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Abstract—A two-stage calibration of inertial micro-electro-
mechanical (MEMS) sensors is considered. In this paper, such
sensors are gyroscopes and accelerometers, oriented along
three orthogonal axes and placed in a single inertial
measurement module. The first stage of calibration is carried
out in the factory at the bench without linear overloads. The
second stage is implemented in a dynamic mode in a mobile
laboratory that provides linear overloads. At this stage, the
drifts of the sensor signals are estimated, as well as the skews of
their measuring axes, which remained after the factory
calibration. In addition, structural and parametric
identification of dynamic models of sensor signal drifts is
performed. Such models are used to compensate for the errors
of MEMS sensors in autonomous inertial navigation modes,
including the loss of satellite signals. The errors of MEMS
sensors in motion are estimated using information from the
reference inertial satellite navigation system and the extended
Kalman filter. The results of full-scale experiments are
analyzed.

Keywords—inertial navigation system, global navigation
satellite system, micro-electro-mechanical sensors, calibration,
extended Kalman filter.

. INTRODUCTION

The current state of onboard equipment of mobile objects
is characterized by the use of integrated inertial satellite
navigation systems (ISNS) [1]. In such ISNS global
navigation satellite systems (GNSS) provide high-precision
positioning, and inertial ones - the determination of the
angular orientation and redundancy of the GNSS in case of
failures. When limiting the size and mass of the ISNS,
inertial navigation systems (INS) should be built on the basis
of micro-electro-mechanical (MEMS) measuring modules. A
typical MEMS module includes [2]: a triad of orthogonally
placed gyros and a triad of orthogonally placed
accelerometers. INS-MEMS built on the basis of the
ADIS16488 measuring module developed by the Analog
Devices Co [3] is shown in Fig. 1. A digital signal processor
(DSP, see Fig. 1) based on the “OlinuXino A20 micro”
computing board with an adapter intended for matching the
SPI and UART interfaces.

It should be noted that inertial MEMS sensors have a
wide insensitivity zone and low accuracy. Taking account of
the above-mentioned features, INS-MEMSs must rely on the
GNSS which forms part of an ISNS. Moreover, the INS-
MEMSs cannot execute the initial alignment from attitude
angles in the autonomous mode. Because of this, the initial
alignment of INS-MEMS is realized from information
obtained from the GNSS or reference INS.

Taking into account the prospects of using small-sized
ISNS, as well as the capabilities of modern embedded
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computers, it seems expedient to develop analytical
approaches to improving the accuracy of MEMS sensors. At
the same time, when operating ISNS, the task is not only to
estimate the deterministic errors of MEMS sensors, but also
to identify dynamic models of their change.

DSP

ADIS16488

Fig. 1. INS-MEMS modules

Such models make it possible to maintain the required
accuracy characteristics of the ISNS in an autonomous
inertial mode when GNSS signals are lost. It should be noted
that during bench calibration, it is not possible to simulate
the dynamic modes of ISNS operation.

Traditionally [4] - [7] dynamic calibration of MEMS
sensors in motion is performed using position and velocity
data from GNSS. However, in this case, the errors of the
gyros have poor observability. Therefore, it is proposed to
use, in addition to velocity and positional parameters,
angular information from the reference more accurate ISNS.

The purpose of this paper is to study the calibration
procedures of MEMS sensors in motion along a given route
using information from the reference ISNS.

The quality of calibration of MEMS sensors is estimated
in post-processing of data recorded during a test trip along a
given route.

Il. FACTORY CALIBRATION OF MEMS SENSORS

At bench calibration of a MEMS sensors the vector of
errors, as a rule, includes [8], [9] systematic drifts of signals
of sensitive elements (SE): gyroscopes and accelerometers,
as well as angular deviations of the SE axes from an ideal
orthogonal trihedron. For example, for a gyroscopic module,
such a vector will have the form

x:[x;x;]T, 1)
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where X, =[A0)XA(oyA0)Z ] (2)
is the vector of systematic angular drifts of gyros;

T
X5 =|:8><y8><28yx8y282x82y] )
is the vector of gyro angular skews; ox, oy, oz are the axes of
the inertial measurement unit (IMU).

The calibration procedure is associated with the
formation of observations, when the bench rotates
sequentially around the axes ox, oy, oz. For example, when
rotating around the ox axis of the IMU, the observation will
have the form

T T
Zx :[wxmywz ]IMU _[wx 00]Bench' )
Observation (4) can be associated with the following model,

ZX =Hxx+.9,

1000, ®, 0 0 0 0
0100 0 o, 0, 0 0 :
0010 0 O

where H =
X

0 o, ®
¥ dimu

T . .
8:[AmwayAcoz Igency is the vector of errors in the

formation of reference angular velocities of rotation on the
bench.

During factory calibration, as a rule, bench errors are not
taken into account. Then the estimate of the error vector of
the inertial sensors X can be found using the least squares
method by solving the following equation

X=H ‘z | (5)

Xyz < xyz

T . T,T,T4T
] ’nyz:[zxzyzz]

where H  =[HITH HT
Xyz X y z

It is possible to increase the accuracy of estimating the
errors of inertial sensors by means of sequential modification
of the extended Kalman filter (EKF) [10]. In this case, the

unreliable operation of inverting the nyz matrix in equation

(5) is excluded, and random errors of the rotary bench are
also taken into account.

During bench calibration, it is not possible to perform the
following procedures:

«  estimation of the dynamic errors of the IMU arising
from the influence of linear overloads;

«  estimation of the dynamic errors of the IMU arising
from the complex effect of linear and angular jerks;

. identification of dynamic models of sensor errors;

o quality control of the performed calibrations.

Before testing in motion, the factory calibration
coefficients are stored in the INS-MEMS processor module.

I1l.  STRAPDOWN INERTIAL SATELLITE NAVIGATION
SYSTEM AS A REFERENCE OBJECT FOR CALIBRATING MEMS
SENSORS

Calibration of INS-MEMS sensors in motion can be
performed by interacting with the reference ISNS. To do this,
signals from inertial sensors of both systems, as well as
GNSS signals, must be synchronously recorded. In post-
processing, according to the registered data, the INS-MEMS
solves the problem of inertial navigation, and in the reference
ISNS, the problem of inertial-satellite navigation. In the
work under consideration, the SINS-500 system [11], shown
in Fig. 2, was used as a reference ISNS. The IMU of the
SINS-500 system is based on fiber-optic gyros and quartz
accelerometers. Fiber-optic gyros (FOG) were developed by
the “Optolink” RPC (Zelenograd). The presence of the built-
in flash-memory allows to develop the software and
mathematical support according to the registered data.

In the considered INS systems, the modes of initial
alignment and navigation are implemented. In the initial
alignment mode, the initial conditions for reckoning the
movement parameters are determined. The geodetic
coordinates of the point of the initial alignment are assumed
to be known. In ISNS, the approximate values of the initial
orientation angles are determined by the analytical
gyrocompassing method (AGC) [9]. This method is
implemented using the signals of the INS sensors: gyros and
accelerometers, which measure the projections of the
angular velocity vector of the Earth's rotation and the
acceleration of gravity on the IMU axes.

IMU-500

Satellite Receiver

Processor Assembly Module

Fig. 2. SINS-500 strapdown inertial satellite navigation system.

The refinement of the orientation angles after the AGC
mode, as well as the estimation of the instrumental drifts of
the sensors, can be performed in the mode of fine initial
alignment. This mode is implemented using observations of
geophysical invariants that are both computed from INS
information and “a priori” known. Typical are the invariants
associated with the unmoved base of the SINS, namely:

tj .
Zo( :t'{lc(-)r (1)®(r)dr—[0:0:0at 17; (6)

T T .
Zey = [oiriIins-ro 9% 1piA @)
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ZV(i) = [ngnvg](i)le- FOG )
where PIA stands for the position of the initial alignment;
0= [®X®y®Z]T is the vector of FOG output signals; Q is

the Earth's angular velocity; At; =t; —t;_; is an observation

step; C, is the direction cosine matrix that characterizes the
angular position of the IMU - fixed frame with respect to the
inertial frame; ¢, A are the geodetic latitude and longitude
of INS-FOG, which is the kernel of the ISNS;
V = [vévnvc]T is the vector of the relative velocity of IMU

motion, given by its components along the axes of the semi-
wander azimuth reference frame 0&ng [11].

The INS-MEMS initial alignment is carried out
according to the information of the INS-FOG.

Inertial-satellite navigation mode is implemented by
processing the following observations using EKF

T T .
Zey = oinlins - roc ~ 192 lonss ©)

T T
Zv(iy = Cl[VEVnVC]INS- FOG(i) ~ VeV ]GNss(i) (10)

where Cl is the direction cosine matrix that characterizes

the angular position of the reference frame o&ng with

respect to the geodetic frame oENH; h is the elevation with
respect to the Earth ellipsoid.

In the quaternion implementation of the reckoning
equations [11], the base vector of INS state includes errors
in the reckoning of components of the relative velocity
vector; errors in the reckoning of elements both of
navigation and of attitude parameters; angular drifts of
gyros, and biases of accelerometer signals.

IV. IN-MOTION CALIBRATION OF MEMS SENSORS

When calibrating inertial sensors in motion, skews of the
measuring axes of gyroscopes and accelerometers are
additionally included in the INS-MEMS base state vector.
Noise models of inertial sensors are formed so [8], [9] that
their structure is mapped to the general error equation of
INS

dx/dt=x(t)=A(t)x(t)+G(1)E(t),  (11)

where  A(t) = oF[Y (1)] /0| is the matrix of

Y (1) =Y s®

coefficients that characterize the dynamics of variation of
INS errors; &(t) is the vector of disturbances that affect the
INS; G(t) is the matrix of disturbance intensities; where Y(t)
is the motion parameter vector; YN (t) is the vector of

parameters formed by the INS by solving the basic
equations of inertial navigation. In general, these equations
are nonlinear [8], [9] namely:

YINS (t) = F[Y|NS (t)] + G(t)é(t) ; (12)

X(t) =Y st =Y () is the vector of INS errors.

For the INS under consideration, equations (12) are
presented in an expanded form in [2].

In calibration mode, the vector of INS-MEMS errors is
estimated with the EKF by processing the following
observations

T T .
Ze iy =loirihi Tins - mems —L2i% 0 Tisnss (13)

T T _
vy = [Vzgvnvg]ms- MEMS() ~ [VgVanLSNS(i)’ (14)

T T
Zs(y =vErIins-mems(iy TV I ignsiyr (19)

where  is the true heading angle, ¢ is the pitch angle, and
v is the roll angle of the IMU.

When implementing observation (15), it is assumed that
the mutual orientation of the inertial measurement modules
IMU-MEMS and IMU-ISNS is known. After calibration,
the angular misalignment values are stored in the INS-
MEMS processor module. In the navigation mode, as a rule,
only the basic INS-MEMS error vector is realized. The
systematic angular drifts of the gyros and the biases of the
accelerometer signals included in this vector have an
autocorrelated character. In general, such a process can be
described by the following equation

Ap(t)=Ap  (t)+&(L), (16)
where Ap (t) is a systematic drift; &(t)is a purely random
error with a Gaussian distribution, i.e. &(t) € N(0, 02) :

2 . . . .
O is the variance of the perturbation. The perturbation

&(t) can be considered as an input signal for the error
generation model.

In the process of calibration, it becomes necessary to
identify the parameters of the models of autocorrelated
Sensor errors.

Equation (16) can be associated with the exponential
correlation function

2 7|t|/Tp 17
K, (O =E[Ap)Ap(t-T )=0c e ) 17

where Tu is the correlation time of the inertial sensor error;

E [...] is the operator of mathematical expectation; pu = a is
the index indicating the accelerometer; p =g is the index
indicating the gyroscope.

The spectral density of process (17) has the form

® . 0 - |7| .
S(e) = | Ku(r)e_derz [o2e M e 9% =
52 2 2
—ZGuau/(aH+co ), (18)
1 H .
where a, =T—; j=+v-1; o is the frequency.
u



2021 International Seminar on Electron Devices Design and Production (SED)

Spectral densities of the input Sg () and output

SAH (o) signals in the inertial sensor model are related

with module of frequency transfer function by the following
ratio [12]:

)
San (0)=|W (jo)|” S¢ (o). (19)
For GE =1 the following relation is true

|W(j(0)|2 =2cs}21(1“/(0t12L o

). (20)

Taking into account relation (20), the transfer function in
the Laplace form will have the following expression

W (p)=y/202a, [(p+a, )=Au(p)/E(P). (21)

Hence, the equations describing the dynamics of errors
of inertial sensors in the time domain will have the form

Ap(t)z—auAu(t)+§(t)cu IZaH. (22)

Equation (22) is easily mapped to the general model of
INS errors (11)

X O=A O O+C O, @)

1
where A, (t) = -0y ; ap =_I_—; Gy (t) = opq/20y .
n

From expression (17) it follows that KH(O)zcﬁ.

Therefore, the identification problem can be reduced to
determining the parameter o in the model (17), which
minimizes the quadratic function

N 2 %2
F(a )= 3 [Ku(j) —oie " ’11° - min, (24)
p j=0 o
un
where K ... is the statistical correlation function,

n(j)
determined by the estimates >2j recorded during the

operation of the INS, namely:

. 1 N+k
Kugo= 7= 2 XXi_y: (25)
Ni=k+1
-~ . 1 N —
xI:xl—mX,mX:ﬁin,k:O, :

N is the number of retrospective samples of sensor signals;

T = jAt; At=t; —t; ,; t; are discrete moments in

time.

Differentiating function (24) with respect to @, and

equating the derivative to zero, we obtain

oF(a ) N N -0 T
L _ 2 noj
LR Sam T Fore ]
0
N -o T,
cirje Bloo. (26)

Considering that for sensors 0 < @, < 1 and the second

factor in equation (26) does not affect the solution, we can
write
N . N 2 - T,
- w 27
ZoKuy = Fpone @7)
From equation (27) with j = 0, the estimate of the
variance of the error is determined

2 A
ou = Ky (28)

Then the normalized correlation functions will have the
form

A

K .
— (29)
(-

For K. (i)

equivalent expression written in terms of the natural
logarithm function, namely:

> 0, equation (27) can be associated with an

N oL N
inr.=—a > 1.. (30)
j=0 J p j=0 J

Hence, the estimate a " of the parameter o " will have

the form

. N N
a =—2Inr. ST, (31)
u =0 j=0 1

The change in the sign of the experimental correlation
function (25) shows the inconsistency of the model (17)
with the real estimates of the errors of inertial sensors. This
discrepancy can be eliminated based on the following

procedures for adaptive identification of model parameters:

« identification based on a limited sample of estimates, at
which Ku(j) >0;

« correction of the structure of the correlation function
model, taking into account the presence of estimates for
which Ku(j) <0.

Correction of the structure of the correlation function
model can be performed on the basis of a combination of

transcendental  functions, in particular, using the
exponential-cosine function
K (t) = e a”H cosP t. (32)
0 0 0

It can be shown that the correlation function (32)
corresponds to the following spectral density:
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52a (b2 +032)
S(0) = £ b , (33)

4 2 2y 2 4
b™ +2(a” -
+ (otH Bu)m +m

where o =1/T ; b2
p p

_— +B2 ; T is the correlation
T H
time.

Taking into account expression (19), spectral density
(33) can be associated with a shaping filter with a transfer
function

2
ZGHaH(p +b) ~ Au(p)

2 2 '
p +2a”p+b E(p)

W(p) = (34)

Expression (34) corresponds to the following system of
equations in the time domain

AR(t) = An() +&(Mo,, 20 (35)

Ap(t):—bzAﬁ(t)—ZauAp(t)+

+§(t)(5u l20tH (b—20tu ).

These equations can be written in vector-matrix form

LAt L o N s, |
X, (1) A X, (1)

6, ®

(36)

In equations (35) and (36), parameter Ap(t) is an
auxiliary variable, and Ap (t) is the total sensor error. In
equations (35) and (36), the identified parameters oy and
Bu are determined by minimizing the quadratic function

N R _ .
F(a,B) = _ZO[K(J') ~c%e el COSB’cj]2 - miB (37)
I= a

at K, =K

() = Kupy s @ om s Pi=Pu

In the above problem, the parameters . and cﬁ are

determined by the experimental correlation function Ku(j)
exactly, namely:

A2 5 A
62 =R (0); B, = 05wy, (38)

where 1, is the value of the time interval for

B
which K(‘CB) =0.

The following approaches to solving problem (37) are
possible taking into account estimates (38):
o in the general case, through the decomposition of
transcendental functions in power series;

« through the function of the natural logarithm for the
sample of the estimates, for which K“(j) > 0, namely:

oF (a)

N A
% :2j§0(lnru(j)+mj —|nCOSBHTJ.)‘CJ. =0

n

From this equation, an estimate of the parameter &u is

obtained
6 \ | B Inf  ..)/ \
a, = gincosp s —Inf )/ 27y
N . Ca _R 2
where T = jAtj, At =t -t ] r“(j) Ku(j) /Gu'

A

After identification, parameters o,
included in equations (35) and (36).

In Fig. 3, typical results of the identification of
normalized correlation functions of the angular drift of one
of the gyros are shown, namely: for the function taken into

~ 2
, B ,and 6 are
i B

'
1 1
1 1
— t t

1 000 2000 3000 time, sec

Fig. 3. Results of identification of normalized correlation
functions.

account in the model, m; for the function computed from

experimental data, re; for the function obtained either by the
exponential approximation, ra; , or by the exponential

cosine approximation, ra, .

V. ANALYSIS OF THE RESULTS OF STUDIES

Experiments have been carried out under terrestrial
conditions when the necessary equipment was housed in a
mobile laboratory. The timing diagram of operation of the
SINS-500 and INS-MEMS systems included the following
stages: initial alignment by the AGC method (t = 0+270sec);
fine initial alignment using invariants and EKF (t =
270+740sec), and a navigation mode (t >740sec).

In the structure of the ISNS, the basic SINS-500 system
operates in the indicator mode [13]. In this mode, error
estimates are compensated in the output signals of the SINS.
The use of smoothed data from the corrected SINS allows
continuous estimation of MEMS sensor errors during the
calibration process. In addition, in the SINS-500 system,
monitoring and protection of the information integrity of
inertial satellite observations is carried out [14].

Fig. 4 shows the circular positional error AS of the
basic SINS-500 system in inertial satellite mode, where
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2 .2 .
AS:,/8¢+SX , (39)

8¢ =(?ns ~Ponss IR

81 =(h s ~* gnss ) RCOSP s

R is the value of the radius vector of ISNS position.

The value of parameter (39) is taken as a quality
criterion for the calibration, which is performed iteratively
using the recorded data.

AS , meters

time, sec

Fig. 4. Circular position error of the basic SINS-500 system in
inertial satellite mode.

Fig. 5 shows the circular positional error of the INS-
MEMS in the inertial mode after pre-calibration under
stationary conditions.

AS , meters

time, sec

Fig. 5. Circular position error of the INS-MEMS in inertial mode
after pre-calibration under stationary conditions.

Fig. 6 shows the INS-MEMS circular positional error in

inertial mode after pre-calibration under stationary
conditions and in motion.
AS , meters
i
3 ’

1000 1200 140 1600 180 2000 2 2400 2600 m 3000 kr. | 14
time, sec

Fig. 6. Circular position error of the INS-MEMS in inertial mode
after pre-calibration under stationary conditions and in motion.

It can be seen that after calibration in the dynamic mode,
the circular positional error of the INS-MEMS decreased by
an order of magnitude. It should be noted that the results
were obtained without taking into account the thermal drifts
of the MEMS sensors.

CONCLUSIONS

The conducted studies have shown the feasibility of
performing a combined ground-onboard calibration of
inertial measuring modules based on MEMS sensors. The
proposed technology for such a calibration is based on the
use of a reference inertial-satellite navigation system and the
mathematical apparatus of the EKF. In addition, in the
process of dynamic calibration, the structural and parametric
identification of the error models of MEMS sensors, which
are necessary for integration with the GNSS, can also be
performed. In practice, the information from the reference
ISNS can be used to calibrate several measurement modules
based on MEMS sensors.

REFERENCES

[1] A. Noureldin, T. Karamat, and J. Georgy, Fundamentals of Inertial
Navigation, Satellite-based Positioning and their Integration.
Heidelberg: Springer-Verlag, 2013.

[2] A. Chernodarov, O. Khalyutina, and A. Patrikeev, “Monitoring and
Optimization of the Structure of a Navigation System on a Set of
MEMS Sensors,” IEEE International Seminar on Electron Devices
Design and Production, SED-2019, Proc. s232, pp. 1-6, Prague, Apr.

23-24 2019.
[3] The Analog Devices website. ADIS16488A. Tactical Grade, Ten
Degrees of Freedom Inertial Sensor. [Online]. Available:

http://www.analog.com/ , 2018.

[4] X.Li,and Z. Li, “Vector-Aided In-Field Calibration Method for Low-
End MEMS Gyros in Attitude and Heading Reference Systems,”
IEEE Trans. Instrum. Meas., vol. 63, no. 11, pp. 2675-2681, Nov.
2014.

[5] S. Zihajehzadeh, T. Lee, J. Lee, R. Hoskinson, and E. Park,
“Integration of MEMS Inertial and Pressure Sensors for Vertical
Trajectory Determination,” IEEE Trans. Instrum. Meas., vol. 64, no.
3, pp. 804-814, Mar. 2015.

[6] Y. Stebler, S. Guerrier, and J. Skaloud, “An Approach for Observing
and Modeling Errors in MEMS-Based Inertial Sensors Under Vehicle
Dynamic,” IEEE Trans. Instrum. Meas., vol. 64, no. 11, pp. 2926—
2936, Nov. 2015.

[7] D. Wang, Y. Dong, Z. Li, Q. Li, and J. Wu, “Constrained MEMS-
Based GNSS/INS Tightly Coupled System with Robust Kalman Filter
for Accurate Land Vehicular Navigation,” IEEE Trans. Instrum.
Meas., vol. 69, no. 7, pp. 5138-5148, Jul. 2020.

[8] R. Rogers, Applied Mathematics in Integrated Navigation Systems.
Second Edition. AIAA, Reston, 2003.

[9] D. Titterton, and J. Weston, Strapdown Inertial Navigation
Technology. Second Edition. Progress in Astronautics and
Aeronautics Series, vol. 207. AIAA, Reston, 2004.

[10] P. Maybeck, Stochastic Models, Estimation and Control. New York:
Academic Press, vol. 2, 1982.

[11] A. Chernodarov, A. Patrikeev, Yu. Korkishko, V.Fedorov, and S.
Perelyaev, “Software Seminatural Development for FOG Inertial
Satellite Navigation System SINS-500,” Gyroscopy and Navigation,
vol. 4, pp. 330 -340, 2010.

[12] V. Pugachev, Stochastic Differential Systems. Analysis and Filtering.
New York: John Wiley, 1987.

[13] A. Chernodarov, “Identification and an Inverse Filtering Problem”,
18th IFAC Symposium on System ldentification, IFAC Papers On
Line, 51(15), pp. 66-71, 2018.

[14] A. Chernodarov, “Monitoring and Adaptive Robust Protection of the
Integrity of Inertial Satellite Observations,” 27th Saint Petersburg
International Conference on Integrated Navigation Systems, ICINS
2020, 9133946.



