Proceedings of the 2nd International Conference on Computer Science and Electronics Engineering (ICCSEE 2013)

Carrier-phaseDifferential GPS/INS Integrated Navigation System

Lu Zhang, Gongliu Yang

School of Instrumentation Science and Opto-electronics Engineering
Beihang University
Beijing, China
e-mail: lu_leehom@163.com, bhul7-yang@139.com

Abstract—According to high accuracy demand in the
measurement field, this paper designs a high precision inertial
measurement system by using DSP and ARM processor to
realize carrier-phase differential  GPS/INS integrated
navigation. This paper chooses Kalman filter to estimate the
systematic error, uses closed loop method to correct, and
carries out carrier-phase differential GPSINS data fusion.
Through manipulating actual measurement data, the
integrated navigation results indicate that position accuracy
reaches cm level; velocity accuracy reaches cm/s level and
attitude achieves high precision. The experiment proves the
feasibility and effectiveness of carrier-phase differential
GPS/INS integrated navigation system.

Keywords-Kalman filter, carrier-phase differential GPS,
GPS/INS integrated navigation, high precision

I INTRODUCTION

Carrier-phase differential GPS is a precise positioning
system which is commonly used in geodetic engineering [1].
However, there are some shortcomings. data frequency is
lower; the reliable baseline range is limited; signal will be
jammed and bring the cycle dip. INS (Inertial Navigation
System) has strong autonomy and can provide overal
parameters, but its error will accumulate over time [3].

Consequently, this paper designs a high precision inertial
measurement system by using ARM and DSP to redize
carrier-phase differential GPS/INS integrated navigation.
This system is able to fulfill the advantages of carrier-phase
differential GPS and INS, overcome their disadvantages,
improve the accuracy and performance [5]. This paper
discusses the systematic state model and observation model
deeply, uses Kalman filter to estimate systematic error,
chooses closed loop method to correct, and carries out
carrier-phase  differentiall  GPS/INS data fusion. By
manipulating actual measurement, integrated navigation
result indicates that the position error is cm level; velocity
error is cm/s level; and attitude achieves high precision, so it
proves the feasibility and effectiveness of the system.

II.  DESIGN OF CARRIER-PHASE DIFFERENTIAL GPS/INS

INTEGRATED NAVIGATION SYSTEM HARDWARE

A. System Structure

The system structure is shown as “Fig.1”.The system
consists of high-precision IMU (Inertial Measurement Unit)
which include three-axis laser gyroscopes and three-axis

accelerometers, navigation solver circuit board (board 1) and
data acquisition storage circuit board (board 2). Board 2 has
a Novatel L1/L2 GPS OEMV-1DF which is used as GPS
User Station. When working with GPS Reference Station
and transceiver, it can accomplish carrier-phase differential

positioning.
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Figurel. Integrate System Hardware Structure

B. System Workflow

The FPGA on board 1 acquires the signas of IMU’s
three-axis laser gyroscopes and three-axis accelerometers
signal. After A/D transforming it will get angular rates and
accelerations. And then the DSP on board 1 use the angular
rates data to calculate the attitude, and utilize the
accelerations data to calculate vel ocity and position.

The board 2 acquired carrier-phase differentia GPS
position and velocity results and sends them through RS-232
with the 1PPS seconds pulse signd to board 1. Board 1 using
the 1PPS solve the problem of clock synchronization and
then sends the IMU original data, INS calculation result and
integrated navigation result to Board 2 through RS-422, at
last save to SD card. Through the USB or LAN port on board
2, user can read the data saved on SD card to PC.

Il1. DESIGN OF CARRIER-PHASE DIFFERENTIAL GPS/INS

INTEGRATED NAVIGATION SYSTEM ALGORITHM

This paper selects Kalman filter to do the carrier-phase
differential GPS/INS integrated navigation data fusion, the
specific  implementation process as follows. Firstly,
determine the system state equation, observation equation
and the noise variance matrices. Secondly, discretize the
state and observation model, and then determine the filtering
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method. Thirdly, program Kaman filter, and caculate the
results.

A.  System State Equation

The system state equation of carrier-phase differential
GPS/INS integrated navigation is:

X(t)=F(t)X(t)+G(tW(t). (1)
Where: X (t)e R is 17 dimensions error state vector,
F(t)e R™ is system error matrix, W(t)e R’

is the

system noise vector, and G(t)e R is system noise matrix.

X(t) =[de. 0y, 4, 0Ve,0Ve, 0V, , 0L, 04,6h,¢, ¢, ¢,
VoV,.V,.6,6T 2

Where: E, N stand for east axis, north axis, and U is
vertical axis that is perpendicular withE,N ; ¢.,9,.4, are
atitude errors,  OV.,0V,,0V, are velocity errors;
6L,04,6h are position errors; ¢,,€,,€, are gyroscope
random drifts; V,,V .V, are accelerometer biases; &, is

GPS equivalent distance error caused by clock error; and
0, is GPS equivalent distance error caused by clock

frequency error.
F (t) can be determined by the INS error models [2] and
GPS error models.

w(t)=[

a,..,d.,,,

T
eXI ey gz’a)Vx’a)Vy'a)Vz’wf] (3)

Where:  @,,,®,,,0,, are gyroscope white noises;
Wy, Oy, %, A€ accelerometer white noises; @, is
equivalent clock frequency error white noise [6].

Ck;‘ 03><3 O3x1
03><3 Cl;‘ 03><1
G(t)I O 03 Oy (4)
03><3 03><3 03x1
03><3 |3><3 03b<1
0, 0, 1

1x3
Where: C]' is attitude transfer matrix.

B. System Observation Equation

The system observation eguation of carrier-phase
differential GPS/INS integrated navigation is:

Z(t)=H () X(t)+o(t). (5

Where: Z(t)e R® is 6 dimensions system observation

vector, H(t)e R* is the observation matrix, and
v(t)e R® isthe observation noise vector.

Z(t) =[6V., 8V, ,6L,62,6h] (6)

Where: 60V;,0V,,6L,04,6h are the residual errors of

INS and carrier-phase differential GPS, 6V =Vgs —V,

EGPS

é\/N =Vins —Viers - évu =Vuins —Vuees » oL= Lins — Lees »
= ﬂms _}‘GPS ,and sh= Pins = Neps -
H (t) =[0ss low Osel (7)

.

U(t):[UéVE’UévN’UévU’véL’Uzﬁ’véh] (8)

Where: vye, Vs, Usn, @€ velocity observation noises,
and vy, ,vs,, Vs, are position observation noises.

C. Kalman filter equation

Discretize system state equation (1) and observation
equation (5), we can get discretized system equation:

Xk = (Dk,k—lxk—l + 1—‘k—lvvk—l (9)
Z, =HX +V, (10)
The discretized Kalman filter equations are:

Xiker = P X (11)
Roka = q)k,k-la-lq)l,k-l + 1H|<-1Q|<-11—‘I-1 (12)
>A(k = )Zk/k—l +K, (Zk —H, Xk/k—l) (13)

R =FRoka— Pk/k—lH: (HkPk/k—lH: + Rk)_lHkPk/k—l
=(I _Kka)Pk/k—l (14)
Ke = Pk/k—lHl;r(HkPk/k—lH: + Rx)il (15)

The one step transition matrix of system state and the
system noise matrix can be gotten form the equations as
follows:

o, =Y [F(t)T] /n
I, z{gﬁ[': (tk)T]n_l}G(tk )T (17)

T isthe iteration cycle. In actual calculation, according
to the required accurecy the equation (16) and (17) are
limited.

(16)

IV. EXPRIMENT RESULTSAND ANALYSIS

In order to verify the availability of the agorithm in this
paper, static experiment has been done. The experimental
data come from the carrier-phase differentidl GPS/INS
integrated navigation system which is mentioned in part 11.
The GPS and INS technical indexes are: carrier-phase
differential GPS position accuracy is 1cm (RMS), velocity
accuracy is 0.03m/s (RMS) and sampling frequency is 20Hz.
Gyroscopes accuracy is 0.008°/ h, accel erometers accuracy
is 10 ug , and sampling frequency is 200Hz [4].The
experiment acquires data for 30 minutes. During the
experiment, GPS tracks satellitesin a good condition.

The velocity errors, position errors and attitude errors
calculated by INS are shown on the left side of Fig.2, Fig.3,
and Fig.4. While the velocity errors, position errors and
atitude errors caculated by carrier-phase differential
GPS/INS integrated navigation system are shown on the
right side of Fig.2, Fig.3, and Fig.4.
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Eastward Velocity Error Varition with Time by INS
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Figure2. Velocity errorsby INS and by carrier-phase differential GPS/INS

Latitude Error Varition with Time by INS
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Figure 3. Position errorsby INS and by carrier-phase differential GPS/INS

Pitch Angle Error Varition with Time by INS
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Figure4. Position errorsby INS and by carrier-phase differential GPS/INS

The left figures in Fig.2, Fig.3, and Fig.4 bring out the
velocity, position, attitude errors which are calculated by INS
accumulate over time. The reason why the vertical velocity
error and height error are not divergence is that the system
adopts the three-step damp method. Although the gyroscopes
and accelerometers are high precision, they can't ensure
accuracy in long endurance. However, the right figures in
Fig.2, Fig.3, and Fig4 show that the carrier-phase
differential GPS/INS integrated navigation system restrains
the errors divergence and gets a high precision result by

using Kaman filter to estimate systematic error, closed loop
method to correct. From Fig.2, we can know by using
carrier-phase differential GPS/INS data fusion the velocity
errors reduce one order of magnitude and reach cm/s level.
From Fig.3, we can find out position accuracy reach cm level
after integrated navigation. From Fig.4, we can be aware of
attitude errors also decrease one or two orders of magnitude.

In order to contrast more visuadly, the errors statistics
results including the expectation and variance of velocity,
position and attitude are listed in Table .
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TABLEI. THE ERRORS STATISTICSRESULTS
INS Carrier-phase DGPS/INS

Expectation Variance Expectation Variance

Eastward -0.05303 005172 | -0.0008657 | 0.003262
Velocity

Northward -0.01907 0.009895 | -0.003467 0.005626
Velocity

Vertica -0.009489 0.02626 -0.01117 0.02366
Velocity

Latitude -13.36 9.584 0.02103 0.01243

Longitude -28.67 35.23 0.01829 0.01645

Height -0.317 0.8379 -0.04865 0.09925

Pitch Angle 2,63 1.478 -0.02166 0.01515

Roll Angle 0.3827 1.014 0.009042 0.01513

Head Angle -5.926 2.395 -0.1318 0.01513

Table | shows 9 items errors statistic results of Carrier-
phase Differentid GPS/INS integrated navigation system are
better than INS, and the expectations show that the integrated
navigation system accuracy is far higher than the INS. This
experiment indicates the feasibility and effectiveness of the
system.

V. CONCLUSION

This paper designs a high precision inertia
measurement system to realize carrier-phase differential
GPS/INS integrated navigation which can fulfill the high
precision demand in the measurement field. The carrier-
phase differential GPS eliminates the most common error
through differential treatment can output higher precision
velacity and position information. Fully utilizing the high
precision velocity and position observation of carrier-phase
differential GPS can significantly improve the positioning
accuracy of the integrated navigation system. This paper

discusses the Kalman filter arithmetic deeply which is used
to carrier-phase differential GPS/INS data fusion. The static
experiment shows the integrated navigation arithmetic
restrains the errors divergence of INS and gets high
precision results that are velocity accuracy reach cm/s level,
position accuracy reach cm level and attitude accuracy is
also a high level. As a result, the carrier-phase differential
GPS/INS integrated navigation system has a very good
application prospect in high precision navigation and
measurement field.
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