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Abstract. To provide a highly stable reference plane for navigation and aiming systems on moving carriers,
this paper presents a novel three-degrees-of-freedom (3-DoF) series-parallel stabilisation platform (SPSP). This
platform effectively eliminates longitudinal and lateral carrier sway while dynamically adjusting azimuth an-
gles for target tracking. We designed the SPSP configuration and analysed its kinematic degrees of freedom
(DoF). Based on the mechanism’s operating principles, factors influencing the moving platform’s attitude error
(AE) were systematically investigated, and an error model was established using partial differential methods.
Simulation studies quantified the impact of individual error sources on AE, enabling rational error allocation.
Critical factors affecting rod length error (RLE) were identified, leading to proposed methods for enhancing
the accuracy of gear and lead screw transmissions. An experimental platform was constructed using a dSPACE
hardware-in-the-loop simulation system. Validation experiments included electromechanical actuator precision
tests, open-loop SPSP positioning tests, and closed-loop stability tests, confirming the error model’s validity and
configuration design rationality.

1 Introduction

Vehicles, aircraft, and other transportation systems have gar-
nered significant scholarly attention. Environmental pertur-
bations induce vibrations and displacements in these carriers,
whereas onboard navigation and aiming equipment requires
real-time stability. Conventional stabilisation platforms are
categorised as either serial or parallel architectures (Kuseyri,
2016; Zhou et al., 2025; Ding et al., 2025; Chen et al., 2016;
Dong et al., 2022; Yang et al., 2022; Yue et al., 2010). To
mitigate accuracy degradation caused by manufacturing er-
rors and structural compliance in conventional platforms, we
designed a novel series-parallel stabilisation platform (SPSP)
configuration and conducted an in-depth analysis of error
sources to enhance platform stiffness and motion accuracy.

Usually, the error and accuracy of a stable platform are
inversely proportional. The larger the error, the lower the ac-
curacy; the smaller the error, the higher the accuracy (Mei
et al., 2021). To improve the accuracy of a stable platform,
it is necessary to minimise the error to the greatest extent,
and the error model becomes particularly important. There
are currently three commonly used error modelling methods:
the first is the matrix differentiation method, the second is the
error influence coefficient method, and the third is the vector
differentiation method (Li et al., 2025; Yao et al., 2013). The
essence of both the matrix differentiation and error influence
coefficient methods is to use the D-H method to establish
error models for each branch chain. Masory et al. used the
D-H method to establish error models for each branch chain
on the Stewart platform and obtained the end error through
numerical solution (Masory et al., 1996). The vector differ-
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ential method establishes an error model by taking the dif-
ferential of the kinematics equation of a parallel mechanism;
e.g. Ropponen and Arai (1995) used this method to establish
the error model for the Stewart platform and obtained the re-
lationship between structural parameters, transmission com-
ponents, and end errors (Song et al., 2024). Establishing an
accurate error model requires in-depth analysis of the causes
of stable platform errors.

The main sources of errors in stable platforms can be di-
vided into four aspects: due to machining and assembly er-
rors that create gaps between parts, moving parts may ex-
perience mechanical transmission errors during mechanical
transmission; in the detection process, detection errors are
introduced due to the inherent errors and accuracy limita-
tions of the detection device; during the working process
of the mechanism, deformation errors are introduced due to
changes in external temperature and pressure and also due
to sustained external and inertial forces that cause deforma-
tion of the mechanism components; finally, there are control
errors in the control system, mainly caused by the selection
of control algorithms and controller parameters (Liu et al.,
2022a, b; Wen et al., 2023; Luo et al., 2021; Chong et al.,
2021). This paper mainly considers manufacturing errors and
mechanical transmission errors, providing a theoretical and
technical basis for the control of stable platforms.

2 Design and analysis of SPSP

2.1 SPSP mechanism principle

Based on the motion analysis of the carrier during movement
and the functional requirements of the stable platform, this
paper proposes a novel three-degrees-of-freedom (3-DoF)
SPSP. Its working principle is shown in Fig. 1, and the three
degrees of freedom of the SPSP comprise pitch, roll, and az-
imuth. The pitch and roll degrees of freedom are designed
based on a two-degrees-of-freedom (2-DoF) parallel mecha-
nism with passive chains, used to eliminate longitudinal and
lateral sway of the carrier. The azimuth motor and gear trans-
mission complete the adjustment of the azimuth angle and
have the function of adjusting the azimuth angle according
to the different aiming targets of the platform load.

In Fig. 1, it can be seen that the 3-DoF SPSP is composed
of a 2-DoF parallel platform and a directional mechanism
connected in series.

2.2 Degree of freedom analysis of parallel mechanisms

The parallel mechanism designed based on U-RPS/UPS is
shown in Fig. 1. The organisation consists of a moving plat-
form, a static platform, a U branch, an RPS branch, and a
UPS branch. Among them, the RPS branch and the UPS
branch are orthogonal and equidistant, with the U branch lo-
cated at the orthogonal centre. The moving platform is con-
nected to the column fixed to the static platform through the

Figure 1. Schematic diagram of the SPSP principle.

U branch. In the RPS branch, the rotating pair (R) is con-
nected to the static platform, the ball joint (S) is connected
to the moving platform, and the axis of the moving pair (P )
passes through the centre point of the ball joint (S) and co-
incides with the vertical axis of the rotating shaft. When the
moving pair (P ) moves up and down, it pushes the moving
platform to rotate around the y axis of the U branch, achiev-
ing a change in the pitch angle θx of the moving platform.

In the UPS branch, the Hooke hinge (U ) is connected to
the static platform, and one of the rotating axes in theU hinge
is parallel to theR axis of the rotating pair in the RPS branch.
The ball joint (S) is connected to the moving platform, and
the centre of the S joint is in the same horizontal plane as the
centre of the S joint in the RPS branch. The axis of the mov-
ing pair (P ) passes through the centre point of the ball joint
(S) and coincides with the vertical axis of rotation. When the
moving pair (P ) moves up and down, it pushes the moving
platform to rotate around the x axis of the U branch, achiev-
ing a change in roll angle θy .

Firstly, it is necessary to analyse the composition and char-
acteristics of parallel mechanisms and to further analyse their
degrees of freedom using screw theory. Due to the correla-
tion between the spiral system and the selection of coordi-
nate systems, in order to simplify the calculation, a coordi-
nate system as shown in Fig. 2 is established. The dynamic
coordinate system P − x′y′z′ is established on the moving
platform, and the static coordinate system O − xyz is estab-
lished on the static platform. The origin P − x′y′z′ of the
moving coordinate system P is the centre of the Hooke hinge
U branch, with the x′ axis collinear with PA1 and the y′ axis
collinear with PA2. The originO of the static coordinate sys-
temO−xyz is the projection of point P on a static platform,
with the x axis collinear with OB1 and the y axis collinear
with OB2.

The centre of the ball joint connecting the RPS branch to
the moving platform is A1, and the centre of the rotating pair
R connecting to the static platform is B1. The centre of the
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Figure 2. U-RPS/UPS mechanism coordinate system.

ball joint connecting the UPS branch to the moving platform
is A2, and the centre of the rotating pair R connecting to the
static platform isB2. The centre of the Hooke hingeU branch
is the origin P − x′y′z′ of the moving coordinate system P .

The motion spiral system of the RPS branch at its initial
position is

�S11 =
(

1 0 0; 0 0 0
)

�S12 =
(

0 0 0; α 0 β

)
�S13 =

(
α 0 β; 0 0 0

)
�S14 =

(
0 1 0; −β 0 α

)
�S15 =

(
β 0 −α; 0 1 0

)
,

(1)

where α2+β2 = 1.
Then, the counter-helix of Eq. (1) is

�Sr
31 =

(
β 0 −α; 0 1 0

)
. (2)

At the initial position, α = 0, β = 0, the anti-helix is �Sr
11 =(

1 0 0; 0 1 0
)
, and the anti-helix is a force vector.

The motion spiral system of the UPS branch in its initial
position is

�S21 =
(

1 0 0; 0 0 0
)

�S22 =
(

0 1 0; 0 0 0
)

�S23 =
(

0 0 0; α 0 β

)
�S24 =

(
α 0 β; 0 0 0

)
�S25 =

(
0 1 0; −β 0 α

)
�S26 =

(
β 0 −α; 0 1 0

)
.

(3)

Due to the rank of the matrix composed of six helices in the
motion spiral system being 6, there is no anti-helix, meaning
that the UPS branch does not have any constraints on the
platform.

The motion spiral system of the U-branch is�S31 =
(

1 0 0; 0 0 0
)

�S32 =
(

0 1 0; 0 0 0
)
.

(4)

Therefore, the total anti-spiral system is

�Sr
31 =

(
0 0 1; 0 0 0

)
�Sr

32 =
(

0 0 0; 1 0 0
)

�Sr
33 =

(
0 0 0; 0 1 0

)
�Sr

34 =
(

0 0 0; 0 0 1
)
.

(5)

In the anti-spiral system, �Sr
31 =

(
0 0 1; 0 0 0

)
rep-

resents the limit on the rotation of the moving platform
around the Z axis, and �Sr

32 =
(
0 0 0; 1 0 0

)
, �Sr

33 =(
0 0 0; 0 1 0

)
, and �Sr

34 =
(
0 0 0; 0 0 1

)
limit the movement of the moving platform along the three
coordinate axes, respectively.

In summary, the constraint spiral system of the dynamic
platform of the mechanism is

�Sr
11 =

(
1 0 0; 0 1 0

)
�Sr

31 =
(

0 0 1; 0 0 0
)

�Sr
32 =

(
0 0 0; 1 0 0

)
�Sr

33 =
(

0 0 0; 0 1 0
)

�Sr
34 =

(
0 0 0; 0 0 1

)
.

(6)

By finding the inverse helix of Eq. (6), the motion helix sys-
tem of the moving platform can be obtained as�S31 =

(
1 0 0; 0 0 0

)
�S32 =

(
0 1 0; 0 0 0

)
.

(7)

The moving platform is equivalent to being solely con-
strained by the Hooke hinge U , with only two degrees of
freedom for rotational motion along the two axes of the
Hooke hinge.

The �S31 =
(
1 0 0; 0 0 0

)
motion spiral rep-

resents rotation around the x axis, and the �S32 =(
0 1 0; 0 0 0

)
motion spiral represents the rota-

tional motion around the y axis.

2.3 Overall structure of SPSP

The prototype of the SPSP principle is shown in Fig. 3, which
mainly includes two parts: a 2-DoF parallel platform and a
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Figure 3. Prototype of the SPSP principle.

directional mechanism connected in series with it. The 2-
DoF parallel platform mainly consists of a dynamic platform,
a static platform, an upper support column, a longitudinal
electromechanical actuator, a transverse electromechanical
actuator, and other components. The dynamic platform is in-
stalled on the upper support column through a Hooke hinge,
and the longitudinal and transverse electromechanical actua-
tors are orthogonally distributed below the dynamic platform
and connected to it through the upper Hooke hinge com-
ponents. The electromechanical actuator extends and pushes
the dynamic platform to rotate around the two rotating axes
of the Hooke hinge, and the static platform plays a role in
supporting the vertical and horizontal electromechanical ac-
tuator and transmitting the rotational motion of the azimuth
mechanism. The azimuth mechanism mainly includes an az-
imuth stepper motor, a large gear, a small gear, a left and right
limit protection travel switch, and a zero-position photoelec-
tric switch. The large gear is fixed together with the static
platform, and the azimuth motor drives the 2-DoF parallel
platform to rotate as a whole through the gear.

The main structural parameters of the SPSP are shown in
Table 1.

3 Error analysis of the SPSP parallel mechanism

3.1 Establishing error models by differential method

The key to establishing an error model is to find the source of
SPSP errors. Through the error model, the impact of various
error quantities on the end pose error of the moving platform
can be studied, indicating the focus and direction for improv-
ing the accuracy of the end pose of the moving platform and
providing a theoretical basis for structural parameter design.
The main error sources of a 3-DoF SPSP include three as-
pects: the structural size parameter error, the rod length error
(RLE), and the hinge and gear transmission clearance error.
In this paper, a small amount of interference fit is used for
all hinge axis hole fits, so the influence of the hinge clear-
ance error on the system error can be ignored. The influence
of the structural size parameter error and the RLE on the at-

titude error (AE) of the 2-DoF parallel mechanism platform
is analysed emphatically. The structural dimension parame-
ters include the distance error between the centre points of
the two hinges of the moving platform and the centre of the
moving platform, as well as the height error of the support-
ing column. The RLE includes the longitudinal electric push
RLE and the transverse electric push RLE. The influencing
factors that cause the RLE include gear clearance error and
screw transmission clearance error. The errors in structural
size parameters are mainly caused by machining and assem-
bly errors. We analyse the impact of various error sources on
the attitude angle error of the moving platform and clarify
the focus and direction of improving the error sources.

Figure 4 shows the initial position of the moving platform
when it is in a horizontal state. There are four points (O, A, B,
and C) in Fig. 4, representing the rotation centre of the static
platform, the lower hinge point of the electromechanical ac-
tuator, the upper hinge point of the electromechanical actua-
tor, and the centre of the moving platform. Due to the fact that
the dynamic platform and the static platform are connected
in the form of a Hooke hinge by supporting columns, the dy-
namic platform is limited to only two degrees of freedom to
rotate around the Hooke hinge axis. The distance between
them in Fig. 4 is the height of the supporting column and is
the length of the structural parameter radius (SPR), which is
the length of the rod. The following relationship applies at
any time.

−→
OA=

−→
AB +

−→
BC+

−→
CO (8)

The roll electromechanical actuator and pitch electrome-
chanical actuator work simultaneously, and the moving plat-
form has two tilt angles θx and θy relative to the ground. By
bringing the parameters into Eq. (8), the relationship between
the parameters can be obtained as follows:

l21 = r
2(1− cosθx)2

+ (h− r sinθx)2 (9)

l22 =r
2(1− cosθy)2

+ r2sin2θxsin2θy

+ (h− r sinθy cosθx)2.
(10)

The detailed derivation process can be found in Appendix A.
The final AE model of a 2-DoF parallel mechanism can be

obtained as

1P =E = J−1
·K ·F , (11)

where

E =
[
dθx dθy

]T
, F =

[
dl1 dl2 dr dh

]T
,

J =

[
∂f1
∂θx

0
∂f2
∂θx

∂f2
∂θy

]
,

K =

[
−
∂f1
∂l1

0 −
∂f1
∂r
−
∂f1
∂h

0 −
∂f2
∂l2
−
∂f2
∂r
−
∂f2
∂h

]
.
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Table 1. Main structural parameters of the SPSP.

Parameter Size and range

Structural parameters Length 450 mm
Width 420 mm
Height 380.50 mm
Column height 265.5 mm
Moving platform radius 100 mm
Static platform radius 100 mm
Total weight 62.35 kg

Performance index Correspondence Platform corner Push rod displacement
Roll ±20° 34.26 mm
Pitch ±20° 34.26 mm
Azimuth ±90°

Figure 4. Error source distribution.

The above formula shows the relationship between the atti-
tude angle errors dθx and dθy of the moving platform, the
structural parameter errors dr and dh, and the rod length er-
rors dl1 and dl2. When the structural parameters and their
errors, the rod length errors, and the attitude angle of the
moving platform are given, the required rod length can be
calculated according to the inverse solution of kinematics,
and the attitude angle error of the moving platform can be
solved using the above formula.

3.2 Dynamic error analysis

Based on the above error model, combined with the given
geometric parameters, initial position parameters, and error
parameters of the mechanism, an example simulation is con-
ducted using MATLAB. The studied errors can be set in se-
quence, with the remaining errors set to 0 for simulation,
and the impact of each error on the attitude angle error of
the moving platform can be studied. The impact of error
sources can be analysed through two forms: one is to load
error sources sequentially for dynamic error analysis based
on the angle of continuous changes in system input; another

Table 2. Mechanism size and error parameters (unit: millimeters).

h r dl1 dl2 dh dr

265.5 100 0.02 0.02 0.01 0.01

Figure 5. AE of the moving platform: (a) dl1 = 0.02mm, (b) dl2 =
0.02mm.

method is to perform static error analysis by increasing the
values of error sources in sequence, given a constant angle of
system input.

The first analysis method involves a sine signal with a
pitch angle amplitude of 15° and a period of 4 s, along with
a sine signal with a roll angle amplitude of 20° and a period
of 8 s. The values of each error source are set in sequence as
shown in Table 2, while the remaining error sources are 0.

When there is an error in the length of the pitch electrome-
chanical actuator, dl1 = 0.02mm and all other errors are 0.
By incorporating the parameters into the equation, the varia-
tion curve of the AE of the moving platform can be obtained
as shown in Fig. 5a. When there is only a structural param-
eter error dl2 = 0.02mm, all other errors are 0. Inputting the
parameters into the model yields variations in the AE of the
moving platform, as shown in Fig. 5b.

In Fig. 5a, it can be seen that, when there is only a pitch
electric push RLE dl1 = 0.02mm, there is not only a pitch
angle error dθx , but also an error of dθy caused by dl1 on
the roll angle; the maximum error caused by the roll angle is
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Figure 6. AE of the moving platform: (a) dr = 0.01mm, (b) dh=
0.01 mm.

approximately dθy = 0.1′, and the error caused by the pitch
angle is dθx = 0.7′. The reason why the curve is not symmet-
rical is that, given an error of dl1 =+0.02mm, the absolute
value of the maximum error at the peak of the curve is greater
than the absolute value of the maximum error at the trough.
When dl1 =−0.02 mm is set, the opposite result can be ob-
tained; that is, the absolute value of the maximum error at the
trough of the curve is greater than the absolute value of the
maximum error at the peak. In Fig. 5b, it can be seen that only
the length error dl2 = 0.02mm of the roll electromechanical
actuator has no effect on the pitch angle and that it only has
an amplitude of about 0.9′ on the roll angle. In comparison
with Fig. 5a, it can be seen that the length error dl2 of the roll
electromechanical actuator has a relatively small impact on
the angle error of the moving platform.

When there is a structural parameter error dr = 0.01mm,
all other errors are 0. Inputting the parameters into the model
yields variations in the AE of the moving platform, as shown
in Fig. 6a; when there is only a structural parameter error
dh= 0.01mm, all other errors are 0. Inputting the parame-
ters into the model yields variations in the AE of the moving
platform, as shown in Fig. 6b.

In Fig. 6a, it can be seen that, when there is only a struc-
tural parameter error dr = 0.01mm, it causes an error of
more than 0.1′ for the roll angle and a relatively small er-
ror for the pitch angle; comparing Fig. 5a and b, it can be
seen that the error of structural size parameter dr has a more
significant impact on the attitude angle error of the moving
platform. In Fig. 6b, it can be seen that, when there is only
a structural parameter error dh= 0.01mm, it causes an error
that fluctuates around 0.4′ for the roll angle. That is, when
there is an error of dh= 0.01mm, there is always an error
close to 0.4′ for the roll attitude of the moving platform,
bringing a nearly symmetrical amplitude error of 0.2 to the
pitch angle. In comparison with Fig. 5b, it can be seen that
the error of structural size parameter dh has a relatively small
impact on the attitude angle error of the moving platform.

When all error sources exist simultaneously, dl1 =
0.02mm, dl2 = 0.02mm, dr = 0.01mm, and dh= 0.01mm
input the parameters into the model to obtain the AE of the
moving platform, as shown in Fig. 7.

Figure 7. AE when all error sources exist simultaneously.

Table 3. Error value sequence (unit: millimeters).

e1 e2 e3 e4 e5 e6 e7 e8

Error 0.01 0.03 0.05 0.08 0.1 0.15 0.3 0.5

In Fig. 7, it can be seen that, when all error sources exist
simultaneously, the impact of error sources on the roll atti-
tude angle error of the moving platform is greater than that
on the pitch attitude angle. Therefore, in practice, it is nec-
essary to strictly control the error sources that affect the roll
attitude angle.

3.3 Static error analysis

The second method is to give the system input a constant
angle, load one error source at a time and increase the error
value step by step, and study the impact of each error source
on the attitude angle error of the moving platform.

The moving platform serves as reference points at four ex-
treme positions, including the following four postures:
A : θx = 20°, θy = 20°

B : θx =−20°, θy =−20°
C : θx = 20°, θy =−20°
D : θx =−20°, θy = 20°.

(12)

The values of each error source were set in sequence to the
values in Table 3 and analysed separately for a single error
source.

1. Attitude angle error of the moving platform at position
point A and B.

The pose values of point AB in Eq. (12) and the nominal
values of the error source in Table 3 were introduced
into the error model, and the error results were obtained
as shown in Fig. 8a–d.

2. Attitude angle error of the moving platform at position
point C and D.

The pose values of point C in Eq. (12) and the nominal
values of the error source in Table 3 were introduced
into the error model, and the error results were obtained
as shown in Fig. 9a–d.

Mech. Sci., 16, 657–671, 2025 https://doi.org/10.5194/ms-16-657-2025
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Figure 8. Attitude angle error of the moving platform at position
points A and B: (a) dl1, (b) dl2, (c) dr , (d) dh.

Figure 9. Attitude angle error of the moving platform at position
points C and D: (a) dl1, (b) dl2, (c) dr , (d) dh.

In Figs. 8 and 9, it can be seen that, under the influence of
a single error source, the attitude angle error of the moving
platform will vary linearly with the error source. In addition,
among the four error sources analysed, the error that has the
greatest impact on the attitude angle error of the moving plat-
form is the SPR error, which has a much greater impact than
the RLE and structural parameter height error. Therefore, in
design and processing, it is necessary to prioritise ensuring
the accuracy of the SPR; that is, the accuracy level of the
radius should be the highest.

3.4 Error distribution

Given the expected total error at the end of the system, solv-
ing the errors in each link belongs to error allocation. Based
on the functions of each link and the degree of impact of

Table 4. Error allocation value (unit: millimeters).

dl1 dl2 dh dr

0.07 0.07 0.05 0.01

Figure 10. SPSP comprehensive error.

errors on system errors, the errors of each link were deter-
mined, and the error values of each link were brought into
the error model to synthesise system errors for analysis. We
checked whether the synthesised system errors met the de-
sign requirements; if not, we readjusted the error values of
each part, synthesised the errors again, and repeated experi-
ments until the synthesised system errors met the design re-
quirements.

Through the above analysis, the values of each error source
were obtained. Table 4 provides a reasonable set of error al-
location values, and the error values are incorporated into the
error model to obtain the comprehensive error as shown in
Fig. 10.

In Fig. 10, it can be seen that the maximum comprehensive
error does not exceed ±3′, indicating that the error distribu-
tion is reasonable and meets the design requirements.

3.5 Analysis of the causes of errors

RLE refers to the elongation error of the electromechanical
actuator, which is mainly caused by the rod length manufac-
turing error, the gear transmission error, and the screw trans-
mission error, as shown in Fig. 11.

The manufacturing error of the rod length is caused by the
limitations of processing and manufacturing accuracy, and,
due to the scalability of the electromechanical actuator in the
structure, it will compensate for the manufacturing error of
the rod length; the existence of gear and screw transmission
errors can cause the feed rate of the push rod to lag relative to
the command signal during each reverse direction, even los-
ing the command pulse and generating a reverse dead zone,
which seriously affects the overall transmission accuracy of
the system (Zhou et al., 2021; Mablekos-Alexiou et al., 2021;
Zhao et al., 2019).

https://doi.org/10.5194/ms-16-657-2025 Mech. Sci., 16, 657–671, 2025
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Figure 11. Factors affecting RLE.

3.5.1 Gear transmission accuracy

The impact of gear manufacturing errors on gears is mainly
manifested in two aspects: normal backlash and tooth thick-
ness limit deviation. Side clearance refers to the clearance
between the meshing teeth in a pair of assembled gear pairs,
which is the amount by which the width of the tooth groove
on the pitch circle exceeds the thickness of the meshing teeth.
The side clearance of gears is generally evaluated using the
direction of side clearance Jbn or circumferential side clear-
ance Jwt, and generally Jbn = Jwt cosα. Gears that mesh with
each other must have some backlash, and it is necessary to
ensure that non-working tooth surfaces do not come into
contact with each other. The situation that occurs in the de-
sign is that the side clearance of the designed or processed
gears is too large, resulting in excessive clearance between
the non-working tooth surfaces of the meshing gears. When
the teeth rotate in the opposite direction, there will be idling.
To avoid such problems, it is necessary to strictly control the
side clearance of the gears.

Therefore, the following improvement measures should be
taken in the design of gears:

1. Double-sided gears (with elastic torque between the two
plates) should be used to maintain a seamless meshing
state of the shaft system.

2. During assembly, optional gears should be used, or the
centre distance should be adjusted, to maintain small
backlash and friction in the gear train.

3. The manufacturing accuracy of the final-level gear and
the assembly accuracy of the shaft should be improved.

4. Belt transmission or bevel gear transmission methods
should be used to reduce spur gear transmission.

3.5.2 Screw transmission accuracy

The screw pair of the screw nut is a common main transmis-
sion component for linear motion, which can convert rota-
tional motion into linear motion. The motion accuracy and
positioning accuracy of the electromechanical actuator are
directly related to the motion accuracy of the screw pair. The
main factors that affect the motion accuracy of the screw pair
are the pitch accuracy, pitch accumulation accuracy, and in-
stallation accuracy of the lead screw. At the same time, there
are also other factors, such as the combined effect of the
screw pair fitting accuracy and clearance friction or thermal
deformation (Lin et al., 2017; Zhen and An, 2017; Zou et al.,
2021). This article analyses the main factors that affect trans-
mission accuracy in the following three aspects: pitch manu-
facturing accuracy, screw pair design clearance, and thermal
deformation influence. The purpose of analysing errors is to
find out the error relationship, and, using compensation con-
trol formulas, the goal of eliminating or reducing errors can
be achieved.

The aspect ratio of lead screws is generally large, so the
thermal deformation discussed in this article refers to the im-
pact of changes in axial size after heating on transmission
accuracy. The temperature change is 1T , and the lead screw
deformation is

δyT = l0a1T, (13)

where δyr is the deformation of the lead screw after heating,
l0 is the total length of the lead screw, and a is the coefficient
of thermal expansion of the lead screw.

In practical use, Eq. (13) can be used to achieve temper-
ature compensation control, thereby eliminating or reducing
the impact of SPSP temperature changes on the manufactur-
ing accuracy of the screw.

4 Experimental study

4.1 Control system

The control system of the prototype experiment system of a
3-DoF SPSP is controlled by the upper and lower levels. The
upper-level computer is composed of an industrial control
computer and a dSPACE semi-physical simulation system,
which can complete the input and output of control parame-
ters, data collection, and storage and display; receive the re-
turn signal from the lower-level sensor; and send motor drive
instructions to the lower-level computer. The lower computer
is mainly composed of features such as an ARM controller,
a motor drive module, and a signal processing module. It
mainly completes the collection and conversion of instruc-
tions sent by the upper computer and sensor signals, such
as the rotary transformer and inertial unit. The drive module
sends corresponding drive signals based on the calculation
results to achieve motor control.
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Figure 12. Overall structure diagram of control system.

The inertial unit feeds the attitude angle signal of the mov-
ing platform back to the upper computer through the A/D in-
terface, and the switching value of the proximity switch is fed
back to the upper computer through the I/O interface. Based
on the angle information fed back by the inertial unit and
the triggering information of the proximity switch, closed-
loop control of the motor position can be completed, achiev-
ing precise reaching of the angle set by the upper computer
or maintaining a fixed angle relative to the ground. The ro-
tary transformer feeds the speed and position signals of the
motor back to the upper computer through the A/D inter-
face. Based on the rotational speed signal of the rotary trans-
former, the closed-loop control of the motor speed can be
achieved, achieving smooth operation of the electromechan-
ical actuator. The left and right travel switches of the direc-
tional mechanism and the middle photoelectric switch are fed
back to the upper computer through the I/O interface. The up-
per computer can know the current position of the platform
based on the trigger signals of the travel switch and the pho-
toelectric switch. The overall structure of the control system
is shown in Fig. 12.

4.2 Electric pusher precision testing experiment

The experimental system for precision testing of electrome-
chanical actuators is shown in Fig. 13, mainly composed
of electromechanical actuators, pulleys, weights, and grating
rulers.

The accuracy of the SPSP rotary transformer can reach
±10′, with an excitation voltage of 7 V and an excitation
frequency of 10 kHz. The grating ruler has a precision of
5 µm and a resolution of 1 µm. Under the conditions of man-

Figure 13. Experimental system for precision testing of the electric
push rod.

Figure 14. Positioning accuracy error of the push rod.

ually adjusting the displacement of the push rod, the rotating
transformer is powered on. The reading of the rotating trans-
former is collected by the lower computer, and the theoretical
displacement of the push rod can be calculated through the
transmission ratio. The grating ruler is connected to dSPACE,
and the upper computer directly collects the reading of the
grating ruler. The grating ruler and the push rod are fixed
together, so the reading of the grating ruler is the actual dis-
placement of the push rod. The difference between the read-
ing of the rotary transformer and the reading of the grating
ruler is the positioning accuracy of the electromechanical ac-
tuator. By changing the weight of the heavy object in se-
quence and repeating the above experiment, the positioning
accuracy of the electromechanical actuator in the three states
shown in Fig. 14 can be obtained.

In Fig. 14, it can be seen that the curve moves downwards
along the longitudinal axis as the load increases. The analy-
sis reason is that, the larger the mass, the greater the force on
the push rod and the poorer the accuracy of the electrome-
chanical actuator mechanism. We also noticed that the curve
decreases downwards as the displacement of the push rod
increases. The reason for this analysis is that there is a de-
viation in the mechanism, specifically the parallelism devi-
ation between the linear guide rail and the axis of the push
rod movement. When loading 115N, the maximum position-
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ing error of the electromechanical actuator shall not exceed
50 µm. Therefore, within the effective stroke of the elec-
tromechanical actuator, the repeated positioning error meets
the design requirement of ±70µm.

4.3 SPSP precision testing experiment

4.3.1 Open-loop positioning accuracy testing
experiment

The open-loop state experiment can be used to detect the
accuracy of platform mechanisms. The open-loop accuracy
testing experiment can be divided into two steps, namely the
open-loop static accuracy testing experiment and the open-
loop dynamic accuracy testing experiment. The former refers
to the non-continuous operation experiment of the moving
platform in the open-loop state of the system, while the latter
refers to the continuous operation experiment of the moving
platform in the open-loop state of the system. It should be
noted that static experiments are not loaded and that dynamic
accuracy testing experiments are loaded. The experimental
environment is shown in Fig. 14. The angle measuring ele-
ment used is an inertial unit with a resolution of 0.1′ and an
accuracy of 0.5′. It is directly calibrated using a 20-bit high-
precision rotary transformer.

Firstly, the static positioning accuracy of the platform
mechanism was tested in an open-loop state of the system.
In the open-loop state, the platform angles were sequentially
given, starting from −16° and increasing by 2° to 16° each
time and then operating by decreasing by 2° each time until
the end of −16°. Readings of the rotary transformer and in-
ertial unit were taken after each given platform angle θ , and
the readings were converted to platform end angle error δθ
and screw end displacement error 1l through forward and
inverse kinematics, as shown in Fig. 15.

In Fig. 15a, it can be seen that, under loading, the platform
angle changes from −16 to 16° and then from 16 to −16°.
The maximum positioning error of the platform does not ex-
ceed 70′′, which is approximately 1.16′; the maximum error
converted to the displacement of the electromechanical ac-
tuator and lead screw does not exceed 30 µm (approximately
1.15′). Therefore, it can be considered that the positioning ac-
curacy of the platform mechanism reaches 1.16′, meeting the
design requirement of mechanism accuracy of 5′. In Fig. 15b,
it can also be seen that the mechanism has high repeatability
in positioning accuracy, with close errors at the same posi-
tion, indicating that the mechanism has strong repeatability.

Secondly, the dynamic positioning accuracy of the contin-
uous operation of the platform was tested under the open-
loop condition. A 7 kg simulated load was loaded onto the
moving platform, and the angle change of the moving plat-
form was given as a sine signal with an amplitude of 8° and
a period of 8 s. The readings of the inertial unit and the ro-
tating transformer were detected and recorded, and the data
results were converted into platform end angle information

and lead screw end displacement information through for-
ward and inverse kinematics. The difference between the re-
sults was plotted to convert to the platform end angle error as
shown in Fig. 16a and to convert to the lead screw displace-
ment error as shown in Fig. 16b.

Analysing Fig. 16a and b, it can be seen that the maximum
error of the platform does not exceed 50 s and that the max-
imum displacement error of the lead screw does not exceed
30 µm. The error range fully meets the positioning accuracy
requirements. The reason for the asymmetry of the curve is
that the bottom plate is placed in a horizontal plane, resulting
in the deviation of the zero position of the electromechan-
ical actuator and the zero position of the moving platform,
resulting in the phenomenon of curve asymmetry. Note that
the curve is not a smooth sine waveform, and there is a small
wave peak in each cycle. The reason is analysed to be caused
by the gaps in the mechanism when the moving platform is
reversing, mainly in gear clearance, screw clearance, bearing
clearance, and shaft hole fit clearance. It can also be seen that
the size of these gaps is the value of each small wave peak.

Compared with Figs. 15a and 16a, it can be found that the
static positioning accuracy is greater than the dynamic posi-
tioning accuracy. The reason is that, in the static experiment,
each time when the platform angle is given, a PWM pulse
is suddenly given to the motor, which makes the motor sud-
denly accelerate to the maximum speed and then rapidly re-
duce to zero. In this process, a great impact will be generated,
which will bring great impact and vibration to the motor, lead
screw, and platform. The result is that the gears and screws
will have a return stroke each time and the readings of the
inertial unit and rotary transformer will also undergo slight
changes, ultimately resulting in an overall measurement ac-
curacy that is much higher than the dynamic accuracy. There-
fore, it is necessary to slowly set the platform angle with-
out any impact while ensuring that the system operates in a
vibration-free and temperature-appropriate environment.

In fact, static accuracy is mainly related to the machining
accuracy and transmission accuracy of the parts, while dy-
namic accuracy is not only related to static accuracy, but also
to the stiffness, vibration characteristics, and thermal defor-
mation ability of the parts. So, in order to further improve the
dynamic accuracy of the SPSP, it is necessary to improve the
part process to improve the machining accuracy and trans-
mission accuracy of the parts while also improving the part
structure and selecting more suitable materials to improve the
stiffness and resistance to thermal deformation of the parts,
thereby improving the dynamic accuracy.

4.3.2 Closed-loop stability accuracy testing experiment

The closed-loop accuracy testing experiment refers to the
overall stable accuracy that can be achieved by testing the
SPSP when the bottom plate is in motion and is also the com-
prehensive control accuracy of the system. The experimental
platform was installed on a 2-DoF swing platform to simulate
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Figure 15. Static open-loop positioning accuracy of moving platform loading.

Figure 16. Dynamic open-loop positioning accuracy of moving platform loading.

the movement of the carrier for testing, as shown in Fig. 17.
The accuracy of the continuous operation of the moving plat-
form was tested in the position closed-loop state, and the in-
ertial unit signal was sent as the feedback value to the up-
per computer. The position closed-loop control was achieved
through controller compensation calculation. Simultaneously
using the rotary transformer reading as feedback can achieve
closed-loop control of the motor’s speed, making the motor
run more smoothly. The closed-loop experiment can be di-
vided into two types: a single-degree-of-freedom swing ex-
periment and a dual-degree-of-freedom swing comprehen-
sive experiment.

1. Single-degree-of-freedom swing experiment.

Firstly, a single degree of freedom swing experiment is
conducted, and this article takes the rolling electrome-
chanical actuator as an example for analysis. Sine sig-
nals with roll angle rotation amplitudes of 5°, 10°, and
15° and a period of 8 s and provided for the swing plat-
form. The inertial unit data at the end of the swing plat-
form are used as the final angle error value.

When the rotation amplitude of the swing table is 5°,
10°, and 15°, the platform stability error is shown in
Fig. 18.

In Fig. 18a–c, it can be seen that, as the rotation ampli-
tude of the swing table increases, the error of the SPSP
also increases and the stability accuracy decreases. The
reason is that the angular velocity and angular accel-
eration of the platform will also increase with the in-
crease in the rotation amplitude of the rocking table in
the same period, and the inertial force of the platform
will increase significantly, making the mechanism error,
control error, etc. larger and ultimately reducing the sta-
bility accuracy of the platform. However, in the graph,
it can be seen that, even if the error increases with the
amplitude, the maximum error value is still less than 3′,
indicating that the mechanism still maintains relatively
high accuracy at 15°.
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Figure 17. A closed-loop stability accuracy experimental system for moving platforms.

Figure 18. Stability error when the amplitude of the swing table is 5°–15°: (a) 5°, (b) 10°, (c) 15°.

2. Comprehensive experiment of two-degrees-of-freedom
swing.

The pitch input command of the swing table is set as a
sine command signal, with an amplitude of ±6° and a
period of 4 s; the roll input command is also a sine com-
mand signal, with an amplitude of ±15° and a period
of 8 s. The swing table is simultaneously horizontally
and vertically rotated, the SPSP is installed on the swing
table, and the pitch stability accuracy and roll stability
accuracy are tested separately.

The control error signal of the pitch platform is tested,
the peak range is identified, and the maximum dynamic
tracking error is obtained. The measurement is repeated
multiple times at different pitch angles, and the maxi-
mum value is used as the pitch dynamic error. The vari-
ation range of the pitch inertial unit data is shown in
Fig. 19.

The control error signal of the rolling platform is tested,
the peak range is identified, and the maximum dy-
namic tracking error is obtained. The measurement mul-
tiple times at different pitch angles is repeated, and the
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Figure 19. Pitch dynamic error.

Figure 20. Roll dynamic error.

maximum value is used as the roll dynamic error. The
changes in roll inertia unit data are shown in Fig. 20.

In Figs. 19 and 20, it can be seen that the pitch dynamic
stability accuracy and roll dynamic stability accuracy
are both within 3′, achieving the design requirement of
5′ for dynamic stability accuracy and verifying the ra-
tionality of the principle prototype design.

5 Conclusion

1. This article designs a 3-DoF SPSP, analyses the plat-
form’s degrees of freedom, establishes an error model,
and analyses the degree to which each error affects the
AE of the moving platform when inputting a sine signal,
as well as the degree to which each error source affects
the AE of the moving platform at a certain attitude.

2. It has been proven that the AE of the moving platform
is most sensitive to the variation in SPR error. Through
analysis, the error is allocated: when the length error of

the longitudinal and transverse rocker rods is 70 µm, the
height error of structural parameters is 50 µm. When the
radius error of the structural parameters is 10 µm, the
design requirements for the overall attitude angle error
within 3′ are met.

3. The sources of rod length errors were analysed, and so-
lutions to improve the accuracy of platform gear trans-
mission and screw transmission were proposed.

4. An SPSP experimental system was built using the
dSPACE semi-physical simulation platform, which ver-
ified the effectiveness of mechanism design and the ac-
curacy of structural parameter design. The 3-DoF SPSP
can achieve high-precision stability and azimuth adjust-
ment of aiming equipment relative to the ground on a
carrier tool with both pitch and roll swing.

Appendix A: Pitch electromechanical actuator length
l1 and roll electromechanical actuator length l2

The above equation can be written as{
f1(θx, l1, r,h)= 0

f2(θx,θy, l2, r,h)= 0.
(A1)

The formula includes key parameters that affect the AE of the
moving platform, such as the length of the longitudinal elec-
tromechanical actuator l1, the length of the transverse elec-
tromechanical actuator l2, the distance r from the hinge point
to the centre point of the moving platform, and the height of
the support column h.

A partial differentiation was obtained for the equation{
∂f1
∂θx

dθx +
∂f1
∂l1

dl1+
∂f1
∂r

dr + ∂f1
∂h

dh= 0
∂f2
∂θx

dθx +
∂f2
∂θy

dθy +
∂f2
∂l2

dl2+
∂f2
∂r

dr + ∂f2
∂h

dh= 0
(A2)

and further organised as[
∂f1
∂θx

0
∂f2
∂θx

∂f2
∂θy

][
dθx
dθy

]
=

[
−
∂f1
∂l1

0 −
∂f1
∂r
−
∂f1
∂h

0 −
∂f2
∂l2
−
∂f2
∂r
−
∂f2
∂h

]
dl1
dl2
dr
dh

 , (A3)

where
∂f1
∂θx
= 2r2 (sinθx − h

r
cosθx

)
∂f1
∂l1
=−2l1

∂f1
∂r
= 4r − 4r cosθx − 2hsinθx

∂f1
∂h
= 2(h− r sinθx)

(A4)
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

∂f2
∂θx
= 2hsinθx sinθy

∂f2
∂θy
= 2r2 sinθy − 2hcosθx cosθy

∂f2
∂l2
=−2l2

∂f2
∂r
= 4r − 4r cosθy − 2hcosθx sinθy

∂f2
∂h
= 2(h− r cosθx sinθy)

. (A5)
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