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In this paper, a novel series three-axis stable platform (STSP) is proposed, and its azimuth angle
structure, pitch angle structure, roll angle structure, overall system structure scheme, and control scheme are de-
signed. The platform is a universal one. The forward and inverse kinematics and dynamics models of the STSP
pitch-and-roll mechanisms are established, and the motion rules of the platform and the force conditions of the
main components are analyzed. Establish a mathematical model of the platform control system, analyze the per-
formance of the pitch-and-roll system of the STSP, propose a position velocity dual-closed-loop control strategy,
and determine the controller parameters through simulation analysis of the control system. A comprehensive
experiment is carried out to install the STSP on the swing platform; simulate the actual operating environment,
verify the rationality and dynamic accuracy of the kinematic model, dynamic model, and control strategy; and
verify the feasibility and stability of the system control scheme and platform configuration.

The main function of the stable platform is to isolate the im-
pact of the installation carrier movement or external interfer-
ence, provide a stable working environment for the equip-
ment installed on the stable platform by establishing a stable
reference plane, prevent the target loss or positioning error
caused by the installation carrier movement, and achieve ac-
curate tracking and positioning (Huang et al., 2021; Kuseyri,
2016; Soltani et al., 2011; Li, et al., 2018). It is this function
based on the stable platform that makes it play a very impor-
tant role in human-robot interaction, industry, rehabilitation,
and other fields (Dasgupta and Mruthyunjaya, 2000; Yang et
al., 2022; Chen et al., 2016; Yu, et al., 2019; Hilkert, 2008).
In recent years, with the increase in its demand, research and
investment in the stable platform in various countries have
increased year by year.

Generally, there are two types of stabilized platform mech-
anisms: a serial mechanism and a parallel mechanism. The
tandem mechanism is mainly composed of two or more ba-

sic mechanisms, which are combined in series to enable the
follower to achieve a specific motion law (Konigseder et
al., 2016; Bras et al., 2011; Guo and Dan, 2015). The combi-
nation form of the parallel mechanism is different from that
of the series mechanism. It combines the basic mechanisms
in parallel and drives the follower movement to complete a
specific motion path (Jaime and Alcaraz, 2018; Slavutin and
Reich, 2020; Slavutin et al., 2019; Song, et al., 2014). The
advantages of a parallel structure are a high stiffness and
strong bearing capacity, while the disadvantages are a com-
plex structure, large volume, and limited range of motion.
Generally, parallel mechanisms are often used in high-speed
and large bearing capacity situations (Tian and Zhang, 2020;
Wang et al., 2017; Tian et al., 2018; Zhang, et al., 2021). The
advantages of a serial mechanism are the simple structure,
low processing cost, simple control, large movement space,
etc. (Wang et al., 2022; Jun and Feng, 2020).

In the process of modeling and controller design of a servo
drive system based on a transfer function, the common de-
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sign method is classical control theory (Liu et al., 2021).
This method has mature technology and high precision and
is mainly applicable to linear time-invariant single-input—
single-output systems. Due to the structure, control strategy,
and other reasons, the existing stable platform has a large
volume of equipment and a relatively low control accuracy,
which finds it increasingly difficult to meet the use require-
ments. Based on this situation, this paper designs a novel se-
ries three-axis stable platform, which has a higher control ac-
curacy and stability and reduces the overall equipment vol-
ume and weight. This platform is a universal platform that
can be used for vehicle- or ship-mounted aiming and track-
ing devices as well as for ankle rehabilitation training.

The STSP proposed in this paper has a small load and com-
pact overall space. If the parallel mechanism is adopted, the
overall structure weight will be increased. In addition, the
weight of the load itself is small, which can be integrated
with a degree of freedom to a certain extent to reduce the
overall volume. Therefore, considering the design, control,
cost, and other factors, a series structure is adopted. The over-
all mechanism diagram is shown in Fig. 1.

There are three directions of motion for the STSP. From
bottom to top, they are azimuth motion, pitch motion, and
roll motion. The roll direction movement and the load are
integrated, which simplifies the structure design. The pitch
mechanism is connected by the designed electric cylinder
with the hinge at the bottom of the column and the hinge
at the end of the moving platform. This structure increases
the transmission ratio and improves the load capacity of the
platform. The azimuth rotation is mainly driven by the step-
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per motor through the pulley to rotate the column as a whole,
so that the load points to different orientations. The three-
dimensional model of its overall structure is shown in Fig. 2.

In Fig. 2, a large belt pulley is installed at the bottom of the
middle column of the stabilization platform. The large belt
pulley is connected to a small belt pulley in the adjacent az-
imuth drive mechanism through the synchronous belt, which
makes the support column rotate along the central axis and
makes the pitch mechanism, roll mechanism, and load move.

The load is located on the moving platform of the STSP. In
order to improve the load capacity, the pitch angle move-
ment is provided by the electric cylinder mechanism. The
electric cylinder mechanism is mainly composed of a detec-
tion device, a driving mechanism, a ball screw mechanism,
a guide mechanism, and a gear. The upper end of the push
rod is connected to the moving platform through a hinge,
and the lower end is connected to the connection point on
the side of the support column through a hinge. The moving
platform is driven by the telescopic movement of the push
rod to achieve pitch angle movement. The pitch inertial unit
(sensor) located on the moving platform is used to detect the
pitch angle change of the moving plane. The resolver is used
to detect the angle of the motor. When the motor is stopped
or needs to be fixed to a certain position, the electromagnetic
brake can lock the motor to keep the moving platform stable.

Considering the limitation of the size of the load mechanism
and the overall space size, the direct drive mode is adopted to



combine the rolling drive mechanism and the load and to fix
them on the moving platform through the bracket in the mid-
dle. This design method simplifies the structural design and
saves space by directly connecting the motor at its tail. The
front end of the motor is installed with a rotary transformer,
and the end is installed with an electromagnetic brake. The
roll inertial unit (sensor) is installed above the load, which
moves with the load to detect the change in the roll angle.

The STSP has many functions and is decentralized. The mo-
tor servo control system and various detection systems have
strong independence, and the relationship between each loop
is complex. Therefore, based on comprehensive considera-
tion, the distributed control mode is adopted. The overall
control scheme of the STSP is shown in Fig. 3.

The STSP adopts distributed control. Each servo driver,
inertial unit, and power manager is independent of the other
and is responsible for its respective tasks. The system con-
troller, as a transit station, is responsible for transmitting the
information for each submodule of the lower computer and
the upper computer. There are mainly three kinds of informa-
tion transmitted between the modules of the control system,
1.e., status information, data information, and command in-
formation. The status information mainly refers to the lower
computer submodule reflecting the working status informa-
tion of the module to the upper computer, such as current
information, temperature information, or limit alarm infor-
mation. The data information mainly refers to the data trans-
mission between the upper computer and the lower computer
submodules and between the lower computer submodules,
such as roll angle, elevation angle, or pitch angle error. The
command information mainly refers to the working mode
commands sent by the upper computer to each module of the
lower computer, including initialization instructions, startup
commands, or elevation setting commands.

The relationship between each information and data flow
can be distinguished by Fig. 3. The upper computer sends
commands to all the submodules through the system con-
troller to check the status information of each module. In
addition, the inertial unit module, servo driver module, and
motor module constitute an independent servo drive module.
The inertial unit and motor end sensor transmit measurement
data to the motor driver and control the motor movement af-
ter calculation and processing by the servo driver, thus com-
pleting the control of the platform. The servo drive control is
the most important part of the whole system.

The forward kinematics of the platform mainly calculate the
rotation angle of the motor from the rotation angle of the

moving platform, while the inverse kinematics calculate the
rotation angle of the moving platform from the rotation an-
gle of the motor. In addition to analyzing the motion law, the
transfer function from the platform end to the motor end can
be obtained through forward kinematics calculation. In addi-
tion, the actual rotation angle of the moving platform can be
obtained by inverse kinematics calculation using the motor
rotation angle.

In order to reduce the difficulty of modeling the kinemat-
ics model, the simplified mechanism motion diagram of the
STSP shown in Fig. 2 is also shown in Fig. 4. The pitch
mechanism diagram of the STSP is shown in Fig. 4a. The
closed-loop vector method is used for kinematics modeling
of the pitch mechanism.

If the moving coordinate system O1-x;y;z;] is established
on the moving platform and the static coordinate system Og-
X0Yozo is established on the static platform, then the relevant
parameters of the pitch motion at the moving platform end
are

Op = Azsin(w,t),

Az
Nap = —— cos(wy1), 1
37, \ (1)
A,
Eap = —4527 sin(wy1),
z

where 0, is the platform end pitch angle, n,;, is the platform
end pitch speed, &, is the platform end pitch angle acceler-
ation, A, is the platform end pitch angle amplitude, 7} is the
platform end pitch period, and w, = 2 /T,.

If the static coordinate system is the reference coordinate
system, then any vector H | in the dynamic coordinate sys-
tem can be transformed into the static coordinate system
through the rotation matrix as

Hy=RH |+ P, 2
where R 18 the rotation matrix, R=
COS11 COS12 COS13
cosp; Cospy cospz [, and P is the position vector
COS31 COS3p COS33

from the origin of the moving coordinate system to the

origin of the static coordinate system P = [di dy d3 ]T.
According to the closed-loop vector method, the kinemat-
ics equation of the electric cylinder is established as

Ao=RA; + P,

3
Li=Ap— Ay, )

where Ag = [601 e eps ]T is the position vector from
the origin Oy of the static coordinate system to the upper ful-

. . T.
crum ag of the electric cylinder, A| =[e1; ez e13 | is
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Figure 4. Kinematics diagram of the pitch mechanism.

the position vector from the origin O of the moving coordi-
nate system to the upper fulcrum ag of the electric cylinder,
Ay = [e21 en e ]T is the position vector from the ori-
gin Oy of the static coordinate system to the upper fulcrum
by of the electric cylinder, and L is the length vector of the
electric cylinder.

Mech. Sci., 15, 209-221, 2024

(a) Inverse kinematics

Given the space position and attitude of the moving platform,
the elongation of the electric push rod is calculated. Among

10 0
them, R=[0 cosfp —sinb, [, P=[0 0 Iy |,
0 sinfp  cosby

Ar=[0 —rp 0] and A2=[0 —ry 0]". Accord-
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ing to Eq. (3),

0 0 0
Li=|—-rocosty [+|0 |—|—ro
| —70 sinf,, ly 0
0
= | —rocost,p+ro |, @)
| =70 sin6,p + o

where [y =265.5 mm is the length from the origin Og of the
moving coordinate system to the origin O of the static coor-
dinate system, and ro = 100 mm is the length from the origin
Oy of the moving coordinate system to the lower fulcrum by
of the electric cylinder.

LetLo=[0 —ro Io ]T be the position vector at the ini-
tial time of the upper and lower fulcrums of the electric cylin-
der. The position change vector L, of the electric cylinder is

i 0 0
Ly=Li —Lo= | —rocosb,,+ro | —|—ro
| —70 sinf,p + o ly
i 0
= | —rpcosb,p+2rg |. (®)]
—r( Sinfyp

Calculate the total length of the electric push rod as

|L{| = \/rg(l — €08 0,p)* + (o — rosinb,p)>. ©6)
The elongation of the electric push rod is

Al =|Ly| = |Lo|

= \/rg(1 — cosp)? + (lo — rosinbyp)? — . (7
The pitch motor angle is
Al
O7m = 360 — - im, ®)
p

where p is the lead of the lead screw, and iy, is the transmis-
sion ratio from the lead screw to the motor end.
The components of L, in the yy Opzo plane are

lry = —rocosf,, + 2ry, ©
lr; = =1 sinbyp.
The speed corresponding to the two directions is
. 2
vy =Dy = r"gAO—Zg sinf,p cos(w,1),
oA (10)
V=1l =— €0s Op sin(w;1).
1T 907, e
The relevant parameters of the electric push rod are
2
v =,/v:+ v% = '°9AO—Z£ cos(wy,t),
roA,m? (n
ny = ———— cos(wy,t),
6T,

where v is the linear speed of the push rod and #; is the speed
of the lead screw.
The relevant parameters of the pitch motor terminal are

roAan

Nzm = Ism -~z — COS(wy 1), (12)
. A4 .
&zm = —lsm* rog();Q sin(w,t),
z

where n,p, is the pitch motor speed, and &,y is the pitch mo-
tor angular acceleration.

Calculate the angle of the platform end from the angle of the
motor end, where the extension of the push rod is

NN (13)

Ism

|L{| = \/rg(l —c080,p)* + (lo — rosinb,p)? is the equation
about 6,p, and /1 is the module of vector Ly:

12 = r2(1 — cosb,p)> + (lo — rosinfyp)>. (14)
Simplified,
I 2 +12-12
=56y + cosfyy = —0 0 L. (15)
ro 2ry
_ly . 2rgHG-
Order ¢p = o €1 = —2r§ is then
€0 8inb;p + cosbyp = cy. (16)
Simplified,
2_ 2
0 cox /g —crt+1
tan == = ) (17)
2 ci1+1
Then,
lco—‘/cg—c%—i—l
0, = 2tan™ . 18
2p = 2tan o (18)

The rolling motion of the load is directly driven by the rolling
motor through the coupling. Therefore, the rolling angle mo-
tion parameters are the same as those of the rolling motor.

th = Ohm = Ap sin(wpt)

_ _ . 4nT7

Nhp = Nhm =1 3T CSS(a)ht) (19)
. ARTTT

Ehp = Ehm = — 1 —— SIN(wh!

hp hm 45 Th2 (wnt)

Ohp is the platform end rolling angle, 6 is the rolling motor

end angle, nyy, is the rolling speed at the platform end, npy, is

the rolling motor speed, ey is the platform end roll angular

acceleration, epp, is the roll motor end angular acceleration,

Ay, is the amplitude of the platform end roll angle, Tj, is the

rolling period of the platform end, and wy, = 27 /Tj,.



Table of the STSP motion parameters.

Parameter Roll  Pitch
Mobile platform end 77 (s) 8 4
Az () 15 6

ngp (rmin~!) 196 157
ezp (rads™2) 016  0.258

Motor end nzp (r min_l) 1.96 505

£ym (rads™2)  0.16 83
i and igm 1 322

Transmission ratio

The kinematics model of the roll mechanism and the pitch
mechanism are established by using MATLAB to solve the
motion law of the moving platform of the STSP, verify the
correctness of the forward and inverse kinematics formu-
las, and analyze the relationship between the elongation of
the electric push rod and the rotation angle of the moving
platform. The inverse kinematics equations of the platform
are established by Eqgs. (1), (7), (8), and (19), and the for-
ward kinematics equations of the platform are established by
Egs. (13), (18), and (19). Set ro = 100 mm and /y =265.5 mm
to get the rolling and pitching motion relationships of the
moving platform.

According to the above analysis, the relevant parameters
of the STSP are shown in Table 1.

Dynamic analysis mainly analyzes the force of the mecha-
nism, calculates the moment of inertia and force of the mech-
anism, calculates the torque and speed of the motor terminal,
and analyzes the mechanical characteristics of the motor. In
addition, the results of the dynamics calculation are applied
to control system modeling and system performance analy-
sis.

The load of the pitch mechanism is mainly composed of the
gravity load, the friction load, and the inertia load of the load.
The mechanism diagram during its movement is shown in
Fig. 4b. The gravity is a load and roll mechanism. When the
electric push rod retracts, the moving platform rotates clock-
wise, and the push rod is under pressure. When the electric
push rod extends, the moving platform rotates counterclock-
wise, and when it rotates over a certain angle, the push rod
is under tension. Therefore, at the position of the two limits,
the force on the push rod is largest.

If the STSP inertia moment is 77, and the weight moment
is T,g, then

T7p = Jzpéap,
h ) (20)

TZg =mg Sil’lezp (m

where J;,, =0.301 kg m? is the moment of inertia of the pitch
load, m = 8.7 kg is the mass of the load and rolling mecha-
nism, and 2 =76.7 mm is the vertical distance between the
load center of the mass and the upper surface of the moving
platform.

With the horizontal position of the moving platform as the
benchmark and the upward thrust of the push rod as the pos-
itive direction, the force of the moving platform for a pe-
riod is analyzed. When the moving platform moves coun-
terclockwise from the lower-limit position, the gravity load,
inertia load, and friction load simultaneously do negative
work. However, when moving over the horizontal position,
the gravity load and inertia load do negative work, and the
friction load does positive work. When moving clockwise
from the upper-limit position, the gravity load and inertia
load do negative work, and the friction load does negative
work. After passing the horizontal position, the gravity load
and inertia load do negative work, and the friction load does
positive work. Therefore, according to the different motion
angles of the moving platform, the direction of work done
by the friction force is different, and the functional equation
needs to be established in sections as

sz*Tzf*ng °© °
70 C0S6zp (0 —6 )’

sz + Ty — ng

70 080z
FS = sz + th - ng (OO N _60)
10 €08 b;p ’

sz — T — ng (—60 N 00)

6 —0),
(21)

10 080z

where Fj is the point-A thrust of the electric push rod, and
T, =—0.2 Nm is the friction torque.
The force balance equation is

F,—G— F,=0, (22)

where Gy =6 N is the weight of the push rod sleeve, and F;
is the total thrust of the push rod.
The driving torque T, of the lead screw is

_ F-p

= , (23)
270

zs

where 1,; = 0.8 is the transmission efficiency of the push rod
lead screw.

The roll motor is directly connected to the load through the
coupling, and the load it receives mainly includes the fric-



tion load and the inertia load. The shape of the load is ap-
proximate to a cylinder. The inertial moment of the load and
inertial unit is Ty, and the rotating friction load is Tgf. Take
the product of the maximum inertial moment 7gxmax and the
friction coefficient; then,

Jox = %””grz’
Tox = (ng + Jax)€hm, (24
Tgf = knf - Tgxmax»

where my =4 kg is the mass of the load and the rolling iner-
tial unit, r; = 0.071 m is the radius of the load, Jgx is the rota-
tional inertia of the load and rolling inertia unit, and ks = 0.1
is the friction coefficient of the roll mechanism.

Then, the total driving torque Tjy, of the roll motor is

Tl (07 - 157)
h ’

T T o o
M(m _>0>,
h

T T o o
M(O —~ —15 >’
TTh

T~ Taf (-15"=0")
h ’

Thm = (25)

where np =0.8 is the transmission efficiency of the roll
mechanism.

If the STSP needs to rotate from O to 90°, its average angular
velocity is wgy =9 ° s~L. If it takes 0.4 s for the azimuth angle
to reach 9 °s~! from the static state, its angular acceleration
is efy =0.393rads~!. The platform volume is approximate
to a cylinder, and its radius is rgy. Then, the rotary inertia Jpy
of the turntable is

1
T = Smewriy, (26)
where my, =50kg is the overall mass of the platform, and
rew = 0.18 m is the platform radius.

The inertia moment Tty of the platform is

Trw1 = JiwEfw- (27
The driving torque Ty, of the platform is

Trw = Tiw1 + Tiwr, (28)

where Trwf= 18 Nm is the integral friction moment of the
platform.
The output torque A of the stepping motor is
Tty

Tom = - , 29)
Liw Nfw

where npy =0.9 is the transmission efficiency of the con-
veyor belt, and ig, =394 is the transmission ratio of the con-
veyor belt.

Ty 6 6,

On
Sensor - DC % Decelerator Load
0,
J, B, i

m 'm 1, B,

Motor system model.

When the average angular velocity is wgy =9°s~!, the
corresponding motor speed is np; = 600 rmin~!, and the out-
put torque of the azimuth angle is 7,1 = 0.4 Nm. When the
maximum speed of the motor is npmax = 2000 rmin~!, the
output torque is Tpmax = 0.07 Nm.

The DC motor servo system is adopted. The rotor of the DC
motor generates a driving force under the action of the ar-
mature current and then transfers it to the load through the
transmission mechanism to drive the load to produce move-
ment. In this paper, the mathematical models of the roll mo-
tion system and the pitch motion system are established.

The pitch mechanism and roll mechanism DC motor servo
system can actually be simplified as an inertial friction load
system, as shown in Fig. 5. The influence of transmission
system stiffness is ignored in the motor model.

The voltage equation of the armature circuit is

di .
La# + Raia +e=u,,
L]

e =Celn,

(30)

where R, is the motor armature circuit resistance, L, is the
armature inductance, u, is the armature voltage, i, is the ar-
mature current, e is the back electromotive force (EMF) of

the DC motor, C, is the back EMF constant, and 6, is the
motor speed.
The driving torque of the motor is

T = Cria, €29

where Cy, is the torque constant of the DC motor.
The force balance equation of the motor is

Tm_TL=Jm9m+Bm9mv (32)

(1)
where 71 is the load torque, 01, is the angular acceleration
of the motor, Jy, is the load moment of inertia, and By, is the
viscous friction coefficient.
The mathematical model of the electric circuit of the motor
after the Laplace transformation of Eq. (30) is

Ua(s) _ CeOm(s)
Las+ Ry, Lus+ Ry

Ia(s) = (33)



After the Laplace transformations of Eqs. (31)—(33) are
combined, the transfer function between the control current
and the output speed of the motor is

Cn 1 1L

0r(s) = —™ [ (s)— ——2L
m() =g ) =T

(34)
where i is the transmission ratio of the system, B. = B, +
LBL, Je=Jn+ 5L
The speed transfer function at the load end is
. le 1 Cm 1 TL
0 =-0 =———L6s)————]). (35
L(s) " m(s) <Jes B a(s) P Jos b Be> (35)

i

The open-loop transfer function of the DC speed servo sys-
tem is a zero-type system. Therefore, in order to improve the
steady-state accuracy of the system and to ensure that the
system has good rapidity, the speed loop control loop usually
uses a PI controller. The controller is

s+ Ky
N

U(s)=Kp E(s). (36)

The PI controller has a gain of KpK7j, a turning frequency
of w = K, and a time constant of T = 1/K]. Its speed loop
control model is shown in Fig. 6.

Set K1 =30, 50, and 70 and Kp =70, and observe the
open-loop Bode diagram of the speed loop. With the increase
in Kp, the crossing frequency gradually increases, and in-
creasing the integral coefficient Ky will reduce the phase mar-
gin of the system, thus making the stability of the system
worse. The overshoot of the closed-loop step response of the
system increases with the increase in Kj. Increasing the inte-
gral coefficient does not improve the rapidity of the system.
Therefore, based on comprehensive consideration, K; =50
and Kp =70 are selected. At this time, the system crosses
around —20 dB, and the phase margin is 66°, which is ideal.

The double closed-loop control model of the designed roll
system is shown in Fig. 7.

Increasing the gain makes the crossing frequency increase,
and the response speed of the system increases, but the phase
margin and amplitude margin also decrease. At C =230, the
phase margin is 75.9°, and at C =330, the phase margin is
68°. At C =330, the system response speed increases, but
there is a small vibration. After adding a differential, the sys-
tem performance improves. The system crossing points are
all near —20bB and the bandwidth is large, so the system

is relatively stable. The gain of the position loop can be fur-
ther improved, but considering the discretization required in
practical application, the proportion coefficients of the posi-
tion loop are finally determined as C =230, Kp =0.1, and
N =400.

The pitch system model is similar to the roll system, and
the PI controller is used in the speed loop design. Through
comprehensive comparison and analysis, it is determined that
the speed loop controller is Kp = 0.4, K1 = 80. The position
loop controller parameters of the pitch system are C =315,
Kp =0.04, and N =300. The compound control method is
used to compensate for the speed loop to improve the sys-
tem performance. At this time, the error size is 2/, the error
curve is smooth, and the system is relatively stable, meet-
ing the design requirements. The load is introduced into the
pitch system in the same form as the roll system, and the er-
ror curve changes are observed.

The main equipment required for the experiment comprises
a dSPACE industrial personal computer, a PC, a servo driver,
and a series stabilization platform, as shown in Fig. 8.

The workflow of the control system is shown in Fig. 9. Af-
ter power-on, wait for the initialization instruction. When the
initialization task is completed, if the initialization fails, wait
here. If the initialization succeeds, wait for the startup in-
struction. After receiving the startup command, the system
first enters the reset program. After the reset, the startup is
successful, and the system directly enters the normal working
mode. Otherwise, the startup fails, and the motor is turned
off. The main tasks of the system under normal working con-
ditions are as follows.

1. Check whether the various states are normal. If there is
any abnormality, report it actively. In the case of failure,
stop the machine immediately and turn off the motor to
enable it.

2. Run the control algorithm program, control the motor to
work normally, and calculate the relevant angle, error,
and other data.

When the system receives the shutdown command, it en-
ters the shutdown program, cuts off the external angle input,
automatically resets to the mechanical zero point, and turns
off the motor. In order to ensure the smooth and stable oper-
ation of the system, the servo driver has strict sequence re-
quirements when working; i.e., the system can only accept
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Figure 6. Speed loop control model of the roll system.

Figure 7. Double closed-loop control model of the roll system.

Figure 8. Swing table experimental platform.
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the shutdown command after startup but cannot accept the
initialization command. When the system is powered on for
the first time, it can only accept the initialization command
first.

The swing table can produce sinusoidal motions with differ-
ent amplitudes and periods. During installation, the rolling
motion of the platform will be perpendicular to the axial di-
rection of the swing table, so as to simulate the rolling mo-
tion of the installation carrier. The difference between the
comprehensive experiment and the single degree of freedom
experiment is that it is a zero input, which depends on the
inertial unit to detect the angle change in the platform and is
adjusted by the servo system. The system starts to work. Un-
der static conditions, the steady-state errors of the platform
in the rolling and pitching directions are shown in Fig. 10.

It can be seen from Fig. 10 that, when the swing table is
not started, the steady-state accuracy of rolling and pitching
is high and the error range is & 0.1’. Start the swing platform,
generate a sinusoidal motion with an amplitude of 15° and a
period of 8 s, adjust the azimuth angle of the STSP to 0°, and
analyze the rolling and pitching errors, as shown in Fig. 11.

It can be seen from Fig. 11 that the roll angle error is close
to 6" and the pitch direction motion angle of the swing table is
0°. Under dynamic conditions, the platform pitch angle error

N N

ommunicatio;

Output

Output
status i

angle

Shutdown

Y
Shutdown procedure

Y
Shutdown Y Shutdown N Shutdown
succeeded completed failed
 End )
K; End P,

is 0.2. The swing table motion has a certain impact on the
pitch direction, but the pitch stability accuracy is still high.
Adjust the azimuth angle of the STSP to 45° and analyze the
roll-and-pitch errors, as shown in Fig. 12.

It can be seen from Fig. 12 that the rolling error decreases
and the pitch error is about 1.7’. The system runs stably, but
the pitch error has many burrs, which is the same as the phe-
nomenon of a single degree-of-freedom experiment. In the
upper- and lower-limit reversing positions, there will be burrs
with large amplitudes in rolling and pitching, which is related
to the stress. Adjust the azimuth of the STSP to —45° and an-
alyze the pitch-and-roll errors, as shown in Fig. 13.

It can be seen from Fig. 13 that azimuth reversal has little
impact on roll-and-pitch errors, and the overall operation of
the system is stable. Since the 3 degrees of freedom of the
STSP move independently, there is no interference between
them, so there is no impact on the errors.

Set the motion parameters of the swing table with ampli-
tude 6° and period 4 s, adjust the azimuth to 45°, and observe
the roll-and-pitch errors, as shown in Fig. 14.

It can be seen from Fig. 14 that the increase in frequency
makes the error larger. The roll error becomes larger when
the speed is maximum. The pitch error changes little. The
overall operation in both directions is stable, and the system
works stably. Although there is a slight vibration, the ampli-
tude is not large. The overall design is higher than the index
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Figure 12. Roll-and-pitch error at 45° azimuth.
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Figure 13. Roll-and-pitch error at —45° azimuth.
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Figure 14. Roll-and-pitch error at 45° azimuth.

requirements, the experimental and simulation results are al-
most consistent, and the control system is stable.

6 Conclusion

In this paper, a novel STSP is designed, its model is estab-
lished, and its control system is designed. The kinematics
and dynamics models of the STSP are established. The sim-
ulation experiments verify the accuracy of the forward and
inverse kinematics and the force on the motors of each mech-
anism. The platform control system model is established, and
the pitch system and roll system controllers are designed.
The correctness of the controllers is verified by simulation.
The experimental environment of the STSP prototype is es-
tablished, the workflow of the platform control system is de-
signed, and the prototype is tested to verify the feasibility of
the prototype structure and the control system. The stability
platform is installed on the swing platform for comprehen-
sive experiments, and the errors of the various mechanisms at
different azimuth angles are analyzed. The rationality of the
platform structure, kinematics model, dynamics model, con-
troller, and control system design are verified, which meets
the requirements of practical application.
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