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Annotation. Characteristics of flight simulator motion system directly affect on quality of
motion cueing and, in this way, conformity of simulators to requirements. Method of calibration of
both linear and angular acceleration and angular velocity sensors was developed. Developed
methodology of sensor calibration ensuring the possibility of determining of motion system
characteristics and, upon request, adjusting them. Approbation of the methodology on the aircraft
flight simulators 11-96-300, Tu-204 and An-74TK-200 showed its efficiency.
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Introduction. According to the flight simulator requirements [1], six-degrees-
of-freedom motion systems (6DOF) are a mandatory component of full flight
simulators of the qualification level C and D. This is due to the requirement for
motion cueing along six degrees of freedom: three translational (longitudinal, lateral,
vertical) and three angular (pitch, roll, yaw). To ensure this, flight simulator cockpit
is installed on 6DOF (Figure 1), whose movement creates motion cues along six
degrees of freedom.

In order to meet the flight simulator requirements, a certain quality of motion
cueing is required, to ensure which 6DOF characteristics are determined and, if
necessary, adjustments are made to ensure that flight simulator meet the flight
simulator requirements.

Motion systems have come a long way in development: from the first primitive
device of Sander Thacher and Eardley Beeley in 1910 to the modern 6DOF, which
scheme was proposed by Stewart [2] (Figure 2). This 6DOF has lower friction forces,
lower mass of moving parts, better dynamic characteristics, a simpler design that
does not limit a view through cockpit enclosure, provides ranges of linear movements
of more than 1 m and angular - 25 degrees. In Ukraine, the first 6DOF as part of the
flight simulator An-74TK-200 appeared in the mid-nineties of XX century.
Investigations of motion system characteristics were conducted on the flight
simulators 11-96-300, Tu-204 and An-74TK-200 [2 — 7].

Determining of 6DOF characteristics begins with sensor calibrations. Since the
sensor calibrations is an important component of meeting the flight simulator
requirements, the development of sensor calibrations methodology is an actual
problem.
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Figure 1 - Modern flight simulator

Method of calibration of both linear and angular acceleration and angular
velocity sensors

To form the transformation operator of 6DOF movements along individual
degrees of freedom into the movement of jacks, lets introduce (see Figure 2) the right
coordinate system OXYZ connected to 6DOF, which origin point O is in the plane of
the upper hinges K;K>K3, and the axes OX, OY and OZ are parallel to the respective
aircraft axes, and the normal fixed terrestrial coordinate system O,X,Y,Z,, which
origin point O, coincides with the projection of point O on the plane of the 6DOF
lower hinges J;J,J3J4/5Js under the condition of jack movements equality [, =1, =[;=
l4 =I5 =I5, and whose axes OgX,, O.Y; and O,Z, are parallel to the axes OX, OY and
OZ, respectively. The angular orientation of the body coordinate system OXYZ is
determined by the angles of roll y, yaw w, and pitch #.

In the scalar form, the rotation center coordinates of the jack upper hinges in the
terrestrial coordinate system O,X,Y,Z, are described by the equations [8]:
X = X + X5 COSYcosY + z_;. (sindcosysiny + sinycosy);

Vop = V + X 5In0 — z_ ;. cosdsiny + Y, ; (1)

Zop = Z — Xgop COSUSIMY + Z_,;, (cosycosy — sindsinysiny), k = 1,6,
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where Y, is the coordinate of the jack upper hinges along the vertical axis OY in the
6DOF initial position Y, = /12 +, where x,, z. are, respectively, the rotation center

coordinates of the k-th lower hinges in the terrestrial coordinate system OgX,Y.Z,
along the axes O.X, and O,Z,; [, 1s the jack average length, which corresponds to the
initial jack position and is equal to half the working stroke of the jack rods /s, = (Lax —
Lnin) | 2, where L., Lnin are, respectively, the jack lengths when the rod is fully
extended and fully retracted, which are defined as the distances between the upper
and the lower hinges in the jack direction with the rod fully extended and fully
retracted.
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Figure 2 - Kinematic scheme of 6DOF

To determine the spatial position of the 6DOF based on the known jack
displacement, equations (1) are written in the form:
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fjk (s)= [x+ Xpok COSY €Os ‘9+ZBok (sin Jcosy sin y +sin i cos 7)—x,Hk ]2+

+(y +x, o Sind-z, o cos95iny+YBH)2 +[z—xB0k cos $siny + (2)

+zB0k(cosV/cosy—sinSsim//siny)—sz]—(lBH +lk)2 =0, k=1,6, j=1,6,

where £, (s), k=16, j=1,6 are continuous functions.

To solve the system of nonlinear equations (2), which is differentiated at least
once, the Newton-Kantorovich method [9] can be applied. For this, the Jacobi matrix
is determined, which for the system of equations (2) is as follows:

[ () = 2[x + x,, cosycost + z, . (sindcosysiny + sinycosy) — Xy J;
foi () = 2(y + x4 Sin8 — 2, cosPIsiny + ¥, );

far (2) = 2[z — x5 cosOsing + z,,;, (cosycosy — sindsinysiny) — z,;. I;

fu() =2z, {[x + X, cCOSy cos I+ z,, (sin Scosysiny +sinycosy - x,, ]x
x (sin $cosy cosy —sinysiny)—(y + x,, sin$ —z,, cosgsiny + ¥, )x
x cos$cosy — [z — x,,, cosFsiny +z,, (cosy cos y—sin Isinysin ) -
—Z ](cos://siny +sin Ssinwcosy)};

for (W) =2[x + x,, coswcos 9+ z,,, (sin $cosysiny +sinycosy ) —x,, |

BOk
x [z,,, (coswcosy —sin Gsinysiny )] - [z - x,,, cos Isiny +
+ 2, (cosycosy —sinJsinysiny) - z,, [x,., cosGcosy +
+z,,, (sinycos y +sin Jcosysin y )};

for (F=2cosy|x+x,,, cosycosd+ z,, (sin$cosysin y +sinwcosy - x,,

x (2, sinIsiny — x,, sin3)+2(y + x,, sin 3 —z, , cosIsiny + ¥, )x

3)

X (xBok cos$ + z, , sin Jsin 7/)+ 2sin l/f[z — X, cosIsiny +z, (cosy/ X

x cosy —sindsinysiny -z, [x,,, sin 9 — z,,, cosIsiny), k =L6.

Due to the fact that the Jacobi matrix is nondegenerate, the system of nonlinear
algebraic equations (3) is uniquely solved.
Calibration of linear and angular acceleration semnsors. Linear and angular
accelerations of 6DOF are calculated according to the formula:
g, = a )

where §;, §; are, respectively, acceleration and acceleration sensor signal at the i-th

time; §,4 is average value of the acceleration sensor signals at a zero program signal:

. 1 n . . . . . . . .
§0=—2;2, 8 Kk, is calibration coefficient of acceleration sensor, which is
g -

determined by the formula obtained from (4): k_, = (s i Eﬂﬂ) /8.
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During 6DOF movement along pitch and roll, signals of longitudinal, vertical
and lateral acceleration sensors are calculated according to the corresponding
formulas: §,, = gsind; §,, = g(cosd —1); §,, = gsin(—y). To calibrate linear

acceleration sensors, 6DOF is successively moved along pitch ¥ = f(t) and roll

¥ = f(t) while maintaining constant values ¥ = f(t) and ¥ = f(t), on which sensor

signals of linear displacements {s.;.;, k = 1,6; i = 1,m;} and accelerations {3,

k=16;1i=1,m,;} are registered. For this purpose, the program signal is calculated

first along pitch and then along roll:
0

t, <tyt; > 8AtL;
h
u,_, + Aqu |ty <t, SAL2AE <t; <3ALAAE <t, < 5At
t

i wiy | A<t; S2AE3AE <t; <AAL5AL <t < 6AL;

1

h
u, | —Au—Lt|5At <t, <6Ati =1m,,

At
where At is subinterval duration;

m; = (2t, + 84t)/h.

The program signal of six jacks is formed. Using registered sensor signals of

jack linear movements {s_;, i = 1,m;}, 6DOF position are calculated (see Figure 3

i

and Figure 4), average values of linear accelerations according to the j-th degree of

freedom are calculated: §, = LZEI §;, where n_ 1s number of control steps in the
e

subinterval, n. = A t/h,. Calibration coefficients are determined.
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Figure 3 - Calculated (1) and registered (2) displacements of the 6DOF in terms
of pitch and roll during sensor calibrations
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Figure 4 Calculated (1) and registered (2) displacements of the 6DOF in terms of
roll during sensor calibrations

During 6DOF angular movements, signal amplitudes of angular acceleration
sensors of roll, yaw, and pitch are respectively calculated by the formula:

. 2 . . . .
A,=A4,2x f,)". To determine actual signal amplitudes of angular acceleration

sensors, program signals are calculated according to corresponding degrees of
freedom:

0 |0<1t; <ty3ty +4T, <t <21, +4T,;
" A4,sin(2r £,t,) ‘ ty<t; <t,+4T,;i=1m,,
where m;, = (2t, + 4T,) /h,.

The jack program signals are formed, which, after 6DOF installation in the
initial position, are fed to control unit inputs. The sensor signals of jack linear

displacements {s,;, i = 1,m,} and angular accelerations {§,;, i = 1,m,} of the third

aio aio
period of 6DOF movement are registered (to avoid transient modes), the 6DOF
positions are determined, which for roll movement are presented in figure 4. Angular

acceleration sensor signals are decomposed into a Fourier series:

§; =ag+ay-cos(2mi/m,) + by;sin(2wi/m,);, i =1,m, where m, =T,/h,,

— L vy 2 ymy g 2mi 2 ey e 2T :
aﬂ_muza':lsm'» al—muzi.zlsmms —_ bl—muZi:lsmsmmu are Fourier

coefficients. i-th series harmonic amplitude is determined by the formula:
A, = /a7 + b}. The conversion factor is calculated: k, = 4,/4,.

Calibration of angular velocity sensors. 6DOF angular speed is calculated by
the formula:
R
Si’ - ka ’ (5)
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where §; is 6DOF angular velocity sensor signal at the i-th time;

'—iznf"i I 1 f angular d sensor signals at r
Sgo = 2u=1 S Is average value of angular speed sensor signals at a zero

program signal
Calibration coefficients are determined by the formula obtained from (5): k, =

(s i s'ﬂﬂ) /§;. During 6DOF angular movement, sensor signal amplitudes of angular

velocities along roll, yaw, and pitch are respectively calculated by the formula:
A, = 2mA, f,. To determine actual signal amplitudes of angular velocity sensors, the

program signal is calculated according to the corresponding degree of freedom:
0 |0<1t; <ty;t, +4T, <t, <21, +4T,;
a Ausin(Zﬂfut.)‘ ty <t <ty +4T,;i=1,m,;

1

where m; = (2t, + 4T,)/h,.

Jack program signals, which, after 6DOF installation in the initial position, are

fed to control unit inputs. Sensors signals of jack linear displacements {s_,,

i=1,m,}

and angular velocities {s,;, i = 1,m,} of the third period of 6DOF movement are

A

registered (to avoid transient modes), 6DOF position is determined. Angular velocity

sensor signals are decomposed into the Four' series:

. . . . . T 1 My =

$ = Qg + aycos(2mi/m,) + bysin(2mwi/m,);i = 1,m,,, where a, = m—zi.:‘; S
iU

2 My = 2mwi 2 MMy = . 2l .
a, = m—Z!:“l $5iCOS—, b, = m—Z!.z‘; $ySIN—; m, = T,/ h,. The amplitude of the
U U U U

i-th series harmonic is determined by the formula: A; =./a + bi. Calibration

coefficient is calculated: k, = A,/A4,.

Conclusion.

Method of calibration of both linear and angular acceleration and angular
velocity sensors was developed. Developed methodology of sensor calibration
ensuring the possibility of determining of motion system characteristics and, upon
request, adjusting them. Approbation of the methodology on the aircraft flight
simulators 11-96-300, Tu-204 and An-74TK-200 showed its efficiency. So it may be
used within system for determining of motion system characteristics.
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Anomauin. Xapaxmepucmuku OUHAMIYHUX CMEHOI8 ABIAYIlIHUX MPEHadCepis CYmmeeo
BNIUBAIOMb HA AKICMb IMimayii axkcenepayiunux 6nausie i, maxum YUHOM, HA BIONO0BIOHICMb
mpenaoicepie Hopmam npuoamuocmi. Po3pobaeno memoouxy xaniopyeanus 0amuuxie K JHiHiliHO20,
max i Kymogo2o NpUCKOpeHHs ma Kymoeoi wieuokocmi. Po3pobnrena memooonozcis kaniopysamHs
0amuukie 3aOe3neuye MONCIUBICMb GUIHAYEHHS XAPAKMEPUCMUK OUHAMIYHUX CMeHOi8 I, 3a
nompeobor, ixHe Kope2yganus. Anpobayia memo0on02ii Ha KOMNIEKCHUX mpeHaxcepax nimaxie -
96-300, Ty-204 i An-74TK-200 nokaszana ii epexmugericme.

Knrouosi cnosa. ounamiunuii cmeno asiayiiino2o mpenasicepa, KauiiopyearHs 0amyuKie.

ISSN 2567-5273 134 www.moderntechno.de





