

2.3.1. Accelerometer Bias Variation

The bias variation in the accelerometer is the same as that of the gyroscope when
RIMU rotates. Therefore, the bias of all accelerometers in RIMU can be compensated by the
dual-axis rotation.

2.3.2. Accelerometer MESSF Variation

When RRINS is stationary, the specific force of RIMU is derived only from the Earth’s
gravity. Therefore, the projection of the accelerometer MESSF into the b-frame is

0
5fy; = CLofy; = MCImSTHIC; | O (36)
G

When RIMU is rotated a; around the z; axis, and ap = 0, Equation (36) can be
expanded as

cosaysinw;jcos f; — sinag sina; sin f;
Y N s ! Loy
‘Sﬁ\j = AjGcosa; | sinasina;jcos fj 4 cosay sina; sin f; (37)

Ccos DC]'

When RIMU is rotated ap around the x; axis, and a; = 0, Equation (36) can be

expanded as
sinap sin? a;sin B cos B + cos ap sina; cos a;j cos B;

2

/\;’G % sin 2xo (sin 03- sin? Bi — cos? rx]-) + cos2uap sina;j cos a;jsin B
sin? ap sin? a;sin® B + cos? ap cos? a; + sin2ap sin a;j cos a; sin B

(38)

Because of the presence of sin? ap and cos? xp, the MESSF in the zj, axis is always not
negative. Therefore, no matter how RIMU rotates, the projection of MESSF on z;, cannot be
compensated, but the projection of MESSF on x;, and y;, can be compensated.

2.3.3. Accelerometer MEASF Variation
The projection of the accelerometer MEASF into the b-frame is

0
ofy; = CLof,; = plsign ( f;)cgh;?Th]@c; g (39)



Micromachines 2023, 14, 351 10 of 22

When RIMU is rotated «; around the z; axis, and ap = 0, Equation (39) can be
expanded as
5]‘?[]- = pfsign(cos ;)G cosa;
cosaysina;jcos fj — sinaysina; sin f; (40)
sinajsina;cos f; + cosaysina;sin f;
cos &

When RIMU is rotated ap around the x; axis, and a;y = 0, Equation (39) can be
expanded as

5fzj = pjGsign(sin o sina;sin B; + cos ap cos a;)
sin aj cos B (sin ap sin & sin B; + cos ap cos &) (1)
(sinap sina; sin B; + cos ap cos ;) (cos ap sin & sin B; — sinap cos &)
(sinag sina; sin B + cos ap cos «;)

It can be seen that the accelerometer MEASF can be compensated on the x;, and
yp axes when the z; axis rotates at a constant speed. The accelerometer MEASF can be
compensated on the y;, and z; axes when the x; axis rotates at a constant speed. Therefore,
the accelerometer MEASF can be completely compensated by the dual-axis rotation.

2.3.4. Accelerometer MEIE Variation

The variation in the accelerometer MEIE is the same as that of the accelerometer
MESSE. Therefore, no matter how RIMU rotates, the projection of MEIE on z; cannot
be compensated.

3. Dual-Axis Rotation Scheme

It can be seen from Section 2 that the dual-axis rotation can compensate all the constant
errors of the gyroscopes and most of the constant errors of the accelerometers; thus, the
RRINS navigation accuracy can be improved. However, there are some problems in dual-
axis rotation, such as how to switch the rotation axis and how to reverse the reciprocating
rotation. Therefore, it is necessary to summarize the principle of rotation axis switching
and reciprocating rotation to provide a basis for the design of the rotation scheme.

3.1. Rotation Axis Switching Principle

In dual-axis rotation, if two axes rotate at the same time, the rotation motion of RIMU
will be complicated and its compensation effect will be destroyed. Therefore, a time-sharing
rotation scheme is generally adopted in dual-axis rotation; that is, there can only be one
axis rotation at a time. When to switch the rotation axis in a dual-axis time-sharing rotation
is a problem that needs to be solved.

Taking the bias of gyroscope in RIMU as an example, assuming that all rotation axes
rotate at a constant angular rate (), when one axis rotates for a cycle before the rotation of
the other axis, the error integral in b-frame is

2T T 2T
/ b dt = / (bzg sin a; cos B; cos (1t — b‘ig sin a; sin §; sin Qt) dt + / b;.g sin «; cos B;dt
0 0 T
2T T
/ €§idl‘ = / (blg sina; cos B; sin Ot + b;g sinw; sin 3; cos Qt) dt
0 0

2T (42)
+ / (b‘lg sin&; sin §; cos Qf + blg cos a; sin Qt) dt

T
2T T 2T
/ ebdt = / b? cos w;dt + / <—b§ sina; sin f; sin Ot + b‘ig COS &; COS Qt) dt
Jo Jo T

where T represents the cycle of a single rotation of 360°.
If the rotation axis is switched after the full-cycle rotation of an axis, the errors along
the rotation axis during the rotation will be accumulated and cannot be compensated. With



Micromachines 2023, 14, 351

11 0f 22

dual-axis rotation in this way, only the error in vy, is fully compensated. The direction of
the rotation axis in the b-frame should be changed to solve the error accumulation problem
of the rotation axis. To reverse the rotation axis, the rotation axis cannot be switched after a
full-cycle rotation of an axis, but after a half-cycle rotation (180°).

The rotation of two full cycles is divided into four half-cycle rotations. For the conve-
nience of analysis, the rotation of four stages is called 4-position, and the single stage is
called one position. The rotation angle of the rotation axis in one position is 180°. The four
stages of rotation are as follows.

Position 1: RIMU is rotated around z;, ap = 0, the conversion matrix from the s-frame
to the b-frame is

cosa; —sinay 0
C§1 = |sina; cosa; O (43)
0 0 1

Position 2: RIMU is rotated around x;, a; = 180, the conversion matrix from the
s-frame to the b-frame is

-1 0 0
ng =0 —cosap —sinap (44)
0 —sinap cosap

Position 3: RIMU is rotated around z5, ®p = 180, the conversion matrix from the
s-frame to the b-frame is

cosa; —sinay 0
Ccly = | —sina; —cosa; 0 (45)
0 0 -1

Position 4: RIMU is rotated around x5, ; = 0, the conversion matrix from the s-frame

to the b-frame is
1 0 0

C§4 = [0 cosap —sinap (46)
0 sinap cosap

Since a position rotates only 180°, the rotation axis of RIMU reverses, and the projection
of the uncompensated constant error of this axis in the s-frame reverses. Therefore, if the
period of each position is the same, the rotation axis error after the completion of the
4-position can be compensated.

According to the above analysis, the minimum rotation unit of dual-axis rotation is
specified as the one position, which refers to the rotation of 180°. The principle of the
rotation axis switching in dual-axis rotation is that the rotation axis should be switched
immediately after the one position (180°).

3.2. Reciprocating Rotation Principle

It can be seen from Section 2 that reciprocating rotation can compensate for more errors
than unidirectional rotation. Therefore, reciprocating rotation of an axis according to the
principle of symmetry is necessary. According to the principle of rotation axis switching,
there are two ways to switch the direction of the rotation axis: reverse after a full-cycle
rotation (360°) or a half-cycle rotation (180°) for the same rotation axis.

Taking the bias of gyroscope in RIMU 4-position rotation as an example, in the case of
reversing rotation after a full-cycle rotation, the error integral in x;, is

fOZT siidt = OT/2 (bf sin «; cos ; cos Ot — big sin a; sin B; sin Qt) dt
—l—fOT/2 (—b? sin &; cos ﬁi)dt

+fOT/2 {blg sina; cos B; cos(m — Q) — bf sina; sin B; sin(7r — Qt)} dt
+f0T/2 (bf sin &; cos ﬁi)dt

(47)
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The error integrals of blg sin a; sin B; sin ()t and b;g sin; sin B; sin(7t — () are not zeros
after rotating a 4-position. Reverse rotation is required in the next 4-position to fully
compensate the error in x;.

The error integral in y;, is

fOZT sbyl.dt = OT/Z (bf sina; cos B; sin Qt + bf sin a; sin B; cos Qt) dt

+foT/2 (_b;? sin a; sin B; cos ()t — blg Cos «; sin Qt)dt

+fOT/2 —bf sina; cos B; sin(rr — Q) — b sina; sin ; cos (7 — Qt)} dt

+f0T/2 b$ sina; sin B; cos(7 + Qt) — bf cos a; sin (7T + Qt)} dt

(48)

The error in y;, can be completely compensated after a 4-position rotation.
The error integral in z; is

JE b e = [T/ (b cos &; )dt

+f0T/2 (—blg sin g; sin B; sin Ot 4 b{g cosa; cos Qt) dt

+f0T/2 (—blg coszxi)dt

+fOT/2 [bf sina; sin B; sin(7t + Q) + b¥ cos a; cos (7T + Qt)] dt

(49)

The error integrals of b{ sina; sin B; sin QO and b sin a; sin ; sin(7 + Q) are not zeros
after rotating a 4-position. Reverse rotation is required in the next 4-position to fully
compensate the error in zy,.

Therefore, in the case of reversing rotation after a half-cycle rotation, the error com-
pensation in y;, only requires a 4-position, whereas the error compensation in x; and z,
requires two 4-positions.

In the case of reversing rotation after a half-cycle rotation, the error integral in x; is

fOZT el At = T/z (blg sin «; cos B; cos Qf — bf sin a; sin B; sin Qt) dt
—i—fOT/Z (—big sin a; cos ‘Bi)dt

(50)
—l-fT/z {bg sina; cos B; cos(7 + Qt) — bf sina; sin B; sin(7r + Qt)} dt
+fT/2 (bg sin a; cos B; )dt
The error in x;, can be completely compensated after a 4-position rotation.
The error integral in y;, is
2T b g
f dt (b sina; cos B; sin Ot + b sin &; sin ; cos Qt) dt
+f0T/2 (_big sin a; sin B; cos Ot — bi cos &; sin Qt) dt 51)
+f0T/2 —bf sina; cos B; sin(7r + Q) — b sina; sin B; cos(7 + Qt)} dt
+fOT/2 b$ sina; sin B; cos(w — Q) — bf cosa; sin(7 — Qt)} dt

The error integrals of b¢ sin a; cos B; sin QO and bf sin a; cos B; sin(7 + Q) are not zeros
after rotating a 4-position. Reverse rotation is required in the next 4-position to fully
compensate the error in ;.
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The error integral in z; is

fOZT sgidt _ 0T/2 (b;q cos zxi)dt

+f0T/2 (_blg sin a; sin B; sin Qf + b;g COS &; COS Qt) dt

+f0T/2 (—blg cosaci>dt

+fOT/2 [blg sina; sin B; sin(w — Qt) 4 bf cos a; cos (7 — Qt)} dt

(52)

The error in z; can be completely compensated after a 4-position rotation.

Therefore, in the case of reversing rotation after a half-cycle rotation, the error com-
pensation in x; and z; only requires a 4-position, whereas the error compensation in
requires two 4-positions.

The error in x; and zj, diverge longer using the method of rotation after a full-cycle
rotation, while y;, diverges longer using the method of reversing rotation after a half-
cycle rotation. In the global consideration, the reciprocating rotation principle is reversing
rotation after a half-cycle rotation.

3.3. Rotation Scheme Design

According to the rotation axis switching principle and the reciprocating rotation
principle, and considering the characteristics of RIMU errors, a 4-position dual-axis rotation
is constructed. In 4-position, the two axes rotate alternately and rotate in reverse after
half a cycle. The rotation axis switching after rotating 180° can make the accumulated
errors along the rotation axis cancel each other out according to the rotation axis switching
principle. The rotation axis rotates in reverse after rotating 180° and can compensate more
accumulated axial errors in a shorter time according to the reciprocating rotation principle.
However, the full-cycle rotation is not completed in a single direction, and the errors cannot
be completely compensated. Therefore, one more 4-position needs to be added to the
first 4-position. The second 4-position is the reverse process of the first 4-position, and
the two 4-positions constitute an 8-position, which realizes a full-cycle rotation in each
direction, and thus completely compensates the RIMU errors. The 8-position dual-axis
rotation scheme is shown in Figure 4.

ZsA Zoa
~ 1 ); Vs
S e
X % X <N
< g 2' — > X,
[ P
¥ ¥
Vs Yoo 4z v %

Figure 4. The 8-position dual-axis rotation scheme. Here, 1, 2, ... , and 8 represent the 1st, 2nd, ...,
and 8th rotation order respectively.

The 8-position can compensate for the RIMU errors to the greatest extent in theory.
However, the rotation axis control error in the actual system will lead to uneven rotation
speed. In addition, the rotation axis of the inner frame always rotates in the same direction
in the 8-positon, which will lead to the accumulation of errors and mechanical wear.
Therefore, one more 8-position needs to be added to the first 8-position; according to the
principle of symmetry, the two 8-position constitute a 16-position, as shown in Table 1.



Micromachines 2023, 14, 351 14 of 22
Table 1. The 16-position dual-axis rotation scheme.

. Rotation of RIMU Control of Turntable

Position Axis Angle Axis Angle
1 z +180° Inner +180°
2 X +180° Outer —180°
3 z +180° Inner +180°
4 x +180° Outer +180°
5 X +180° Outer +180°
6 z +180° Inner +180°
7 x +180° Outer —180°
8 z +180° Inner +180°
9 z —180° Inner —180°
10 x —180° Outer +180°
11 z —180° Inner —180°
12 X —180° Outer —180°
13 x —180° Outer —180°
14 z —180° Inner —180°
15 X —180° Outer +180°
16 z —180° Inner —180°

After RRINS are rotated according to the 16-position rotation scheme, the projection
of the RIMU constant errors in b-frame will become periodic. In the calculation of inertial
navigation, the constant errors of RIMU will be integrated. These periodical constant
errors will be cancelled out after the integration of a 16-position period, so as to realize the
real-time compensation of the constant errors in RIMU.

4. RRINS Prototype and Experiment
4.1. RRINS Prototype

As is shown in Figure 5, we designed a RRINS prototype consisting of a tetrahedron

RIMU and a dual-axis turntable.
|

Inner
Gimbal

Outer
Gimbal

Figure 5. RRINS prototype.

The RIMU in RRINS consisted of four fiber optic gyroscopes and four quartz ac-
celerometers, and the parameters of gyroscopes and accelerometers are shown in Table 2.
The configuration structure of sensors was tetrahedron, and the gyroscopes and accelerom-
eters were installed coaxially, as shown in Figure 6. Therefore, the configuration matrixes
of gyroscopes and accelerometers in RIMU are as follows:

0 0 -1
B —pg— | SN 0 cose 53)
sinacos B3 sinasinf3 cosa

sinwcos By sinasinfy cosa

where & = 70.53°, B3 = 120°, and B4 = 240°.
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Table 2. Parameters of gyroscopes and accelerometers in RIMU.
gy P
Parameter Gyroscope Accelerometer
Range —300 to + 300 °/s —20to+20g
Bias —10to+10°/h <3mg
Stability o

(4 in order) [0.0502, 0.0303, 0.0355, 0.0517] °/h [12.4,83,27.7,11.7] ug
Repeatability o

(4 in order) [0.0831, 0.0109, 0.0720, 0.0770] ° /h [5.7,5.8,74,5.1] ug

Scale Factor
Repeatability <50 ppm <30 ppm

Figure 6. Configuration structure of RIMU. Here, si indicates the ith group sensors (i = 1,2,3,4). The
group sensors include a gyroscope and accelerometer.

4.2. Simulation of Error Variation in Rotation

To demonstrate the correctness of the proposed dual-axis rotation scheme, the variation
in RIMU errors in rotation was simulated according to the tetrahedron RIMU configuration
of the RRINS prototype.

Due to the limitation of space, only one gyroscope error and accelerometer error were
simulated. Considering the universality, we chose the third gyroscope and accelerometer,
which are not parallel to the coordinate system axis, as the simulation objects.

The errors of the third gyroscope and accelerometer were as follows:

(1) Bias: b§ = 0.1°/h, b} = 50 pg.
(2) Symmetric scale factor error: )\§ = 50 ppm, A§ = 30 ppm.
(3) Asymmetric scale factor error: y‘g = 50 ppm, p5 = 30 ppm.

(4) Installation error: (5‘53 = 0y, = 107, 553 = 675 = 10",

The measurement values of the gyroscopes and accelerometers were integrated into the
calculation of inertial navigation, so the measurement errors diverged in the integration. In
the simulation, the proposed dual-axis rotation scheme was applied, and the measurement
errors caused by gyroscope and accelerometer errors in the b-frame were integrated. The
variations in the measurement errors in the rotation are shown in Figures 7 and 8.
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Figure 7. Integration of measurement errors caused by gyroscope errors in b-frame.
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Figure 8. Integration of measurement errors caused by accelerometer errors in b-frame.
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It can be seen from Figure 7 that the projection of measurement errors caused by
gyroscope errors in the b-frame were fully compensated after the 16-position rotation. The
bias and MEASF of the accelerometer were fully compensated based on Figure 8, but the
z-axis of MESSF and MEIE could not be compensated. The simulation results are consistent
with the analysis in Section 2. Therefore, it can be seen that the dual-axis rotation scheme
proposed in this paper is effective in compensating for the RIMU errors.

4.3. RIMU-Based and Traditional IMU-Based Navigation Simulation

Due to the redundant inertial sensor configuration of RIMU, the measurement data
could not be directly used for strapdown navigation calculation. Therefore, it was necessary
to use the weighted least squares method (WLS) to convert the redundant data of RIMU
into the triaxial data in s-frame, as follows:

w$ = (HSTWSHS) ' HSTWENS 1)
£ = (B TWH) HTWeN?

where W€ and W” are the WLS weights of the gyroscopes and accelerometers, respectively.

After obtaining the triaxial inertial data of the RIMU in the s-frame, the navigation
calculation could be carried out according to the traditional strapdown inertial navigation
calculation method. Because of the characteristics of redundant data in RIMU, choosing
appropriate W& and W*” can make the navigation accuracy of RIMU better than that of IMU
composed of the same level of inertial sensors.

4.3.1. Strapdown Navigation Simulation

The strapdown inertial navigation calculations of RIMU and IMU were simulated to
verify the superiority of RIMU redundant data. In the simulation, the inertial measurement
data of IMU and RIMU in the static state were simulated and used in the calculation of
inertial navigation. For the convenience of analysis, only the biases of gyroscopes and
accelerometers were simulated.

The errors of IMU are as follows:

(1) All gyroscopes in IMU have a bias: 0.1° /h.
(2) All accelerometers in IMU have a bias: 50 pg.

Due to the particularity of the tetrahedral configuration, if the biases of all gyroscopes
and accelerometers are the same, this will completely cancel out the biases, which is not
conducive to our analysis. In fact, the actual application of inertial sensors cannot have
exactly the same biases. Therefore, the bias of each sensor in RIMU was set to be slightly
different. The errors of RIMU were as follows:

(1) The biases of four gyroscopes in RIMU: 0.1°/h, 0.11° /h, 0.12° /h, 0.13° /h.
(2) The biases of four accelerometers in RIMU: 50 ug, 55 ug, 60 ug, 65 ug.

The strapdown navigation calculation of IMU and RIMU in the static state was carried
out, and the navigation errors are shown in Figure 9.

During 6000 s of navigation, the maximum velocity error of IMU was 3 m/s in both
eastward and northward directions. In contrast, the maximum eastward and northward
velocity errors of RIMU were 0.32 m/s and 0.18 m/s, respectively. The maximum position
error of IMU was 9 km in both longitude and latitude directions, and the maximum longi-
tude and latitude direction position errors of RIMU were 0.95 km and 0.55 km, respectively.
It can be seen that the navigation accuracy of RIMU is much better than that of IMU by
using the same level of inertial sensors.
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Figure 9. Strapdown navigation error comparison between IMU and RIMU. Here, év, is the eastward
velocity error, v, is the northward velocity error, dA is the longitude direction position error, and 6L

is the latitude direction position error.

4.3.2. Rotational Navigation Simulation

The proposed dual-axis rotation scheme was applied to the simulated IMU and RIMU,
and the navigation calculation of the rotating IMU and RIMU was carried out. The error
settings of IMU and RIMU were consistent with those of Section 4.3.1, and the navigation
errors are shown in Figure 10.
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Figure 10. Rotational navigation error comparison between IMU and RIMU.

After the proposed rotation scheme was applied, the velocity errors of IMU and RIMU
no longer diverged, but showed a trend of periodic change. However, the velocity error
fluctuation amplitudes of RIMU were much smaller than those of IMU. The fluctuation am-
plitudes of the eastward and northward velocity errors of IMU were 0.05m/s and 0.03 m/s,
while those of RIMU were 0.005 m/s and 0.003 m/s, respectively. The maximum longitude
and latitude direction position errors of IMU were 86 m and 69 m, while those of RIMU
were 5 m and 2 m, respectively. Therefore, RIMU-based RINS is superior to traditional
IMU-based RINS in performance. In addition, it can be seen from Figures 9 and 10 that the
velocity errors and position errors of the rotational IMU and RIMU were much smaller
than those of the strapdown IMU and RIMU.

4.4. Static Experiment
A static experiment was performed using the RRINS prototype to demonstrate the

improvement in RRINS navigation after applying the proposed dual-axis rotation scheme.
The experimental setup of the RRINS is shown in Figure 11, and the other parameters of

the experiment were as follows:

1 The RRINS remained stationary throughout the experiment.
2 Initial longitude: 116.668° E, latitude: 40.3554° N, height: 40 m.
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3  Initial velocity: 0.
4 Dual-axis rotation parameters: angular rate of rotation: 2°/s, one position period:
100 s (rotating 90 s and standing 10 s), 16-position period: 1600 s.

Computer

B -

Figure 11. RRINS experimental setup.

First, the turntable was controlled to keep the RIMU stationary for about 3 h for
strapdown navigation calculation. Then, the turntable was controlled to rotate the RIMU
according the proposed 16-position dual-axis rotation scheme for about 3 h, and the naviga-
tion calculation was performed. The whole experiment took about 6 h. After the experiment,
the navigation velocity was taken as the velocity error, and the comparison of the velocity
errors before and after rotation is shown in Figure 12a. The navigation position errors were
calculated by subtracting the initial position from the whole navigation position, and the
comparison of the position errors before and after rotation is shown in Figure 12b.
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Figure 12. Navigation errors before and after rotation.

In the strapdown navigation experiment, the absolute value of RRINS velocity error
in the east was up to 17.0 m/s, and velocity error in the north was up to 33.7 m/s. After
applying the proposed dual-axis rotation scheme, the maximum absolute velocity error in
the east was 2.65 m/s, and that in the north was 4.27 m/s. In terms of position errors, the
maximum absolute values of the longitude and latitude direction position errors were 69 km
and 192 km before rotation, respectively. After the rotation was performed, the maximum
absolute values of the longitude and latitude direction position errors were 9.6 km and
21.3 km, respectively. It can be seen that the velocity and position errors of RRINS in the
rotation case are much smaller than those in the strapdown case. After rotation, RRINS
navigation accuracy was improved several times, and the effect is relatively obvious.
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4.5. Dynamic Semi-Physical Simulation

To further demonstrate the comprehensive performance of the proposed system con-
struction method, a dynamic semi-physical simulation was performed. The vehicle motion
data collected by the research group before were examined, and the dynamic performance
of RRINS was simulated based on these actual vehicle data. A high-precision integrated
navigation system installed on the vehicle was responsible for collecting the angular rate,
acceleration, attitude, velocity, and position of the vehicle. The experimental vehicle is
shown in Figure 13.
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=
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Figure 13. Data acquisition of vehicle motion.

The angular rate and acceleration of vehicle are shown in Figure 14. The angular rate
and acceleration of the vehicle were converted to the RIMU s-frame using the attitude
conversion information, and the measurement data of the RIMU inertial sensors were
simulated. The settings of RIMU errors were the same as described in Section 4.3. The
navigation process of RIMU in the strapdown and rotation state was simulated, and the
navigation error comparison between strapdown and rotation RIMU in vehicle motion is
shown in Figure 15.
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Figure 14. Motion data of vehicle.
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Figure 15. Navigation error comparison between strapdown and rotation in vehicle motion.

The vehicle velocity and position collected by the high-precision integrated navigation
system are considered to be the true velocity and position of the vehicle. In less than 2500 s of
vehicle motion, the absolute value of strapdown RIMU velocity error in the east was up to
0.13 m/s, and velocity error in the north was up to 0.07 m/s. For rotation RIMU, the maximum
absolute velocity error in the east was 0.05 m/s, and that in the north was 0.02 m/s. It can be
seen from the position navigated by strapdown RIMU and rotation RIMU that the position
navigated by rotation RIMU was obviously closer to the true position than that navigated by
strapdown RIMU. The end point navigated by strapdown RIMU was 195 m from the real
end point, while that by rotation RIMU was 30 m. Therefore, the proposed dual-axis rotation
scheme in RRINS also has advantages in dynamic vehicle navigation.

5. Conclusions

To the best of our knowledge, this is the first study to develop a dual-axis rotation
scheme based on the RIMU error model in the RRINS. The general inertial sensor errors
and installation errors in RIMU were modeled and expressed in vector form. The variation
characteristics of gyroscope and accelerometer errors in RRINS rotation were analyzed in
detail based on the RIMU error model. On the basis of the characteristic analysis of error
variation, the principles of rotation axis switching and reciprocating rotation were summarized.
According to the rotation axis switching principle and the reciprocating rotation principle, and
considering the characteristics of RIMU errors, a 16-position dual-axis rotation scheme was
designed. The designed rotation scheme can effectively compensate the bias, installation error,
symmetric scale factor, and asymmetric scale factor error of gyroscopes and accelerometers in
RIMU in real time. Simulations and experiments were performed after the RRINS prototype
was constructed, and the results are summarized in Table 3.

Table 3. Results of simulations and experiments.

Object

Static Simulation Static Experiment Dynamic Semi-Physical Simulation

max|oA| max|JL| max|JA| max|éL| End Point Error
Strapdown IMU 9 km 9 km - - -
Rotation IMU 86 m 69 m - - -
Strapdown RIMU 0.95 km 0.55 km 69 km 192 km 195 m
Rotation RIMU 5m 2m 9.6 km 21.3 km 30m

The results of the simulations and experiments show that the position navigation
errors of RRINS were greatly reduced after the proposed method was applied, thus proving
the effectiveness and superiority of the proposed dual-axis rotation scheme.
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