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ABSTRACT

Nowadays, autonomous robots are capable of replacing people with hard work or in dangerous
environments, so this field is rapidly developing. One of the most important tasks in controlling
these robots is to determine its current position. The Global Positioning System (GPS) was originally
developed for military purposes but is now widely used for civilian purposes such as mapping, nav-
igation for land vehicles, marine, etc. However, GPS has some disadvantages like the update rate
is low or sometimes the satellites' signal is suspended. Another navigation system is the Inertial
Navigation System (INS) can allow you to determine position, velocity and attitude from the sub-
ject's status, like acceleration and rotation rate. Essentially, INS is a dead-reckoning system so it
has a huge cumulative error. An effective method is to integrate GPS with INS, in which the center
is a nonlinear estimator (e.g. the Extended Kalman filter) to determine the navigation error, from
which it can update the position the object more accurately. To improve even better accuracy, this
paper proposes new method which combines the original integrated GPS/INS with tri-axis rota-
tion angles estimation and velocity constraints. The experimental system is built on a low-cost IMU
with tri-axis gyroscope, accelerometer and magnetometer and a GPS module to verify the model
algorithm. Experiment results have shown that the rotation angles estimator helps us to determine
the Euler angles correctly, thereby increasing the quality of the position and velocity estimation. In
practice, the accuracy of roll and pitch angle is 2 degrees, the error of yaw angle is still large. The
achieved horizontal accuracy is 2m when the GPS signal is stable and 3m when the GPS signal is
lost in a short period. Compared with individual GPS, the error of the integrated system is about
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INTRODUCTION
For autonomous robots (such as USV, UAV, AUV,

etc.) to work in a stable and efficient manner, naviga-
tion is one of the most important issues to be aware of.
The Global Positioning System (GPS) was originally
developed for military purposes but is now widely
used for civilian purposes such as mapping, naviga-
tion for land vehicles, marine, etc. However, GPS
has some disadvantages like the update rate is low or
sometimes the satellites’ signal is suspended. Another
navigation system is the Inertial Navigation System
(INS) can allow you to determine position, velocity
and attitude from the subject’s status, like acceleration
and rotation rate. Essentially, INS is a dead-reckoning
system so it has a huge cumulative error. An effec-
tive method is to integrate GPS with INS, in which
the center is a nonlinear estimator (e.g. the Extended
Kalman filter) to determine the navigation error, from
which it can update the position the object more ac-
curately .

Depending on the “depth” of the interaction and for
the shared information between the GPS and INS, we

have some integration methods: uncoupled integra-
tion, loosely coupled (LC), tightly coupled (TC) and
deeply integrated . For uncoupled method, GPS out-
put is used as the “reset” signal for the INS. When
there is no GPS solution (position and velocity), the
integrated system uses INS to estimate. This method
has the simplest structure, but the system cannot es-
timate the sensor’s drift, so it is not commonly used.
In LC method, GPS solutions will be compared with
the inertial estimation in order to calculate the error
state of the object>*. In TC method the integration is
“deeper”, the raw measurements of the GPS (pseudo-
range and Doppler measurements) are directly com-
bined with the calculated INS estimation results in an
appropriate filter »°. Both LC and TC systems operate
in closed loop, i.e. position, velocity, attitude errors
and sensor’s drifts are fed back for the INS and GPS
to make a navigation correction. The loosely coupled
model is simpler than the tightly one. The structure of
tightly coupled model and deeply integration are very
complex, so we do not mention in this paper.

In estimating Euler angles, conventional INS sys-
tems use tri-axis angular rate to calculate these an-
gles. However, MEMS (Micro-Electro-Mechanical
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Systems) IMUs often have large disturbances, so their
errors often accumulate rapidly. The INS mechaniza-
tion method for update rotation angles is only avail-
able for a short period. In this paper we use a trian-
gular Euler angles estimator. The centerpiece of this
estimator is the two-stage Extended Kalman filter, us-
ing accelerometer and magnetic field values to correct
the angles evaluated using rotation rate®.

This paper introduces the building method of loosely
coupled GPS/INS integrated navigation system. The
Euler angles estimation and the velocity constraints
We use MAT-
LAB/Simulink software to simulate and analyze data.

are used to improve accuracy.

The experimental system is built on a low-cost IMU
with tri-axis gyroscope, accelerometer and magne-
tometer and a GPS module to verify the model al-
gorithm. The update rate of the integrated system is
equal to the INS rate of 100 Hz and the rate of GPS is
10 Hz. The data acquisition and processing system is
performed on an ARM Cortex-M4 microcontroller.

METHODOLOGY

Inertial navigation system
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Figure 1: INS mechanization in NED frame.

INS is a navigation system that uses tri-axis inertial
sensors (gyroscope, accelerometer and magnetome-
ter) to calculate the orientation and position of an
object. This system does not need an external ref-
erence, so it can continuously calculate without in-
terruption. In this paper, outputs of inertial sensors
are three components of the gyroscope, three com-
ponents of the accelerometer and three components
of the magnetometer in the body-frame, denoted by
f7, @, m® respectively. The Figure 1 describes the
. The INS uses ro-
tation rate and acceleration values from the IMU sen-

INS mechanization in NED frame?>

sor to update attitude, velocity and position by the fol-
lowing formula:

SI30
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In this formula, vector #* = [@ A h]” is the po-

sition vector, whose components are geographic lat-
itude, longitude and altitude (height) respectively.
Vector v" is the velocity vector in NED coordinate.
Matrix CZ is the direction cosine matrix (DCM, or ro-
tation matrix) from body-frame to NED frame. The
symbols @ and Q denote the angular rate and its skew
symmetric form, matrix D is the transition matrix

from NED frame to latitude, longitude and altitude:

M-+h 0 0
D=]| 0 (N+h).cosp 0 (2)
0 0 —1

Formula (1) is written in continuous form. In exper-
iment, we have to discretize it for simplicity in calcu-
lation. Because of this discretization, the update pro-
cess always has error. On the other hand, IMU sen-
sor has other types of error like bias and scale fac-
tor. Thus, the INS errors are rapidly accumulating.
To improve the accuracy of the navigation estima-
tion, we use a tri-axis Euler angles estimator®. It is
structured as a two-stage cascaded Extended Kalman
filter (Figure 2).
magnetic field measured from the IMU to correct

These filters use acceleration and

the Euler angles (roll, pitch and yaw). Precisely, first
the EKF-1 combines the gyroscope and accelerome-
ter measurements to calculate the Earth’s gravity vec-
tor in NED frame, and then it can determine roll and
pitch angles. Next, the EKF-2 uses the gyroscope,
magnetic field measurements and the determined roll
and pitch to calculate yaw angle. In experimental con-
ditions, the accuracy of roll and pitch is 1 degree and

accuracy of yaw angle is 3 degrees.

f b
'hk EKF-1 ( A"i)
“b
6’)}.\,71 3

b EKF-2

Figure 2: Diagramof the rotation angle estima-
tion.

Rotation rate and acceleration measurements can be
affected by noises such as deviation, scale factor, non-
orthogonality and some other types. Some types of
error can be identified and calibrated in the labora-
tory environment. Some types are unpredictable, and
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have to be modeled as random noise. In the above
factors, bias has the greatest effect on the measure-
ment value of the IMU. So we can model the remain-
ing types of noise (except bias) as white noise (denoted
by the symbol 1), we have the estimation equation:

f:f*baﬂLTla (3)

O=00—bg+1,
In (3), the symbols j?and @ are estimated values of
acceleration and angular velocity, f and @ are val-
ues measured from the IMU sensor, the symbol b is
the bias and 7 is the other types of noise (modeled as
white noise).

Loosely Coupled scheme

The loosely coupled model also referred to as “decen-
tralized” filtering, consists of two estimators. The first
one is a nonlinear estimator. It combines the INS es-
timation results with the GPS results to estimate the
position, velocity, attitude error and the IMU sensor’s
error. The second is the GPS filter. It uses the pseu-
dorange and Doppler measurement values from GPS
module to determine the position, velocity. Figure 3
shows the diagram of loosely coupled model.

In today’s GPS modules, there is usually a built-in GPS
data processor, which can calculate position, velocity
and some other information from GPS raw data. In
the LC model, position and velocity are fed into the
nonlinear filter. The filter used in this paper is the Ex-
tended Kalman filter, which is suitable for nonlinear
systems. Measurement values from IMU sensor (an-
gular rate and acceleration) after being computed us-
ing the Euler angles estimation and INS mechaniza-
tion, will be compared with the position and veloc-
ity of the GPS. The difference between two results is
used as the input of the EKF. The integrated system
works in closed loop, the estimated error values are
fed back to adjust the state of the INS system and to
compensate for the IMU measurements. This close-
loop model is suitable for MEMS IMU, which has
large disturbance.

The error state vector 0x of the EKF filter in this model
is composed of the position error 87", the velocity er-
ror 8v", the attitude error &, the acceleration bias er-
ror 8b, and the gyroscope bias error 8b,. Derive the
INS mechanization function and take the first order
elements >, we have the process model equation:
ox=Féx+Gu (4)

where:
For Fpy 03x3 03x3 03x3
Ey Eyy (f nx) CZL 033
F=|F, R —(a);;lx) 03,3 —CZ
033 033 033 —1/7 O3
033 033 033 033 —1/7p

033 033 033 0343

Cy 033 03,3 0343
G=|033 —C} 033 033| (6)

033 033 I3 0343

033 033 O3z D33

In matrix F, T, and Ty, are the correlation time vec-
tors of accelerometers and gyroscopes, determined
based on the Gauss-Markov model. The components
of vector u are white noises, with the covariance de-
termined by the formula:

Q:diagqqa ds  4ba ng]) Lq=22 (1)
In the above formula, ¢ is the standard deviation of
the Gauss-Markov noise. Matrix Q is called the spec-
tral density matrix and its component, respectively,
are covariance accelerometer, gyroscope, accelerom-
eter bias and gyroscope bias. These values can be de-
termined in the datasheet of the sensor°.

The measurement model of the EKF is the difference
of the INS results (position and velocity) and GPS re-

sults:
7 g
8z= leS fPS =H.6x+¢ (8)
% —
INS GPS

In the above equation, symbol € is the measurement
noise. Its covariance matrix R can be obtained from
GPS processing. The activation of the EKF is divided
into 2 stages: update and prediction. The Kalman gain
is computed first in the update stage. Then state vari-
ables (0x) and error covariance (P) are updated based
on prior estimates and its error covariance. After each
correction, the error state vector should be reset to
zero.

When there is a GPS outage, we can use velocity con-
straints (Figure 4) to estimate errors *. Vehicles essen-
tially move in forward direction. If the vehicle does
not jump off the ground nor slide on the ground, its
velocity in the axes perpendicular to the forward di-
rection (y-axis and z-axis) is almost zero. So we have
two velocity constraints:

{ vﬁ’,zO ©)

VQ%O

SIMULATION RESULTS

In simulation, we wuse FlightGear
software’ to create the data file and use MAT-
The GPS signal is
disturbed with noise to research about noise suppres-

simulation
LAB/Simulink to process it.

sion of the estimator. The standard deviation of noise
is 2.5 m in each horizontal axis and 5 m in vertical
axis. Simulations were made in two cases: with and
without the Euler angles estimator. We have the
(®pult Table 1:

From the above table, we can see that with the rotation

angles estimator, the results are better. The horizontal

SI31
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Figure 3: Loosely-coupled model with 15-state vector.

Table 1: Attitude, position and velocity errors

Error Without Euler angles estimation
Attitude 24.7 48.6 14.8
(r-p-y)

(degree)

Position 0.69 1.54 1.62
NED (m)

Velocity 1.80 3.46 4.61
NED (m/s)

With Euler angles estimation

2.0 2.0 2.0
0.43 0.47 2.99
0.05 0.05 0.04

accuracy is about 0.64 meters. The velocity error is
within 0.1 m/s. We can conclude that the estimator
has good filtering capability. Next, we will examine
the quality of the system when the GPS signal is lost
in intervals of 3, 5 and 10 seconds.

From Table 2, we can conclude that when there is a
GPS outage, the error of the system will be larger than
the normal case (GPS fix). In addition, if the GPS lost
time is longer, the horizontal error is larger. Using an
Euler angles estimator helps to make smaller errors.

EXPERIMENTAL RESULTS AND
DISCUSSION

Hardware development

We built an experimental system to verify the imple-
mented algorithm. The hardware (Figure 5) consists
of the IMU sensor ADIS16405 from Analog Devices®,
the GPS module from U-blox® and the microcon-
troller STM32F407 (ARM Cortex-M4) from STMi-
croelectronics 1.

The reference system is the GNSS/INS system from
Xsens Technology. The MTi-G-700'! can give rota-
tion angles estimate with a 1degree accuracy, position
error of 2 meters and velocity error of 0.05 m/s.

The update rate of INS and GPS are 100 Hz and 10

Hz, respectively. In each INS cycle of 10 milliseconds,

SI32

the STM32F407 microcontroller reads data from the
IMU sensor and the GPS module. Then update the
error estimator, using Extended Kalman filter algo-
rithm. Navigation data is sent to the computer via
COM/RS232 port or via SD card.

Results

For MEMS IMU sensors, the amplitude of its noise is
huge, so if we do not use the Euler angles estimator,
the result is bad, the attitude, position, velocity errors
are enormous. The estimated trajectory (red dots in
Figure 6) does not have the same shape with the ref-
erence one (black line). In contrast, when we use the
angles estimator, the errors are smaller, the accuracy
is higher. The horizontal error of our GPS/INS sys-
tem is 1.69 m, while the error of the individual GPS
system is 1.93 m. For this reason, the GPS/INS algo-
rithm can reduce over 10% of the error. On the other
hand, the update rate of GPS is only 10 Hz. The in-
tegrated GPS/INS update rate is 10 times larger (100
Hz). We can see the effective of high update rate in
Figure 6. Because the GPS has the low update rate
of 10 Hz, there are visible spaces between the green
dots (GPS-only). And if the vehicle moves very fast,
the GPS cannot describe the vehiclés trajectory accu-
rately. Differently, the blue dots (GPS/INS) approx-
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Table 2: Horizontal accuracy during GPS outages

GPS outage Without Euler angles estimation With Euler angles estimation
3 seconds 15.0 m 0.88 m
5 seconds 35.8 m 0.92 m
10 seconds 171.4 m 1.33m

i Sensor bias i Position
: ! Velocity
! | Attitude
e — v
! : Sx _ Position
! i INS Merchanization > Velocity
! INS module ' Ao
Extended
Kalman
Filter
Velocity constraints: v ~ 0,7 = 0
Figure 4: EKF with velocity constraints.
STM32F4 MCU | | Developed GPS/INS system
Xsens MTi-G-700
Reference system
Figure 5: GPS/INS system in experiments.
Table 3: Attitude, position and velocity errors
Error Without Euler angles estimation With Euler angles estimation
Attitude 70 29 83 1.31 1.07 16.7
(r-p-y)
(degree)
Position 11 7.7 313 1.58 0.58 4.42
NED (m)
Velocity 10 6.4 85 0.27 0.26 0.46
NED (m/s)
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Figure 6: Estimated 2D position.

imately form a continuous line. From the above re-
sults, it can be concluded that the angles estimator can
improve the accuracy of the navigation system and the
integrated GPS/INS system performs better than the
single GPS system (Table 3).

Next, assuming the GPS signal is lost for a period of 5
seconds, we will analyze the accuracy of implemented
GPS/INS system in cases with and without speed con-
straints. We will simulate GPS outages in two cases:
GPS lost in straight line and in curved line (Table 4).
From the above results, we can see in the normal case
of GPS fix, the velocity constraints can still reduce the
horizontal error of the system. When there is a GPS
outage, using speed constraints can either increase or
decrease the system’s accuracy. However, it restricts
the trajectory from divergence. The blue dots in Fig-
ures 7 and 8 can follow the reference trajectory, while
the red dots are diverging. Thus, velocity constraints
are also a tool that can improve the accuracy of the
integrated GPS/INS navigation system.

CONCLUSIONS

In this paper, we have implemented a loosely coupled
GPS/INS integrated navigation system. The main al-

Si34

gorithm in this system is the Extended Kalman filter.
We combined the EKF with Euler angles estimator
and velocity constraints to improve accuracy.

The rotation angles estimator helps us to determine
the Euler angles correctly, thereby increasing the
quality of the position and velocity estimation. In
practice, the accuracy of roll and pitch angle is 2 de-
grees, the error of yaw angle is still large.

The achieved horizontal accuracy is 2m when the GPS
signal is stable and 3m when the GPS signal is lost in
a short period. Compared with individual GPS, the
error of the integrated system is about 10% smaller.
In addition, the positive point of the GPS/INS is its
update rate reaches 100 Hz, which is 10 times larger
than the initial system. When there is a long-period
GPS outage, the LC algorithm’s result is very bad, so
we need to use the tightly coupled model. In the fu-
ture, we will research about this model, point out its
advantages and disadvantages, and compare with the
original model. After that, we will find the optimal

switching method between two models.
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Table 4: Horizontal accuracy when GPS lost, with and without velocity constraints

Horizontal error (m)

GPS fix 5 seconds GPS lost, 5 seconds GPS lost, curved
straight line line
Without velocity con- 1.69 2.23 2.60
straints
With  velocity con- 1.59 2.76 1.96
straints
Position 2D
+ GPS-INS without VC
1077315 ¢ ©  GPS-INS with VC
GPS-onky
—Referenced
10.77314
?
o 10.77313 |
@
=
2
£ 1077312
-
10.77311
10.77314
106 65988 106.6599 10665992 106.65994
Longitude {deg)
Figure 7: GPS outage - straight line.
Position 2D
10.77297 | +  GPS-INS withoul vc]
©  GPS-INS with VC
10.77296 | - GPS-only
— Referanced
10.77295 |
T 10.77204 |
2
LnTrzeaf
2
T 1077202
-
10.77201 |
10.7729
10.77289 |

106 66 10666002 106 66004 10666006 10666008 106.6601
Longitude (deg)

Figure 8: GPS outage - Curved line.
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ABBREVIATIONS

USV: Unmanned Surface Vehicle

UAV: Unmanned Aerial Vehicle

AUV: Autonomous Underwater Vehicle
GPS: Global Positioning System

INS: Inertial Navigation System
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LC: Loosely Coupled
TC: Tightly Coupled
EKEF: Extended Kalman Filter
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Xay dung hé théng dinh vi tich hop GPS/INS cho robot tu hanh

Tran Ngoc Huy'"", L& Manh Cam', Nguyén Thanh Nam?

TOM TAT

Cac loai robot tu hanh c6 kha ndng thay thé con ngudi lam nhing cong viéc ndng nhoc, & nhiing
mai trudng kho khan, nguy hiém, vi vay linh vuc nay hién dang rat phat trién. Mot trong nhimng van
dé quan trong trong viéc diéu khién cac loai robot tu hanh do la xac dinh vi tri hién tai cla robot.
Heé théng dinh vi toan cau (GPS) dugc st dung réng réi trong linh vuc nay, tuy nhién cé6 mot sé
nhugc diém nhu téc do cap nhat thap hodc déi khi mat tin hiéu tir cac vé tinh. Mot hé théng diéu
hudng khac la Hé théng dan dudng quén tinh (INS) c6 thé cho phép ta xac dinh vi tri, van téc va
gdc xoay clia robot. Tuy nhién, INS khi tinh todn sé lam sai s6 tich 10y theo thai gian. Mot phuong
phép hiéu qua la tich hgp GPS vai INS, trong do tréi tim clia hé théng la cdng cu udc tinh phi tuyén
(vi du: b6 loc Kalman mé& réng) tir dé c6 thé khac phuc duge khuyét diém clia hé thédng GPS va INS
so vé&i khi tich hap riéng ré. Bai bao nay gidi thiéu vé phuong phap tich hap léng GPS/INS, st dung
bé udc lugng goc xoay ba truc va rang budc van téc dé cai thién do chinh xac. Gidi thuat dugc thuc
nghiém kiém chuing trén cdm bién quan tinh gia ré gébm con quay hoi chuyén, cdm bién gia toc,
tU truong ba truc va cadm bién GPS. K&t qua cho théy sai s6 clia goc roll va pitch la 2 d6, sai s6 cla
gbc yaw van con Ién. Do chinh xac theo phuong ngang dat dugc [a 2m khi tin hiéu GPS 6n dinh
va 3 m khi tin hiéu GPS bi mat trong moét khodng thai gian ngan. So véi hé théng GPS riéng 18, sai
s6 clia hé thong tich hgp nhd hon khoang 10%.
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Use your smartphone to scan this
QR code and download this article

"Truidng Dai hoc Bdch khoa,
PHQG-HCM

’Phong Thi nghi¢m Trong diém Diéu
khién s6 va Ky thudt He thong,
DHQG-HCM

Lién hé

Tran Ngoc Huy, Trudng Dai hoc Bach khoa,
DPHQG-HCM

Email: tnhuy@hcmut.edu.vn

Lich st

e Ngay nhan: 15/10/2018

® Ngay chdp nhan: 25/12/2018
o Ngay dang: 31/12/2019

DOI : 10.32508/stdjet.v3iSI1.720

ﬁi’}ﬂ Check for updates

Ban quyén

© DHQG Tp.HCM. Dy la bai bdo cong bé
ma dugc phat hanh theo cac diéu khoan cuia
the Creative Commons Attribution 4.0
International license.

el Trich dan bai bao nay: Huy T N, Cam L M, Nam N T. Xay dung hé théng dinh vi tich hop GPS/INS cho
VNU-HCM Press robot tu hanh. Sci. Tech. Dev. J. - Eng. Tech.; 2(SI1):S129-SI37.

h

SI137



	GPS/INS Integrated Navigation System for Autonomous Robot
	Introduction
	Methodology  
	Inertial navigation system
	Loosely Coupled scheme

	Simulation results
	Experimental results and discussion  
	Hardware development
	Results

	Conclusions
	ACKNOWLEDGEMENT
	Conflict of interests
	Authors' contributions
	Abbreviations
	References


