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Abstract: The dual-axis rotational inertial navigation system
(INS) with dithered ring laser gyro (DRLG) is widely used in high
precision navigation. The major inertial sensor errors such as
drift errors of gyro and accelerometer can be averaged out, but
the G-sensitive drifts of laser gyro cannot be averaged out by in-
dexing. A 16-position rotational simulation experiment proves
the G-sensitive drift will affect the long-term navigation error for
the rotational INS quantitatively. The vibration coupling and
asymmetric structure of the DRLG are the main errors. A new
dithered mechanism and optimized DRLG is designed. The
validity and efficiency of the optimized design are conformed by
1 g sinusoidal vibration experiments. An optimized inertial measu-
rement unit (IMU) is formulated and measured experimentally.
Laboratory and vehicle experimental results show that the diver-
gence speed of longitude errors can be effectively slowed down
in the optimized IMU. In long term independent navigation, the
position accuracy of dual-axis rotational INS is improved close
to 50%, and the G-sensitive drifts of laser gyro in the optimized
IMU are less than 0.000 2 °/h. These results have important theo-
retical significance and practical value for improving the structu-
ral dynamic characteristics of DRLG INS, especially the high-
precision inertial system.
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1. Introduction

Strapdown inertial navigation system (INS) is the core in-
strument for precise guidance and attitude control of air-
craft, ships, submarines, spacecrafts, missiles, and others
[1,2]. In the INS, the attitude is measured by integrating
gyros, and the velocity and position are measured by in-
tegrating accelerometers. A small error generated by the
inertial sensor will be converted into a large navigation
error by integrating. Therefore, many methods are pro-
posed to reduce inertial sensor errors.
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On the basis of strapdown inertial navigation and rota-
tion technology, a new INS called rotational INS is pro-
posed [3,4]. In dual-axis rotational INS, the inertial mea-
surement unit (IMU) rotates around the azimuth axis and
the roll axis. The major inertial sensor errors, such as
constant gyro drift errors, constant accelerometer drift er-
rors, installation errors, and scale factor errors, will be avera-
ged out in every few minutes [5].

Many multi-position rotation schemes are proposed to
compensate the inertial sensor errors, such as the 8-posi-
tion scheme, the 16-position scheme, and the 64-position
scheme [6—8]. Kalman filters are performed to self-calib-
rate various gyro and accelerometer misalignments and
scale-factors in dual-axis rotational INS [9—12]. These er-
ror sources are observable because of the rotational mo-
tion. At the same time, rotation also brings some new
navigation errors [5]. Under the influence of gravity, the
gyro drift changes as IMU rotates up and down in inertial
space. The uncertainty error of the gyro drift caused by
rotation is defined as the G-sensitive drift. The G-sensi-
tive drift is difficult to calibrate accurately through the
precise turntable. In [13,14], self-calibration methods by
the Kalman filter were proposed to calibrate the G-sensi-
tive drift in dual-axis rotational INS. These methods can
compensate the G-sensitive drift, but the best technical
solution is to find out the source of error and control it.

The present paper is organized as follows. In Section 2,
the error propagation characteristics of the G-sensitive
drift in dual-axis rotational INS are quantitatively dis-
cussed. In Section 3, the error mechanism of the G-sensi-
tive drift is presented and the deformation law of cavity
optical path is given. In Section 4, based on the finite ele-
ment method, an optimized design of DRLG for dual-
axis rotational INS is analyzed. The validity and effi-
ciency of the optimized design will be confirmed by 1 g
sinusoidal vibration experiments. In Section 5, we com-
pare the existing structure and the optimized IMU with
the dual-axis rotational navigation experiments. Finally,
Section 6 presents the conclusions.
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2. Error propagation of the G-sensitive drift

Error propagation equations of the dual-axis rotational
INS are as follows:

P = (! + " )X P" + 60", — Cle”, )

" = f'xP" - Rl + ") X V'~
oW + ") X V" +5g" +CIV’, )
OF' = —w", X 51" + V", (3)

where n, b, i, and e represent the navigation frame, the
body frame, the inertia frame, and the earth frame res-
pectively. The superscript of a vector indicates the frame
to which the vector is projected. ¢", 6v", and 6r" are re-
spectively the phi-angle error (attitude error), the velo-
city error, and the position error. f” is the force vector
sensed by the space coordinate axis of the accelerometer;
g is the gravity; w is the angular rate vector sensed by the
space coordinate axis of the gyro; dw is the angular rate
error. The sign “x” means taking the cross product of the
two vectors; C7 is the direction cosine matrix; &” is the
gyroscope drift error; V is the accelerometer drift error.
The IMU errors in this paper include constant drifts, G-
sensitive drifts, scale factor errors and misalignment er-
rors. The IMU error model is given as follows:
& =b,+b/ +S,0% + MW, +v,, 4)

V' =b,+S.f+Mf +v,, (5)

where b, and b, are constant drifts; b/ is G-sensitive
drift; S, and S, are scale factor errors; M, and M are
misalignment errors; v, and v, are measurement noises.

The azimuth axis is defined as the U-axis (vertical rota-
tion axis) and the East axis is defined as the E-axis (hori-
zontal rotation axis). The rotation scheme adopts the 16-
position rotation scheme [7], as shown in Fig.1.
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(d) Rotation sequences 13—16

16-position rotation scheme

Based on the IMU error model, the average results of
the G-sensitive drift in dual-axis rotational INS can be di-
vided into Z-axis rotation and X-axis rotation. The G-sensi-
tive drift is as follows:

b, -sign(f")
bf =| b,-sign(f”) (6)

bz ' Sign(fhz)

+1, f>0
where sign(f?) = , by, by, and b, are con-
) -1, f*<0
stant drifts.

In the Z-axis rotation type with an angle of ¢, the in-
dexing mechanism rotation matrix can be written as

cosp 0 —sing
C = 0 1 0 . @)
sing 0 cosep

When the IMU rotates from 0° to 360° around the N-
axis, the G-sensitive drift is as follows:

cosp 0 —sing
[Torar= [ cpfa={"| 0 1 0
sing 0 cosyp
bl -sign(f**) 0
bl -sign(f?) |dt= 4
b’ - sign( %) 4l +4eh)

@®)

The results show that the dual-axis rotation does not
average the G-sensitive drift, but can be modulated to a
constant within » frames.

A simulation by the 16-position rotation scheme is car-
ried out to verify the theoretical analysis with the follow-
ing conditions [7]: (i) the initial latitude is N28.222°; (ii)
the rotation rate is 12 °/s; (iii) the stop time for each posi-
tion is 30 s; (iv) the G-sensitive drift is set as 0.000 5 °/h;
(v) the other errors are set as 0. The simulation results are
shown in Fig.2.

The results show that the G-sensitive drift of the laser
gyro is the main reason for the slope term of longitude er-
ror, and it increases linearly with time. When the G-sensi-
tive drift of the laser gyro is set as 0.000 5 °/h, the longi-
tude error increases to 0.42 nmiles during a 72 h inde-
pendent inertial navigation. Therefore, the G-sensitive
drift of the laser gyro is the main factor affecting the long
time navigation, in order to improve navigation accuracy,
the G-sensitive drift should be inhibited and compen-
sated.
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Fig. 2 Navigation error curves caused by the G-sensitive drift of
laser gyro

3. Error analysis of G-sensitive drift
3.1 DRLG sturcture

DRLG is mainly composed of the ring resonator and the
dither mechanism [15,16], as shown in Fig. 3. The ring
resonator is made of glass ceramics with a low expansion
coefficient, and the dither mechanism is mainly used to
suppress the lock region of the gyroscope [17,18]. A simpli-
fied cross-section view of the installation mode between
the glass cavity and the dither mechanism is shown in
Fig. 4. The design of this installation method is mainly to
control the influence of temperature on the shape change
of the gyro cavity. At area 4, a ring-shaped belt is used to
connect the glass cavity and the dithering mechanism.
Area B is the mounting area of the dithering mechanism
and the mounting case.

Path length control
transducer

Dithering mechanism

Glass cavity

Fig.3 Structure diagram of laser gyro
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Fig. 4 Simplified cross-section view of installation mode along the
X axis and the Z axis

3.2 Optical path deformation

In an ideal state, the spherical mirror and the planar mir-
ror have no motion. At this point, the optical path inside
the gyroscope passes through the hole and the central axis
of the aperture to form a closed optical path. The resona-
tor has the largest modal volume and the smallest cavity
loss, and the gyro is in the best working state. Due to the
asymmetric installation mode of the dither mechanism,
gravity or external vibration will be transferred to the op-
tical resonator through the dither mechanism when the
gyro or the IMU is flipped. The length or coplanarity of
the optical path and the position of the mirror will
change, resulting in the change of the length or coplanarity
of the cavity [19].

When spherical mirror or planar mirror is tilted, the
light path will change, as shown in Fig. 5.
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Fig. 5 Light change caused by light path variations
The total transformation matrix is as follows:

M = TLha]fXMm] XTL4XMm4XTL3X
Mm; X TLy, x Mm, X TL, )

where TL,, is the propagator matrix from aperture to
spherical mirror P,, Mm;, Mm,, Mm; and Mm, repres-
ent the transformation matrix of the grooved mirror in P,
P,, P; and P,, respectively, and TL,, TL,, TL; and TL,
express the propagator matrix of light transmitting in four
sides of quadrilateral cavity. When the matrix M is equal
to 1, the resonant optical path is self-consistent, that is,
the light propagates one circle in the resonant cavity and
then coincides. After the light propagates in the resonator
for one circle, the self-consistency of the optical path is
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where r,, r, are the distance from incident ray to the x
and the y axis respectively, r,” and r,” represent the de-
flection angle of the incident light from the optical axis.
By solving matrix equation (10), we can get the solution
tor,, r/, ry,and r,’.

In order to ensure that the laser gyro works in a single
mode state, a small diaphragm is usually set at the waist
position of the Gauss beam in the ring resonator (shown
in Fig. 5) to suppress the high-order transverse mode.
However, the actual optical path is often not ideal
through the center of the diaphragm. Fig. 6 is a schematic
diagram of the offset of the actual optical path at the dia-
phragm relative to the ideal optical axis, where x, and y,
represent the offset along the x -axis and y -axis respec-
tively.

-
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Fig. 6 Diagram of diaphragm and beam section

The diffractive loss of the diaphragm to the fundament-
al mode beam [20] is

oo =1— ﬂs a2,dxdy (11)

1 S SR Vs [ O
. \2/@ray L o3 oy
the normalized amplitude of light field, o, and o, are the
waist radii of Gaussian beam, and S is the aperture area
surrounded by the diaphragm.

When a gyro or an IMU is flipped, the effect of gravi-
ty or external vibration on the resonator causes the spheri-
cal or planar mirror to deform or tilt [21,22]. It can be
seen from (9) and (10) that the central position of the
Gaussian beam will also change. The diffraction loss at
the gyro diaphragm is changed and modulated. The ac-
curacy or performance of gyroscopes will vary slightly.
The reason for this change lies in the distortion of the
gyro cavity, which mainly depends on the installation and
connection mode of the gyro. From Fig. 4, we can see

where ay =

that the error source of the G-sensitive drift is the spatial
asymmetry of gyro structure and the connection mode
between the dithering mechanism and the laser cavity.

4. Optimization design of DRLG
4.1 Optimization analysis

An optimization scheme of the dither mechanism is given
in this section, as shown in Fig.7. A simplified cross-sec-
tion view of the installation mode between the glass cavi-
ty and the dither mechanism for the optimized structure is
shown in Fig. 8. The connection mode of the dither
mechanism and the cavity is mainly optimized. The con-
nection mode is symmetrical from top to bottom, which is
divided into 16 small contact surfaces to reduce the influ-
ence of temperature on the gyro cavity.

Fig. 8 Simplified cross-section view of installation mode for the
optimized structure

The ANSY'S software is used to analyze the static force
of the existing structure and the optimized structure [23].
A finite element model is established, and 1 g gravity is
applied on the gyro to compare and analyze the deforma-
tion of the cavity. Four typical nodes on the spherical
mirror and the planar mirror are selected to measure the
cavity size change of the existing structure and the optimiz-
ed structure. The deformation results under 1 g gravity
are shown in Fig. 9. The node deformation on the spheri-
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cal mirror and the planar mirror obtained by simulation is
substituted into (10) to calculate the change of the spot
center position at the aperture along the X-axis and the Y-
axis. According to (11), the diffraction loss of the resona-
tor can be calculated, and the optimized diffraction loss
can be reduced by 28% compared with the existing dif-
fraction loss.
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Fig. 9 Comparison of the deformation for the existing structure

and the optimized structure

4.2 Sinusoidal vibration test

In order to verify the design and simulation results, sinu-
soidal vibration tests are carried out. The experimental
apparatus of the sinusoidal vibration test is shown in
Fig.10. Firstly, the acceleration sensors are mounted on
the vibration table and the resonator cavity respectively.
Then, the dithered ring laser gyro (DRLG) and the vibra-
tion table are powered on, and 1 g sine excitation force is
imposed. Thirdly, we record the output amplitude of acce-
lerometers and DRLG. The accelerometer mounted on the
glass cavity is used to measure the acceleration response
of the structure. Experimental apparatus of the DLRG is
shown in Fig. 10.

Fig. 10 Acceleration response experiment for 1 g sinusoidal vibra-
tion input

Under the same test sequence, vibration tests are car-
ried out on the existing DRLG and the optimized DRLG.
The frequency range of the sinusoidal vibration test is 5 Hz
to 1 000 Hz. The measured acceleration response spec-
trum is shown in Fig. 11. The frequencies of point 1 and
point 2 of the existing DRLG correspond to the resonant
mode frequencies respectively. At these points, the ex-
ternal vibration will be amplified by structural resonance,
which will cause deformation of the cavity. For the op-
timized DRLG, there is almost no resonance amplifica-
tion on the glass cavity from 5 Hz to 1 000 Hz.
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Fig. 11  Acceleration response of the existing DRLG and optim-

ized DRLG for 1 g sinusoidal vibration

The outputs of the existing DRLG and the optimized
DRLG are recorded while sinusoidal vibration tests are
carried out. Firstly, let the gyros keep stationary for 120 s,
then start the sinusoidal vibration test, and the test time is
200 s. Then keep them stationary for 120 s. The outputs
of the two gyros are shown in Fig. 12. Sinusoidal vibra-
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tion test shows that the optimized DRLG has a better anti-
vibration capability and is more suitable for space re-
versal.

-1.5
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Time/s
----- : DRLG; — : Optimized DRLG.

Fig. 12 Outputs of the DRLG for sinusoidal vibration test

5. Experiment and discussion

Because G-sensitive drift is very small, it cannot be ac-
curately measured by turntable experiments, it can only
be verified by navigation experiments. Laboratory experi-
ments and vehicle experiments are carried out by using a
dual-axis rotational INS. A dual-axis rotational INS in-
cludes a dual-axis rotational IMU, power supply, and a
display and control panel as shown in Fig. 13. The 16-po-
sition rotation scheme presented in Section 2 is adopted.
The IMU contains three laser gyros (0.005 °/h) and three
quartz flexible accelerometers (10 pg) [14].

| Control
panel

Display

- ,jPower supply

Fig. 13 A dual-axis rotational INS

For comparison, two dual-axis rotational INSs are
manufactured which are defined as INS-A and INS-B.
The INS-A and INS-B have the same power supply, dis-

play and control panel. The IMU in the two INSs is
nearly the same except for the dither mechanism in the
DRLG. The three existing DRLGs are used in INS-A, and
the three optimized DRLGs are used in INS-B. Both the
laboratory experiments and the vehicle experiments are
performed with the same conditions.

Two groups of static tests are carried out in the labora-
tory tests, using 6 h of alignment and 120 h of static iner-
tial navigation respectively. The position errors of INS-A
and INS-B are shown in Fig. 14.
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Fig. 14 Comparison of navigation errors before and after suppres-
sion of the G-sensitive drift in laboratory experiment

The results show that suppressing the G-sensitive drift
can effectively reduce the divergence rate of longitude er-
ror. The maximum longitude error decreases from 1 nm
to 0.6 nm within 120 h, which verifies the analysis re-
sults in Section 2 and Section 3.

According to (8), we can conclude that the G-sensitive
drift of the optimized DRLG is less than 0.000 2 °/h.

Two sets of vehicle tests are carried out near 28.222° N.
Both tests involved 6 h of alignment and 120 h of naviga-
tion. The vehicle experiments are carried out on the same
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trajectories. The differential global position system (DG-
PS) information is used as the true value, and the longi-
tude and latitude errors of INS-A and INS-B are shown in
Fig. 15.
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Fig. 15 Comparison of longitude and latitude errors before and

after suppression of the G-sensitive drift in vehicle experiment

In the vehicle test, the longitude error is less than 0.4’
with the optimized DRLG, while the longitude error of
INS-A rapidly diverges with time for the existing DRLG.
We can conclude the navigation precision can be im-
proved by suppressing the G-sensitive drift. The residual
error of longitude is mainly caused by random walks.

In order to improve the reliability of the experiment,
we conduct the same three sets of experiments within a
period from May, 2020 to September, 2020. The experi-
ments’ results are listed in Table 1.

In Table 1, the longitude errors in INS-B are from
0.35” to 0.52’, and the longitude errors in INS-A are from
0.87’ to 1.23’, whereas, the mean value are 0.45" and 1’
respectively. And the latitude errors, east velocity errors
and north velocity errors in INS-A are similar with those
in INS-B. From the longitude errors in the laboratory ex-

periment, the vehicle experiment and the repetitive experi-
ment, we can conclude that the G-sensitive drift of the
optimized DRLG is less than 0.000 2 °/h. The navigation
results obtained by using the optimized DRLG are better
than those obtained by using the existing DRLG. This is
reasonable since the navigation experiments in INS-A
suppress the G-sensitive drift effectively. Hence, the op-
timized DRLG by changing the connection and installa-
tion mode in the dithering mechnisim to suppress the G-
sensitive drift is a clear improvement for dual-axis rota-
tional INS.

Table 1 Results of all sets of experiments

Experiment item Error item Group INS-A INS-B
1 0.21 0.19
East velocity error/ 2 025 0.24
(m/s) (1o)
3 0.27 0.20
1 0.25 0.21
North velocity
2 0.19 0.25
error/(m/s) (1o7)
Laboratory static 3 0.31 0.29
navigation (120 h) 1 0.92 0.51
Longitude
2 . .
error/(’) (Max) 087 035
3 1.06 0.42
1 0.35 0.30
1 ’
Latitude error/(”) 5 0.42 051
(Max)
3 0.45 0.37
1 0.41 0.31
East velocity 2 023 0.28
error/(m/s) (1o7)
3 0.28 0.35
1 0.31 0.18
North velocity
2 0.32 0.32
error/(m/s) (1o7)
Vehicle navigation 3 0.29 0.29
(120 h) 1 0.94 0.47
Longitude
2 . 4
error/(’) (Max) 098 043
3 1.23 0.52
) , 1 0.33 0.34
Latitude error/(”) ) 0.46 037
(Max)
0.38 0.45

6. Conclusions

In this paper, the G-sensitive drift of laser gyros is re-
searched by theoretical and simulation analysis. We find
that the G-sensitive drift cannot be averaged, and it will
cause a slope term of longitude error to increase linearly
with time, especially in long-term navigation. On this
basis, this paper points out the root cause of this error and
designs a new type of dithering mechanism and DRLG.
The results of laboratory and vehicle experiments show
that the divergence velocity of longitude error can be ef-
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fectively reduced by suppressing the G-sensitive drift.
The positioning accuracy of the existing DRLG dual-axis
rotational INS is improved by nearly 50%. Therefore, the
optimization method presented in this paper can be ap-
plied to the long-term navigation of various rotational
INS or other high-precision INSs.
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