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Design and Construction of Free Gyro IMU Using MEMS Accelerometers
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ABSTRACT

Because of the high cost of mechanical and optical gyroscopes, in recent years the low cost measurement systems based
on Micro Electro Mechanical sensor (MEMS) are widely used. These systems often are integrated with radio navigation
to achieve the required accuracy. MEMS gyroscopes suffer some problems like large drift and acoustic sensitivity,
compare with MEMS accelerometers. So the design of low cost inertial measurement system without using the
gyroscope, and based on a suitable geometry configuration of accelerometers is considered in literature in recent years.
The goal of this research is to design and manufacture of such free gyroscope measurement unit. For this purpose, first
an appropriate geometry configuration of accelerometer is proposed then the mathematical relationship between the
output of linear accelerometers and linear and revolving acceleration of the center of mass of the structure is derived
and then the angular velocities are estimated. The proposed free gyroscope IMU is constructed using the ADXL345
accelerometers as sensors and the ARM-LPC1768 microcontroller as processing unit. The experimental results using a
rotating table as reference are gathered in the Lab. The results show the suitable performance of the measurements unit.

Keywords: Free Gyro Inertial Measurement Unit, MEMS Accelerometer, LS Estimation Algorithm.
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1- Gyro Free Inertial Measurement Unit (GF-IMU)
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1- Gyroscope
2- Proper Acceleration
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4- Mathematica

1- Recursive least square(RLS)
2- Condition number
3- Geometric Dilution Of Precision



Lon i e 53y Al alElef] Joo :(8) S
= oddcwal gl 03lgs als glaosls £ S o

Slasb Yo ol gley sl s =Sesll Ssb el s,
Z Sz yo Sld 0gd o 000 axilinz .l 0als ools L
Lovwgie Jloanl cdls o ail oo adl> Olis sgu> o
Last 5l Ll sl yao sga csls [0 JUIS g0y LS
O 9y 09 il oyl (6006 Ssb a5 (5,150 jue a5
S e Wb (0 7 6yl Z jeme g el 13
ol Syrgiy S JUS 55 53 Ui 5l (S sS (sloeilys

X Acceleration

2
0
2 i
-4 . : : : .
0o 5 10 15 20 25 30
Y Acceleration
T

2 T T T T

0

2L i

4 c c c c c

9 5 10 15 20 25 30

Z Acceleration
T

(m/s?)

(misd

15
“‘(\é 10 oy ‘ VAt Ao
5 -
0 c c c c c
o 5 10 15 20 25 30
Time(s.)
X Acceleration
2 4
«
£ o
L WMMWWWW
20 4
c c : : :
o] 5 10 15 20 25 30
Y Acceleration
2 o
“—
2 0
E
20 4
c c : : :
o] 5 10 15 20 25 30
Z Acceleration
o T
< 5P
«©
E 10 et o Lo
15 c c ¢ c c
o] 5 10 15 20 25 30
Time(s.)

(b)
Al aw mawolis ¥l Jols als glaosls :(F) S

L 38 sl Slasein golpiin Lol o)) elaea,
D-f] e aolie jo oad @) sla,bisle s 5l S

Lol 00 ds oo

ol oad @l Cangn 0 bgane Sy cpl 5l (S

ssbar Luly) a)lisle ol 4S8 el oo ounlive axliy
5 Sl iS5l Oppen ol Gl tsy Bl L S
Jaie byl o GDOP(J) 3 &(J) oads byre slolins
Sz A Cwl 534y p3Y ol golpriag LSl 5l s
@y oSS oyl e cwaie olul bo,lisle ol awslie

. L
sl 00l a8 3 a3 E:l Jsb

bl s -0

2 &S sbolen ¥ S )5 (goleidny sie,Sy 5 Jlsle
oo (5 )5 cpuiile poinagll i 5l oo sols las B S
9 ADXL345 o) somodn slogwcolis 5l colatul L g
5 Judow ool cidlye 5 Jlo)l o> ARM oxjls
033198 31 6,10 paiges oy el oals axslu day)] ijle p
3 oo,S eolaiwl Ojae 0 a5 0og bl of0) miwolis

ablion 5 lS BB S (Ll JUIS

S, gl alislesT Jow (F) JSi
lagiwolis

39 0 S 63, Lol e mSoshadl Ssl e
ety Jloel s 08 a5 B S & g0t ( 2Eisle 3T sl
B adbge s Sl 53 S e Ojgoh atin lal;
So sl eolewl Ly as 5 slasely o (29,5 e o0
osliinl 3 50 @ o JLSKow Olgrear 595 oo (5 550l ST
By 0 )13



(& =S o3l Sl glasgly s dmloe g dnlsl o
s bl alasd o )0 bagw il (g 5 5l o
Sy slgly e s 565 il lo awnnS (5,5 IS

-~ <°
XG Acceleration
2 : : T T T
~ 1F g
N
9@
Ey
1 : : r r r
0 5 10 15 20 25 30
YG Acceleration
1 . . v v v
<«
92
S
£

ZG Acceleration
0 T T T T T
~ 5 1
N
€2
E 1 + . Vi ety oy
15 : : r r r
0 5 10 15 20 25 30
Time(s.)
oo [0 ceSo e S L';L:"’ slols (V) J&w
Angular acceleration
30~
i
L
k=]
S

-30
o

c c . : c :
5 10 15 20 25 30
Time(s.)

Z j57e Joo sl augly bid (M) JSb

VSD 50 e 2357 9o bl )0 langly e

dwlo glangly e s (Sl o sl ouls solo lis
Slaosly e b (sl (6 =Sojlanl Sg by lavgs oals
cmlie B 285 000t 4 o dslie Sb 255
dmedoan a5 S B il e slassly oy 6 T o3l
o drnle lygly Cu p Adlgn (B2 e i (S
s oS s JEle Sl s (g yeS0jluil Ssby Lags

X Acceleration
T

2 i
«
20
E el ™ oA
2+ -
: c c c c
0 5 10 15 20 25 30
Y Acceleration
T
2 i
<
2 0
g WWWWWMMWWMWW
2L i
: c c r .
0 5 10 15 20 25 30
Z Acceleration
15 T
< lOr » NP APPRORUSN PRV Y M g b
@2
E | ]
¢} r : : c .
0 5 10 15 20 25 30
Time(s.)
(©
X Acceleration
T
2 N
«—
2 0
€ WWWWWWW
2 1
L r r r r
0 5 10 15 20 25 30
Y Acceleration
T
2 -
“«—
2 0
2 %MMMWWW
2 i
: c c r :
0 5 10 15 20 25 30
Z Acceleration
15
(\2 lOW Lpitqiert o yrondn ‘V‘TW‘YAV“K"YJVAVWAVIIVAWVI‘”A .'.u.' il "AA
E ol |
0 : c c c :
0 5 10 15 20 25 30

Time(s.)
(d)
Al aw mawolis 5l Jols sl glaosls:(£) JSC anlol

ol ¥ Ss o 0alds gzl il (YO) alaly 5l Sl ye o e
clis Jolaalse 0g-i oo 000 dssliz ol ouls oold
o=l eSile A lin 5100, 5 o canline Z JUIS o adl>
L 0og 95w Sl 50 ez 45 Lolgd o Lol
uul_:l.s u‘)_..o U‘j_'kfn 44\)[.‘> uL‘.w 0 4....»[.7:& ‘_QLDA.OJB.A
Al |y oyl (6 S oslail SToly o bl an Joleo

el 00l ools lid ) Jgaz ;0 sy opl bl ogad

S p)l50 iy wolid Jolae Gubl (V) Jouz

A3l
X j97e Y 97 Z )y
\Al Yo orf




\Al

Iy CmByn dwlre oo, sllas (YY) dow alal)
ey iy s [B B, b, Lackis bl caws
[a] ses o sy [d, d, dz]T slasl

] [b J o dod o
y :E by t2+g dz 0 _dx 0 t3
z b, ~d, d, 0 ||-g Y

iy ) Jgaa ©jgotn ba bl polie (385 Sl o L
Cddy Cebs py azyd Vel L) slagsl; slacee
BB e wlgi o )5 51 (sl 0 a5 e

e

S 7S Al -

st alobs oyShee 05 5 (Bpme jl amy dllie cnl 5o
5 5ol Al mwolld K S gl o 4 oy
Lylg, Lol jo 5 b oold puesd K N & g, yuod

20,8zl el

Wbl o (A3l 5 (Bl IS o 0 Bl
o o Sbe LBy ceslie g0 S 5 kSl Sl L Ll

sz e Sk g b kil a4 ol
Sloll 5 cwaid 0,50 (59, y oddceal slagiwolils
ol s a4y S oSy 73S e Slisd 5 (>
g ool alo (gai S g s le ol dalsl jo sl cews

Oyl gl K 4y azg L aS s 5 &l T 5l ol ol
b ol Iy s ol 0atatd S fSay o

&1y =V

1. Chen, J.H., Lee, S.C., and DeBra, D.B. “Gyroscope
Free Strapdown Inertial Measurement Unit by Six
Linear Accelerometers”, J. Guid. Cont. and Dyn.

Vol. 17, No. 2, pp. 286-290, 1994.

2. Woo, T. C. Mostov, K. and Varaiya, P.
“Feasibility of A Gyroscope-free Inertial
Navigation System for Tracking Rigid Body
Motion”; Contract UCB-ITS-PRR-2000-9,
California  PATH  Program, Institute  of

Transportation Studies, University of California,
Berkeley, UC Berkeley, California, May 2000.

asgly lansly el dame (6 S LSl L all o

w‘ IR c\jb”‘ ﬁ).)sou\.:) C‘)M‘ U’“‘“}P

Angular velocity

(deg/s)

Time(s.)
$Zo i b3 2 ez o slugly ce e (R) S5
e e g iz b (sST g5 ialaii GFIMU

Yaw Rotation Angle
2000

1000

(degree)

-1000

-2000

-3000 r r r
0 5 10 15 20 25 30

Time(s.)

Z 9 Jor 55z 4y (1) JSS

oSl 4 lagsly e g (S lacbid ,55)l5 b
38 5l e S ojlasl Sob Cumdse ol (55l
il oo ) S &gty g e oliws o asli Y. e
ol 42315 CanBgn 1iis Mo (6 505l sl aSl> T
Gl Sae ) USTs [0 o0l 315 Cosbse polie 1

el aslaygly S (59, (R, 9 Loolid (WL T U

Time(s.)

.Ls)..,fo)’b.il J}L u.ut.‘i}o LSU"5 (“) J&w



Y

10.

Pachter, M. and Welker, T. C. “Gyro-Free INS
Theory”, J. of the Institute of Navigation, Vol. 60,
No. 2, pp. 85-96, 2013.

Liu, C., Zhang, S., Yu, S., Yuan, X,, and Liu, S.
“Design and Analysis of Gyro-Free Inertial
Measurement Units with Different Configurations”,
Sensors and Actuators, Vol. 214, pp. 175-186,
2014.

Titterton, D. H. “Strapdown Inertial Navigation
Technology”, American Institute of Aeronautics
and Astronautics Inc., 2004.

Wittenmark, B. and Astrom, K. J. “Adaptive
Control 2" Edition”, Addison Wesley Publishing,
United States, 1995.

Woo, T. C., Park, S., Mostov, K., and Varaiya, P.
“Design of Gyroscope-Free Navigation Systems”,
Proc. Int. Conf. IEEE Intelligent Transportation
Sys., Oakland, USA, 2001.

Woo, T. C. and Park, S. “Design and Error
Analysis of Accerometer-Based Inertial Navigation
Systems”; Contract  UCB-ITS-PRR-2002-21,
California  PATH  Program, Institute  of
Transportation Studies, University of California,
Berkeley, UC Berkeley, California, June 2002.

Hanson, R. and Pachter, M. “Optimal Gyro-Free
IMU Geometry”; Proc. Int. Conf. AIAA Guidance,
Navigation and Control, San Francisco, USA, 2005.

Schopp, P., Klingbeil, L., Peters, C., and Manoli, Y.
“Design, Geometry Evaluation, and Calibration of a
Gyroscope-Free  Inertial Measurement  Unit”,
Sensors and Actuators, Vol. 162. pp. 379-387,
2010.



GDOP(J)=1.73 x(3)=1.0 gt
oo N2

& =Loe, -~ (343 -3,-a) oud ) slagan S 5l s (F @l anlie plaien

2 bl sl ls 5 00l ] gl 5o N=F] gl e 4o

a, = Loo, +T(a6—a4+a3+al)

2
a, = Lowo, +§(a5+a4+a3+a2)

. 2

@y ZI(al_az"'as_ae)

.2

@y :_H(ai_as"'azt"'as)

. 2

, 2%/:(32—%—&44-&5)

GDOP(J) =1.581 K(J) =1.224

1

a-t(m-a+a)
1

a, :E(aB—a4 +ag)
1

a, =§(a5—a6 +a9)

. 1

@, = —0,0, +E(a5 +a,)

. 1

@, =—0,0, +E(a1+a2)

. 1

@, =-0,0, +E(a3 +a,)

GDOP (J) =1.28 K‘(J) =20
3 1 1

8, = ayt—a, s
X lGaﬂ 16 2

8313+

Ean_ﬁazz _gaza

1 3 L
+Za31+§a41_zwza)x_§ y x

a :Eai +la,+ta,—Lta +2a,+1a
y 5 2 5 22 5 32 10 33 5 42 10 43
@ +£a}2—£w2
5“7 10 * 10"’
a =£a1 B L L
z 4 3 4 23 4 33 4 43 4 y 4 X
+7a31+7a41—£a)a) —La)w
4 8 4 7 g v

o, = %(25022 + 0,0, —20)5)

1
-—(ay, +a, +ay, +2a, +3a,, +2a,)

5L
o, 1 o, +i(a -a,—2a,
y T T 11 2 3
+ay, +a, +2a,—2a,)
. 1
w, =—§a)xa)Z —Za)xa)y +ﬁ(a“_5a12

—2ay; +8,, +5a,, +2a,, —4a,; +2a,,)

0w =L>L>L._*> ] 00 3T Lau] u"&"-” 5o 0 C)Ja.a
L b g slangliolios by, b )bslu cpl )0 09 o
aS ol e conl STl O gt bpwo s (25,5
5,5 bwgie sl 55 GDOP(J) 5 k() slalne

.w‘

$9y 097 SS ol S (b Gz (V) S5
(aSo 0929 ylas

39 0,570 ST riwolid K b i (V) S
Azy o by

2

S 5 o et il S ds iz (Fi) S
Jilhe azg )0 (G g azg



