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Abstract: A motion-cueing algorithm is a motion simulation system that makes the pilot feel the
flight motion by calculating the attitude of the platform. This paper presents the design a kinematics
model and two motion-cueing algorithms for a multi-axis motion platform. Firstly, the relationship
between each axis is derived from the kinematics theory and motion platform transformation. Next,
two motion-cueing algorithms are designed providing the pilot with the bodily sensations of the
6-DoF motion platform. By using a hardware-in-the-loop (HIL) approach simulated in a real-time
digital simulator, the control operations are performed in a digital signal processor (DSP). All of
the motion-cueing algorithms, including the classical washout algorithm and the optimal control
algorithm, are realized through a DSP, TMS-320F-28377D. The simulation results verify the theoretical
analysis and illustrate the correctness and practicability of the proposed method.
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The training of pilots worldwide is typically lengthy. Therefore, flight training simula-
tors are in high demand and serve as essential tools in flight training [1]. As indicated in [2],
a complete high-fidelity motion simulation system was first constructed in the 1950s. Sub-
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of real vehicles [9,10]. Due to the simple control, high degree of freedom, high efficiency,
and high carrying capacity (tons) characteristics of the Stewart platform, the production
cost of linear actuators is high, and the platform height to be positioned in the center is too
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to have comparable high-fidelity motion, which reduces the manufacturing cost, is to enable

its use in professional training simulators and entertainment simulators [12-14]. However,
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pilot module that considers both physical fidelity and function, thus providing trainers
with a real experience. Berthoz et al. [17] investigated different motion scale factors in a
driving simulator. Through motion feedback, participants drove more carefully and had
better control of the car. Therefore, they could better anticipate the car’s dynamic behavior
and were not as surprised when the car did crash. Very reduced or absent motion cues
significantly degrade driving performance.

The simulator mainly applies the wash-out algorithm for the balance organ of the hu-
man body, that is, the vestibular system of the inner ear. In addition, the trainer is provided
with an immersive experience through changes in the position, velocity, and acceleration
of the motion platform which improves the overall efficiency of the trainer. The sensitive
range of motion is shown on the motion platform [18]. The motion platform operates on
the principle of using the inner ear vestibular system to perceive a considerable level of
linear and rotational speed and acceleration to achieve the desired feeling of simulation.
Therefore, motion platforms are applied to simulate actual vehicle movements to create
realistic forward and backward acceleration and road vibration that occurs during car
movement in order to achieve the effect of simulator training [19]. In addition, to improve
the control of six-servo synchronized tracking, in [20], an adaptive control technology—
integrated motion-cueing algorithm was proposed for adaptive parameter estimation at a
limited interval to obtain the amount of control required by the control platform. In [21], a
wave filter model was designed using the optimization theory, and the optimal parameters
were determined using the recursive genetic algorithm. In [22], a fuzzy control rule base
was established for the rate limiter within the washout algorithm, and a rate limiter with
dynamic adjustment was designed using the specific force error. In [23], the predictive
control theory served as the basis for designing a filter model, which was used to reference
the parameters required for each modification of the wave filter.

In this paper, two motion-cueing algorithms using software-embedded applications
are presented. The DSP-based algorithm design is analyzed by deriving the mathematical
relationship of the motion platform using forward and inverse kinematics. Because the
design adopted a real time digital simulator and improved the number of calculations
performed, the algorithms in real time can be reduced. To the best of our knowledge, the
ideas we mentioned have not been presented in any previously published papers [1-23]. As
a result, this paper presents some new ideas on the realization of motion-cueing algorithms
for a 6-DoF motion platform, including a classical washout algorithm and an optimized
tracking motion-cueing algorithm.

2. Kinematics of the Six-DoF Motion Platform

In this section, the 6DoF forward kinematics and inverse kinematics are established.
In Figure 1a—c the motion platform considered in this study is presented. Figure 1a shows
the co-ordinate system designed for the motion platform in this paper. The architecture is
based on six completely decoupled degrees of freedom. Therefore, each degree of freedom
can be controlled independently, as shown in Figure 1b. The 6DoF platform includes three
rack-and-pinion electric linear actuators and three electric rotary actuators that provides
the pilots with kinesthetic sensations related to motion. Two servo bilateral drives of the X1
and X2 axes are the surge axis. The Y axis is the sway axis. The heave axis uses the two
servo bilateral drives of the Z1 and Z2 axes. All power and electrical signals are transmitted
from the yaw axis to the pitch axis through three electric slip rings, as well as being used in
the platform cockpit. The rotation part includes a roll axis servo drive of the A axis, a pitch
axis servo drive of the B axis, and a yaw axis servo drive of the C axis. Figure 1c shows the
parts rotated from the inside to the outside by the cockpit, which are the pitch axis, roll axis
and yaw axis.
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Figure 1. Six-DoF platform: (a) configuration of the co-ordinate system, (b) 3D design drawing, and

(c) rotation relationship.
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The co-ordinate conversion relationship is:

Xf cos® 0 sinf ][ x;
yr | = o 1 0 N )
zf —sinf 0 cosf || z;
X1 1 0 0 17 x
y1 | =] 0 cos¢ —sing Y2 )
Z1 0 sing cos¢p || z2
X2 cosp —sing 0 ][ xp
y2 | = | singp cosyp O YB (©)]
Zp 0 0 1 || zB

2.1. Forward Kinematics

According to the conversion relationship in Equations (1)—(3), the relationship between
the inertial co-ordinate vector V! and the body co-ordinate vector V? is given by:

vi=IRPVP €Y

where 'R? is the rotation matrix from the body co-ordinates to the inertial co-ordinates. It

can be written as:
IRP = RyR\R; (5)

where R, Ry, and R; are the rotation matrices on the x axis, y axis, and z axis, respectively.
Substituting Equation (5) into Equations (1)—(3), can be expressed as:

cosf 0 sinf 1 0 0 cosyp —siny 0
IRB = 0 1 0 0 cos¢p —sing singg cosyp 0
—sing 0 cosf 0 sing cos¢ 0 0 1 ©)
costpcosf +singsinysinf cosyPsingsind —cosfsiny cos¢sinf
= cos ¢ sin ¢ cos ¢ cos P —sin¢

cosfsingsiny — cospsin® sin@sinf + cos ¢ cosfsing cos ¢ cos b

When the platform is in translational motion, the conversion matrix ! T? from the body
co-ordinates to the inertial co-ordinates is:

ITB
[ cospcosB +singsinysing cosyPsingsinh —cosfsiny cospsinf x
. cos ¢ sin cos ¢ cos P —sing vy
| cosfOsingsiny —cosPpsing sinysind + cosPcosfsing cosPcosh z
0 0 0 1 (7)

Ny Ox Adx Px
_ | "y Oy 4y Py
ny; 0z dz Pz
0O 0 0 1

The aforementioned equation is the forward kinematics model of the platform. From
the platform axis co-ordinates (x,vy,z, ¢, 0, ¢), attitude (n x, My, nz) in x direction, attitude
(0x,0y,0;) in y direction, and attitude (ay, ay, ;) in z direction, the position (py, py, pz) of
the body co-ordinates is obtained.

The rotational angular velocity of the body co-ordinates can be expressed as:

w =149 (8)
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The rotational angular velocity of the axis co-ordinates can be expressed as:
|
=10 ©
4
As observed in Figure 1c, Equations (8) and (9) are arranged as:

pXp+qyg+rzp =0y, +pxs+Pzg (10)

Equations (2) and (3) are arranged as:

ylzcoscpyZ_Sill(PZZ N N (11)
= (cos¢psinyp) xp + (cos¢pcos )y z —singzp

By substituting Equations (3) and (11) into Equation (10), it is not difficult to obtain:

P?B +qyp+ T?i R B . R B R

= 9[(cosq>sintp) xp+ (cospcosip)yp — sinqsz] + ¢(COSIPXB — sin1/JyB) +yzp (12)

N RN

= <9coscpcos¢+¢costp) Xp+ <9c0s4>c0s1/;—cj>sin1/)> + <1/J - Gsincp> Zp

Then, the rotational angular velocity of the axis co-ordinates with respect to the body
co-ordinates can be expressed as:

p cosyp cos¢pcosy O ¢
g | =| —siny cos¢cosy 0 0 (13)
7 0 —sing 1 P

2.2. Inverse Kinematics
It is possible to calculate the required platform axis co-ordinates (x,y,z,$,0,¢), x-

direction attitude 7, y-direction attitude o, z-direction attitude a, and the position ( Pxs Py pz).
First, Equation (5) can be rewritten as:

Ry‘“RB = RyR,

cos 1 —sin 0 (14)
= | cos¢siny cos¢pcosyp —sing
singsiny cosysing cos¢

In addition, Equation (7) includes the attitudes n, o, and a of the x-direction, y-
direction, and z-direction, respectively, as follows:

[nXCOSG—nZsinG 0xMy COS 0O — 0, 5N O axcose—azsinel

ny Oy ay
nysin® 4+ n,cos®  o0,sinf +0,cos0  a,sin6 + a, coso (15)
cos —siny 0
= | cos¢siny cos¢pcosyP —sing
singsiny cosysing cos¢
From Equation (15), the following is obtained:
aycosf —a;sinf=0 (16)
where: -
tanf = 207 _ Ox (17)



Aerospace 2022, 9, 203

6 of 25

The rotation angle of the pitch axis can be obtained as follows:

0= tan~! (”") (18)

az

From Equation (15), we can observe that when a, = a, = 0, cos ¢ = 0 means ¢ = £90°.
Figure 1a shows that the inner gimbal and outer gimbal are coaxial. After obtaining 6 from
Equation (18) by using the same method it can be expressed as:

sing = —(ay) (19)

cos ¢ = (aysin® + a cos ) (20)
siny = —(0xhy cos B — 0, sin ) (21)
cos P = (nycos® — nysinf) (22)

The angle of the roll axis can be obtained from Equations (19) and (20):

tan¢ = sing _ —( il > (23)

ay sin @ + a; cos 6

The yaw axis angle is expressed as:

tany =

sinyp (—oxnx cosf + o, smG) 1)

cosyp 1y cosf — 1, sin 6

The arctangent function can be obtained from Equations (23) and (24):

¢ = tan~! < 4y ) (25)

ay sinf + a, cos 6

_1( —0xnycosB + 0,sinf
—t 1 xttx z 2
4 an ( Ny cosf — nysinf (26)

The three axis co-ordinates of the platform are obtained by Equations (18), (25) and (26),
and the three surge axis, sway axis, and heave axis relationships are expressed by Equation (7) as:

X=Px, Y =Py, 2= Pz (27)

Finally, through the above derivation process of the kinematics model, Equations (18)
and (25)—(27), which are required by the axis co-ordinates, are determined.

3. Motion-Cueing Algorithm

To fully realize an actual motion feeling using the simulation platform, understanding
what the human body feels in the actual simulation is necessary so that pilots can achieve
similar analog signals on the simulation platform. Therefore, the operating mechanism
of the human body’s perception system must be understood. In motion simulation, the
perception of visual-effect movement mainly involves the change in the image and display
of the instrument in the vehicle. Motion simulation helps realize the motion perceived
by humans with a high sensitivity through platform movement, enhancing the effect of
virtual reality.
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3.1. Classical Washout Algorithm Design

The motion-cueing algorithm was primarily used to create an infinite space of acceler-
ation and angular velocity in a limited motion space. The specific force of the nongravita-
tional force in the body co-ordinate system can be expressed as:

-1
fo =BRla, BRI (28)
where: 5
B fS;C
fs = fsy (29)
f&
1 cosycos® +singsinysing cosdsiny cosfsingsiny — cosysind
BRI = (’RB> = | cosysingsin® —cosfsiny cos¢cosy sinysinb 4 cos i cosbsin P (30)
cos ¢ cos 6 —sing cos ¢ cos 0
N 07 0
s =l0l=]o0 (31)
g | 9.8
I [ aéx
a, = asly (32)
L aSZ
where BR! is the inverse matrix of Equation (6) and is the rotation matrix converted from

inertial co-ordinates to body co-ordinates, ¢ is the gravitational acceleration, and a;
denotes the acceleration of the inertial co-ordinate motion. Considering the rotation matrix,
Equation (28) can be expressed as:

—I

_\B B
fo=a,—BRs (33)

—B
where a is the acceleration of the body co-ordinate motion. In the case of a small rotation
angle, Equation (30) can be written as:

1 Py -0
Rl=] ¢ 1 ¢ (34)
6 —¢ 1
Then, Equation (33) is written as:
B _p 6
fs=as+g| —¢ (35)
-1

—B
The combination of the gravitational acceleration and the acceleration a ¢ of the body
—B
co-ordinate motion can yield the actual simulator cockpit acceleration f . Because of the

—B
limited motion space of the simulator and high-frequency acceleration, a; can only be

_\B N
used to generate a high-frequency f . Low-frequency or continuous f, can be generated
by titling the simulator at an angle by using the second term on the right-hand side in
Equation (35). The motion-cueing algorithm can help separate the high-frequency and

—B
low-frequency of f, and generate these frequencies using different motion actions of the
simulator. In terms of rotation, Equations (8) and (9) were used to derive the rotational

B
angular velocity of body co-ordinates w, of the simulator and the rotational angular
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velocity of the axis co-ordinate ®s, with the subscript s indicating the physical quantity
of the simulator. Except when performing aerobatics during the flight of an aircraft, yaw
is not constrained during normal flight because it enables the pilot to make stable turns,
resulting in a limited roll and pitch range. Thus, a high-pass filter is required to filter out
low-frequency signals with excessively large rotation angles, after which the high-frequency
angular velocity generates a simulation of rotation. Figure 2 presents the block diagram
of the motion-cueing algorithm. According to the figure, the classical washout algorithm
was divided into upper and lower sections after scaling. Furthermore, the upper section
was divided into high- and low-frequency signals. After the high-frequency signal was
filtered out by the high-pass filter, the motion acceleration required by the platform was
generated. The low-frequency signal was used to generate the inclination angle required
by the platform.

g
AT
+ . .
» High-pass Filter —PO—>
fp scale &P f*
Low- Tilt
pass ¥ Coordinates
Filter
[0 w | High-pass Filter [0)
4 scale s

Figure 2. Block diagram of classical washout algorithm.

3.2. Optimal Control Algorithm Design

In order to truly present the specific force of the cockpit and the rotational angular
velocity of the simulator cockpit the optimal control motion-cueing algorithm must be
designed. The input-output relationship of the simulator is shown in Figure 3. The input
to the simulator is the angular velocity w, and specific force f, of the vehicle, while the
output is the angular velocity w; and specific force f; generated by the simulator motion.
The algorithm yields ws = wy and fs = f, from the simulator in the limited motion space.

f p—> —> /s
Simulator
,—> > @

Figure 3. The input-output relationship of the algorithm.

In Figure 4 shows the model of the simulator. The equation for the state of the simulator
must be established first.

B B
ay 4_‘_’?_’ fsx

v | — [ 09

»
-

6L .4

Figure 4. The model of the simulator.
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As Equation (35) did not have a rotation angle ¢, the heave and yaw motions were
mutually independent with no coupling term for acceleration and velocity between them.
In addition, the first column of the matrix Equation (35) was similar to the second column,
therefore, the surge and pitch motions of the equation in the first column of the equation
were considered. The sway and roll motions of the equation in the second column have
similar resulting motions as those in the first column. The state equation can be expressed
as [24]:

X = AX +BU

36
Y =CX+DU (36)
The relative symbols are described as:
010 00
A=|loo0ool|,B=|1 0], :[88%},[):““ (37)
0 00 01

where A, B, C, D are the parameters of the state-space representation, X = [ X1 X2 X3 ]T

denotes the state vector, x; denotes the displacement, x, denotes the velocity, x3 denotes
. T . T

the rotation angle, U = { al 6 } is the input vector,and ¥ = { JEA } is the output

vector. The optimal theory in this study was based on [25] and assumes that the angular

velocity and acceleration of the vehicle were random signals with a first-order rational
function spectrum. The mathematical model is:

[ 5]l gl

0 —p2 0 B2 (38)
= A,Z+ B,W

~ 1 0

Y_{O 1]z_cnz (39)

- . 9T
where Y = { fox Op } is the specific force and rotational angular velocity of the simulator

cockpit and W denotes the Gaussian white noise. Thus, according to Equations (36) and (39),
the tracking error can be defined as:

e=Y-Y. (40)

Then, the cost function can be designed as:

V = lim 1E[/T (eTQ1e+XTQzX+uTR1u)dt] (41)
t—rco 0
where R; is a positive definite matrix and Q; and Q; are positive semi-definite matrices.
The first term was used to penalize the input signal to avoid controller saturation, and
the acceleration and angular velocity generated by the simulator could be reduced by
increasing R;. The second term in the integral formula was used to penalize the tracking
error ¢, and increasing Q; can yield a more favorable simulation fidelity. The third term
was used to penalize the motion space of the simulator, and the simulator’s motion range
could be reduced by increasing Q.

Considering Equations (36), (38) and (39), let X = [ X Z | T as follows:

- A O3x2 ] { B } [ 032 ]
X = X+ u+ W
{ Oox3z  An 0252

=AX+BU+TW

(42)
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e | C —Cy |= D
{X]_[I’bd 03><2:|X+|:03><2:|u (43)

=CX+DU

The three terms in the integral equation of (41) were then substituted into
Equations (42) and (43) to yield the following;:

eTQre+ XTQoX + UTR U

=[e XT }{Oilz Oéxzf’][;}ﬂLuTRlu

= X"C"ding{Q1, 0, }CTX +2X
— X'QX + 2X" RpU + UTRU

(44)
"C"diag{Q1, Q,}DU+UT (R, + DTQ;D)U

where diag denotes the diagonal square matrix. Substituting it into Equation (41) can be
expressed as:

T . o .
V = lim %E [ / (TXTQX 12X RypU + UTRu) dt} (45)
0

t—o0

By solving K; and K3, the cost function can be minimized. The optimal controller is
expressed as follows:

X
U=—-| K3 K
LK ke { z } (46)
=-KiX—-KyZ
Substituting Equation (39) into the Equation (46) yields:
U=—-KX—-KC,Y (47)
Next, the Hamiltonian function is defined as follows:
H =X QX +2X Ryl + +2UTRU + AT (AX + BU + T'W) (48)
to satisfy the condition of 0H/dU = 0, which yields:
_ Loapr, 1T
U=-R'BTA~R'X Ry (49)
the Hamiltonian—Jacobi equation yields:
aJ* - — oJ*
- = H(X,A", U*t) = H(X, =, U*t 50
= H( ) = H(X, 52U, 1) 650)
The PDE boundary conditions of (50) is as follows:
| A+ (1) = 2p(T)X (51)
oX =t
Therefore, the Riccati equation is given by:
yy B -1(5T T
PA+A"P— (PB+Rp)R (B P+R12>+Q:O (52)

The aforementioned equation used C#'s Math.NET Numerics function to solve the
Riccati equation. The known values A,B,Q,R, R, were input to obtain P.
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After P(t) is obtained, substituting Equation (51) into (49) yields the optimal controller:

U=—-KX-KZ

— —R—lBTp(t)[ }Z< } —R[ X Z Ry %3)
Substituting Equation (53) into Equation (36), we can derive:
X = (A — BK;)X — BK,C; 1Y (54)
Y = CX + (~KiX — KoC; 1Y) = (C— K1)X — (Ko 1) ¥ (55)
Thus, substituting the integral of the Equation (55) into (53), we can obtain:
U= —K;X(s) — KoCp Y 1(s)
_ {Kl [SI— (A — BKy)] 'BK>C; ! — KoC; 1 }Y(s) 56)

Ty Ti2 ] o
= Y(s
{ Ty Ty (s)

T - T
Substituting the relations of U = [aﬁ 95} andY = [ fpx 94 into the Equation (59),
the equation is expressed as shown in Figure 5.

g
+
+
f »  Tn
P scale
» T
> Ta
O —» @ > T=
4 scale

Figure 5. The block diagram of optimal control algorithm.

4. Simulation Results and Discussion

Figure 6 shows the relationship between the DSP (TMS-320F-28377D) and the PC. The
type and parameters of the two motion-cueing algorithms are selected by the computer.
After starting execution, the DSP opens the serial communication interface, transmits the
input signals of specific force and angular velocity through the RS422 communication
interface, and executes the motion-cueing algorithm by the interruption of the DSP. The
DSP then sends the calculation results, displacement, angle, and acceleration to the PC
so that the result can be drawn as a curve inside the PC. The interruption period of the
DSP is around 1 ms. The average calculation time of the classical washout and the optimal
control algorithms are around 800 and 136 ps, respectively. Although the classical washout
algorithm is a simple and fast motion-cueing design method, considering the large number
of filters, the design and implementation of the digital control system is very complicated,
and its computation time is long compared with the optimal control algorithm. A user
interface of the PC is established by the C# software (Figure 7a) and the HIL test bench by
using an online simulation. With the HIL, we can identify and resolve problems earlier
in the development cycle, as shown in Figure 7b. The HIL transmits and receives data
between the PC and the control board through the R5422 communication interface which
should be provided to enable modifications when required.
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The parameters of the motion-cueing algorithm,
specific force and angular velocity input

The motion -cueing algorithm is calculated and sent back :

displacement, angle, acceleration

Figure 6. The relationship between the DSP and PC.
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Motion-Cueing
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© Heave Yaw

- « osms y [OB5 q 7 [O0IM20
ScaleValue
. Pui (0000883 o Theta 2927 Deg  phj 03U |y,

(b)

Figure 7. Hardware-in-the-loop (HIL) simulation platform: (a) user interface; (b) test bench.

Figure 8a shows the classical washout algorithm and the flowchart of the interrupt
service routing. This method is used to process an input to produce movement as well as
keep the motion within the workspace of the system. The flowchart of the interrupt service
routing for the optimal control algorithm is shown in Figure 8b, and a comparison of the
two motion-cueing algorithms is described in Section 4.3. The basic calculating principle is
mentioned in Section 3. Finally, the output of the algorithms is obtained through a simple
integral operation to obtain the displacement and angle.
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velocity of the vehicle via

digital communication +
RS422 interface [ flag—false ]

(b)

Figure 8. The flowchart of the DSP-based motion-cueing algorithms: (a) Classical washout algorithm;
(b) Optimal control algorithm.

The simulation analysis elucidated the characteristics and performance of the opti-
mal control algorithm. In the simulation, let A, = diag{—p1, —B2}, Q1 = diag{q1,92},
Qy = diag{q3,q4,95}, and Ry = diag{ry,r2}. The symbols q; and g, denote the penalties
for specific force and errors, respectively, with a larger penalty yielding a more favorable
tracking performance. The symbols g3, 44, and g5 denote the penalties for displacement,
motion velocity, and angle of the platform, respectively, with a greater penalty yielding a
smaller platform displacement. The symbols r1 and r, denote the penalties for the acceler-
ation and platform angular velocity of the platform, respectively, with a greater penalty
yielding a smaller acceleration and angular velocity generated by the platform, which in
turn produces a smaller platform displacement that compromises tracking performance.
The influences of the specific force analysis and angular velocity analysis of different param-
eters are shown in Figures 9-23 and Figures 24-26, respectively. The quantitative results
are summarized in Tables 1 and 2.
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Figure 9. Specific force, f5, generated by the simulator.
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Figure 13. Effect of q; on the displacement generated by the simulator (8; = 1).
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Figure 15. Verification of the influence of specific force tracking on angular velocity 05 and the

influence of B1 on specific force f5.
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Figure 16. Verification of the influence of specific force tracking on angular velocity 65 and the
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Figure 17. Improvement of the influence of specific force tracking on angular velocity 05 and the

influence of g, on specific force 0.
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Figure 18. Improvement of the influence of specific force tracking on angular velocity 95 and the
influence of g, on specific force f&.
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Figure 19. Improvement of the influence of specific force tracking on angular velocity 65 and the
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Figure 20. Improvement of the influence of specific force tracking on angular velocity 05 and the
influence of g, on acceleration ay.
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Table 1. The quantitative comparison of specific force.
Specifications
I t .
Co ;ﬂ:; nd Parameters Figure Settling Steady State
Time (s) Value (m/s?)
B1= 1000,4;=1 2.9 0.42
B1=10,q1 =1 2 0.613
Figure 9
p2=1, Pr=lq =1 15 0.893
Step-input Zi _ B1=001,q =1 1.2 0.987
(m/s?) 44=0, B1=1,41 = 100 0.3 0.999
0,t<1 5=1, .
+,t>1 =1 B1=1491=10 Figure 12 0.6 0.989
¥y = ‘B] = 1, q1 = 1 1.5 0.893
B1 = 100,q; = 10 0.4 0.895
B1 = 10,91 =10 Figure 15 0.5 0.93
pr= 1,41 =10 0.6 0.989
Table 2. The quantitative comparison of angular velocity.
Specifications
I t .
Con?r:;nd Parameters Figure Settling Peak to Peak
Time (s) Value
B2=1000,92=1,95=1 - o 4.6 1.53 (rad/s)
gure
Step-input p1=1 Bo=1,90=1,g5=1 2.7 0.15 (rad/s)
(rad/s) n=1 s =1,0, =100, 05 = 1 6 1.25 (rad/s)
+1,1<t<2 53=1 i i 1 Figure 25
~1,2<t<3 q4=0, B2=1,q2=1,95=1 2.6 0.17 (rad/s)
0, elswhere ’1:_1’ B2 =1, 92 =100, g5 = 100 4.8 0.39 (rad)
r2=1 Figure 26
‘Bz = l, q2 = 100, qs = 1 5.3 0.53 (rad)

4.1. Specific Force Analysis
4.1.1. Influence of B,

In the simulation, where o = 1,91 =q2 =1,93 =5 = 1,94 = 0,and r; = rp =1, the
simulations of B at 1000, 10, 1, and 0.01 are compared. Figure 9 shows that at a higher 4,
the sustained cue was weak. However, f5, increased to a relatively high value at 1's, which
is less evident. Figure 10 clearly shows that the acceleration a? rapidly increased to the high-
frequency gain of Tq; at 1 s. This was because 1 represents the bandwidth of the signal to
be tracked. A greater 8; value indicates that a signal in a relatively wide frequency domain
needs to be tracked and that the tracking capacity is dispersed in a relatively wide frequency
domain. By contrast, smaller B; values indicate that a relatively low-frequency signal must
be tracked and that the tracking capacity is focused on low-frequency signals. Therefore, a
greater 1 value yielded a weak sustained cue performance but a more favorable instant
rise capacity at 1 s, which represented high-frequency performance. Figure 11 shows
the simulator displacement x1, as a greater 81 required the tracking of signals in a wider
frequency domain.

4.1.2. Influence of q;

Figure 12 shows that a greater g1 yielded more favorable tracking performance, and
Figure 13 shows the influence of q; on displacement. However, a favorable specific force
would influence the angular velocity. According to Figure 14, a greater q; produced a
greater angular velocity, which increased to the high-frequency gain of T7,. This is mainly
because the platform had to rapidly generate the angle required by the sustained cue
for efficient specific force tracking. This phenomenon can be seen in Figures 15 and 16.
The previous section illustrated the effect of 31 on high- and low-frequency tracking
performance; thus, 31 was adjusted. Figure 15 shows that the sustained cue decreased (the
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tracking performance of sustained cue declined) when B; increased. Moreover, the angular
velocity §; in Figure 16 decreased (the effect on the angular velocity cue was small).

4.1.3. Influence of g,

The influence on angular velocity can be improved by enhancing the tracking perfor-
mance of angular velocity, that is, by increasing g,. Figure 17 shows that when g; = 100
(favorable specific force performance), increasing g, reduced the effect of specific force
tracking on angular velocity. The classical washout algorithm relies on the angular velocity
limiter to limit the effect of specific force on angular velocity. Figure 18 shows that increas-
ing g7 did not have a considerable impact on specific force tracking. However, Figure 19
shows that increasing g, simultaneously also increased the displacement. This is because,
to attain favorable specific force performance while limiting the impact of angular velocity,
more low-frequency acceleration was required for compensation, as shown in Figure 20,
wherein the acceleration gradually became zero after g, was increased, indicating the
presence of more low-frequency acceleration.

4.1.4. Influence of g3

Here, the influence of g3 (displacement penalty term of cost function) is investigated.
In the simulation, let g1 = 100, B, = 1. Figure 21 shows that a greater g3 led to a smaller
displacement. The influence of g3 on displacement should also affect acceleration and the
specific force at the initial stage. Figure 22 shows that an increase in g3 slightly reduced the
initial acceleration. Figure 23 also reveals that the acceleration became zero faster when g3
increased, that is, T1; filtered out more low-frequency signals.

4.2. Angular Velocity Analysis

The difference between the angular velocity and specific force is that specific force can
generate a low-frequency motion by tilting at an angle, whereas angular velocity does not
exhibit this mechanism and, therefore, sacrifices the low-frequency angular velocity that
causes an excessive angle.

4.2.1. Influence of B,

Figure 24 shows that a greater 8, yielded a higher simulator movement angle. In the
simulation, f1=1,1=q2=1,93 =95 =1,94 =0, and r; =, = 1. The B, primarily affected
the high-frequency performance.

4.2.2. Influence of g,

Figure 25 shows the influence of ¢, on angular velocity. The g, affected the overall track-
ing performance, and a more favorable performance generated a greater angular displacement.

4.2.3. Influence of g5

Figure 26 shows the effect of g5 on the angle. The symbol g5 denotes the penalty for
the angle, and a greater g5 yielded a smaller angle, which in turn compromised the tracking
performance of angular velocity.

4.3. Comparison of the Two Motion-Cueing Algorithms

The characteristics and performance of the optimal control motion-cueing algorithm
were simulated and analyzed. The detailed qualitative comparison is shown in Table 3.
Figures 2 and 5 show the block diagrams for the classical washout algorithm and optimal
control algorithm, respectively. According to the figure, the classical washout algorithm
was mainly composed of two high-pass filters and one low-pass filter, whereas the op-
timal control algorithm generated acceleration and angular velocity using four transfer
functions (63).
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Table 3. The qualitative comparison of different algorithms.

Classical Washout Algorithm Optimal Control Algorithm
Type Filter-based Optimization-based
Real-time capable High Medium
Scalability High High
Implementation complexity High Medium
Accounting for simulator limits Through manual tuning Through cost function optimization
Computation time 800 ps 136 ps

4.3.1. Comparison of Origin Drift

We performed a simulation analysis to understand the characteristics and performance
of the optimal control algorithm. Next, welet 1 =B =1, g1 =q2=1,93=95=1,44 =0,
and r1 = rp = 1. In the simulation, because the classical washout algorithm without using
the feedback control, the optimal control algorithm was used as a closed-loop control.
Therefore, when the simulator drifted from the origin, the optimal control algorithm could
facilitate the simulator’s return to the origin, as shown in Figure 27a. If the initial position
of drifting away from the origin in Figure 27b was assumed to be set at 1 m when the input
specific force was 0, then the algorithm would return to the origin 10 s later.

T T T T
1= q,=100| |
\ a1

0.8

06

04

02

0.2 T T - -
=100
0.1 A . 9y |
9,1

-0.1

-0.2

-0.3

m/sech2

04t |
05/
-0.6

0.7

-0.8

(b)

Figure 27. Optimal control when input specific force is 0: (a) Displacement result; (b) Specific
force result.
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4.3.2. Comparison of the Control Architecture

The Ti1, Thp, Tr1, and Ty transfer functions corresponding to Equation (56) can be

obtained, and are given as:

0.432475%(s + 0.9714)

T =
7 (54 4.953)(s2 + 1.403s + 0.9945)

0.47016s(s2 + 1.441s + 0.9565)

127 (5 + 4.953) (2 + 1.403s + 0.9945)
0.027609s% (s — 3.387)
I = 5
(s +4.953)(s2 + 1.403s + 0.9945)
0.0585975(s? + 1.132s + 0.7647)
22 =

(s + 4.953) (s? + 1.403s + 0.9945)

(57)

(58)

(59)

(60)

The aforementioned equation shows that Tjq is a high-pass filter, %Tn is a low-pass
filter, T5; is a high-pass filter, and Ty, is a high-pass filter. The optimal control motion-
cueing algorithm was selected by the cost function of Equation (50) to obtain solution P
of the Riccati equation to acquire the controller parameters K; and K. Figures 2 and 5
show that the optimal control motion-cueing algorithm had an extra T, high-pass filter
compared with the classical washout algorithm. Therefore, the rotational angular velocity

ép of the simulator cockpit is shown in Figure 28a. Figure 28b illustrates the effect of angle
on the specific force with and without . Figure 28b indicates that the influence of the specific

force in the blue line was smaller.

05

rad/sec
1)

05

06 ‘ ‘

04

02

misech2
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Figure 28. Comparison of motion-cueing algorithms: (a) input rotational angular velocity;

(b) influence of Ty; angular motion on specific force.
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5. Conclusions

The six-axis motion-cueing platform can produce different attitudes and movements.
However, the movement space of the platform is limited. The classical washout algorithm
transforms the corresponding rotation angle by using the tilt co-ordinates. The compo-
nent of the acceleration of gravity deceived the training personnel. In addition, another
algorithm designs the motion-cue algorithm based on the optimal control theory. Both are
designed with embedded software to test the angular motion of linear motion, allowing
the pilot to experience rotational angular velocity and specific force, and to compare the
origin drift problem caused by the two algorithms working for a long time. Moreover, in
the consistent real-time simulation and established kinematics model, an HIL test bench
has been built based on a DSP-based motion-cueing algorithm. The aim of the study is to
develop the algorithms implemented on a dedicated DSP of the HIL system and tested in
the HIL environment. However, as further incorporation of the robust design of the plat-
form is not this main topic of the study, but evaluation of the design should be considered
in future work.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Wei, M.Y,; Yeh, Y.L.; Chen, SW.; Wu, HM,; Liu, J.W. Design, Analysis, and Implementation of a Four-DoF Chair Motion
Mechanism. IEEE Access 2021, 9, 124986-124999. [CrossRef]

2. Miller, R;; Hobday, M.; Leroux-Dermers, T.; Olleros, X. Innovation in complex industries: The case of flight simulators. Ind. Corp.
Chang. 1995, 4, 363—400. [CrossRef]

3.  Stewart, D. A platform with six degrees of freedom. Proc. Inst. Mech. Eng. 1965, 180, 371-386. [CrossRef]

4.  Raghavan, M. The Stewart platform of general geometry has 40 configurations. ASME Trans. ]. Mech. Des. 1993, 115, 277-280.
[CrossRef]

5. Su, Y.X; Duan, B.Y;; Zheng, C.H.; Zhang, Y.F,; Chen, G.D.; Mi, J.W. Disturbance-rejection high-precision motion control of a
Stewart platform. IEEE Trans. Control Syst. Technol. 2004, 12, 364-374. [CrossRef]

6. Yun,Y,;Li, Y. A general dynamics and control model of a class of multi-DOF manipulators for active vibration control. Mech.
Mach. Theory 2011, 46, 1549-1574. [CrossRef]

7. Su, Y.X;; Duan, B.Y. The mechanical design and kinematics accuracy analysis of a fine tuning stable platform in large spherical
raio telescope. Mechatronics 2000, 10, 819-834. [CrossRef]

8. Wang, Q.; Jiao, W.; Yu, R.; Johnson, M.T.; Zhang, Y. Virtual reality robot-assisted welding based on human intention recognition.
IEEE Trans. Autom. Sci. Eng. 2020, 17, 799-808. [CrossRef]

9. Casas-Yrurzum, S.; Portalés-Ricart, C.; Morillo-Tena, P.; Cruz-Neira, C. On the Objective Evaluation of Motion Cueing in Vehicle
Simulations. IEEE Trans. Intell. Transp. Syst. 2021, 22, 3001-3013. [CrossRef]

10. Qazani, M.R.C; Asadi, H.; Bellmann, T.; Mohamed, S.; Lim, C.P; Nahavandi, S. Adaptive Washout Filter Based on Fuzzy Logic
for a Motion Simulation Platform With Consideration of Joints” Limitations. IEEE Trans. Veh. Technol. 2020, 69, 12547-12558.
[CrossRef]

11. He, Z; Lian, B,; Li, Q.; Zhang, Y.; Song, Y.; Yang, Y.; Sun, T. An error identification and compensation method of a 6-DoF parallel
kinematic machine. IEEE Access 2020, 8, 119038-119047. [CrossRef]

12.  Nabi, H.N.; Ullah, S.; Munir, A. Kinematics analysis of three-degree-of freedom parallel manipulator with crank arm actuator.
In Proceedings of the 2014 11th International Bhurban Conference on Applied Sciences & Technology (IBCAST), Islamabad,
Pakistan, 14-18 January 2014; pp. 182-188.

13. Pan, C.T,; Sun, PY,; Li, HJ.; Hsieh, C.H.; Hoe, Z.Y.; Shiue, Y.L. Development of multi-axis crank linkage motion system for
synchronized flight simulation with VR immersion. Appl. Sci. 2021, 11, 3596. [CrossRef]

14.  Wei, M.Y. Design and Implementation of Inverse Kinematics and Motion Monitoring System for 6DoF Platform. Appl. Sci. 2021,
11, 9330. [CrossRef]

15. Giordano, P.R.; Masone, C.; Tesch, J.; Breidt, M.; Pollini, L.; Biilthoff, H.H. A novel framework for closed-loop robotic motion
simulation-part II: Motion cueing design and experimental validation. In Proceedings of the 2010 IEEE International Conference
on Robotics and Automation, Anchorage, AK, USA, 3-7 May 2010; pp. 3896-3903.

16. Fan, S.W. Aviation physiology training in military aviation of the future Transformation through technology. In Proceedings of
the 2017 Fourth Asian Conference on Defence Technology-Japan (ACDT), Tokyo, Japan, 29 November—1 December 2017; pp. 1-5.

17.  Berthoz, A.; Bles, W,; Biilthoff, H.H.; Gracio, B.C.; Feenstra, P; Filliard, N.; Hiithne, R.; Kemeny, A.; Mayrhofer, M.; Mulder, M.;

et al. Motion scaling for high-performance driving simulators. IEEE Trans. Hum. Mach. Syst. 2013, 43, 265-276. [CrossRef]


http://doi.org/10.1109/ACCESS.2021.3109974
http://doi.org/10.1093/icc/4.2.363
http://doi.org/10.1243/PIME_PROC_1965_180_029_02
http://doi.org/10.1115/1.2919188
http://doi.org/10.1109/TCST.2004.824315
http://doi.org/10.1016/j.mechmachtheory.2011.04.010
http://doi.org/10.1016/S0957-4158(99)00091-4
http://doi.org/10.1109/TASE.2019.2945607
http://doi.org/10.1109/TITS.2020.2978498
http://doi.org/10.1109/TVT.2020.3023478
http://doi.org/10.1109/ACCESS.2020.3005141
http://doi.org/10.3390/app11083596
http://doi.org/10.3390/app11199330
http://doi.org/10.1109/TSMC.2013.2242885

Aerospace 2022, 9, 203 25 of 25

18.

19.

20.

21.

22.

23.

24.

25.

Asadi, H.; Lim, C.P.; Mohamed, S.; Nahavandi, D.; Nahavandi, S. Increasing motion fidelity in driving simulators using a
fuzzy-based washout filter. IEEE Trans. Intell. Veh. 2019, 4, 298-308. [CrossRef]

Salisbury, I.G.; Limebeer, D.J.N. Optimal motion cueing for race cars. IEEE Trans. Control Syst. Technol. 2015, 24, 200-215.
[CrossRef]

Zhao, Q.; Duan, G. Adaptive finite-time tracking control of 6dof spacecraft motion with inertia parameter identification. IET
Control Theory Appl. 2019, 13, 2075-2085. [CrossRef]

Asadi, H.; Mohamed, S.; Lim, C.P.,; Nahavandi, S. Robust optimal motion cueing algorithm based on linear quadratic regular
method and a genetic algorithm. IEEE Trans. Syst. Man Cybern. Syst. 2017, 47, 238-254.

Zhiyong, T.; Hu, M.; Zhongcai, P; Jinhui, Z. Adaptive motion cueing algorithm based on fuzzy tuning for improving human
sensation. In Proceedings of the 2016 IEEE Chinese Guidance, Navigation and Control Conference (CGNCC), Nanjing, China,
12-14 August 2016; pp. 1200-1205.

Qazani, M.R.C.; Asadi, H.; Khoo, S.; Nahavandji, S. A linear time-varying model predictive control-based motion cueing algorithm
for hexapod simulation-based motion platform. IEEE Trans. Syst. Man Cybern. Syst. 2019, 51, 6096—-6110. [CrossRef]

Sivan, R.; Ish-Shalom, J.; Huang, ]. K. An optimal control approach to the design of moving flight simulators. IEEE Trans. Syst.
Man Cybern. Syst. 1982, 12, 818-827. [CrossRef]

Kwakernaak, H.; Sivan, R. Linear Optimal Control Systems; Wiley-Interscience: New York, NY, USA, 1972.


http://doi.org/10.1109/TIV.2019.2904388
http://doi.org/10.1109/TCST.2015.2424161
http://doi.org/10.1049/iet-cta.2019.0245
http://doi.org/10.1109/TSMC.2019.2958062
http://doi.org/10.1109/TSMC.1982.4308915

	Introduction 
	Kinematics of the Six-DoF Motion Platform 
	Forward Kinematics 
	Inverse Kinematics 

	Motion-Cueing Algorithm 
	Classical Washout Algorithm Design 
	Optimal Control Algorithm Design 

	Simulation Results and Discussion 
	Specific Force Analysis 
	Influence of 1  
	Influence of q1  
	Influence of q2  
	Influence of q3  

	Angular Velocity Analysis 
	Influence of 2  
	Influence of q2 
	Influence of q5  

	Comparison of the Two Motion-Cueing Algorithms 
	Comparison of Origin Drift 
	Comparison of the Control Architecture 


	Conclusions 
	References

