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Abstract. With the development of motor control technology, the electrically driven Stewart platform (EDSP),

equipped with a ball screw or lead screw, is being widely used as a motion simulator, end effector, and vibration
isolator. The motor drives the lead screw on each driven branch chain to realize 6-DOF motion of the moving
platform. The control loop of the EDSP adopts the rotor position as a feedback signal from the encoder or
resolver on the motor. When the moving platform of the EDSP performs translational or rotational motion, the
lead screw on each driven branch chain passively generates a relative rotation between its screw and nut in
addition to its original sliding motion. This type of passive rotation (PR) of the lead screw does not disturb the
motor; hence, it cannot be detected by the position sensor attached to the corresponding motor. Thus, the driven
branch chains cause unexpected length changes because of PR. As a result, the PR generates posture errors on
the moving platform during operation. In our research, the PR on the EDSP was modeled and analyzed according
to the geometry configuration of EDSP. Then, a control method to compensate for the posture errors caused by
the PR was proposed. Finally, the effectiveness of the analysis process and compensation control method were
validated; the improvement in pose accuracy was confirmed both by simulation and experiments.

1

Introduction

Owing to their advantages of high load capacity and accuracy, parallel manipulators are widely used in applications such as motion simulators, end effectors, and vibration isolators (Huang et al., 2005; Li et al., 2018; Kim et
al., 2017). With the advancements in drive motor technology,
the electrically driven Stewart platform (EDSP), equipped
with a motor and ball screw or lead screw as the drive unit,
has attracted growing attention. In the EDSP, each Hooke’s
joint with 2 degrees of freedom (DOF) connects each driven
branch chain to the base platform and moving platform. Each
driven branch chain contains one lead screw, which provides
translational motion along its axis to drive the moving platform with 6-DOF motion. In addition to the linear motion,
the lead screw can also rotate around the axis between the
screw and the nut. This 2-DOF motion capability makes
the lead screw perform like a cylindrical pair on the driven
branch. However, owing to the mechanical structure of the
lead screw, its linear displacement is directly proportional to
Published by Copernicus Publications.

the angle of rotation. In the EDSP, when the moving platform
is driven by the lead screw, it passively rotates relative to the
nut under the action of the moving platform’s carrier motion,
through the Hooke’s joint. This PR would cause unexpected
linear motion on the lead screw and would generate a posture
error related to the moving platform, reducing the motion accuracy of the EDSP. Furthermore, this PR occurs only on the
lead screw and is not detected by the encoder on the motor.
Thus, the posture error caused by the PR will be completely
ignored in the control system. The inaccuracy caused by the
PR has restricted the use of EDSP in high-precision cases.
Thus, this type of motion error on the EDSP must be analyzed and compensated for to achieve higher accuracy.
The improvement in the accuracy of the Stewart platform
has been a research area of high interest. Zhang et al. (2019)
provided a simple and flexible method for the calibration of
parallel manipulators to improve the position accuracy using
a backpropagation (BP) neural network. An indoor GPS system has also been applied to assess the actual pose of the
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moving platform and perform online correction of pose error
(Porath et al., 2020; Liu, 2016). Ding et al. (2013) proposed
a novel active preload control method to satisfy the requirement of high precision. Jáuregui-Correa et al. (2015) analyzed the origin of errors due to manufacturing and assembling processes, which affect the pose accuracy of a robot.
They presented two methods for assessing pose accuracy in
parallel manipulators and applied them to estimate the accuracy of a high-precision Stewart platform. Wu et al. (2019)
used the piecewise integral reset PI (proportion–integration)
controller as a position loop controller to ensure the precision
of trajectory tracking and to speed up the stabilization of the
system. Li et al. (2018) proposed a dual quaternion approach
to derive the dimensionally homogeneous Jacobian matrix of
a Stewart platform. This matrix was then used in the optimal
design of a six-axis vibration isolator to achieve minimum
kinematic coupling in its working configuration.
Compensation is a common method used in control strategy to improve motion performance. Garagi and Srinivasan (2002) designed two robust adaptive control algorithms for friction compensation in high-performance parallel manipulator tools. Similarly, Ahmad et al. (2013) evaluated different friction models and compared their friction compensation effects on the Stewart platform. Wu et
al. (2009) proposed a novel adaptive fuzzy trajectory tracking algorithm for a Stewart platform-based motion platform to compensate for path deviation and controller performance degradation because of the actuator torque limit. In
the research field of medical robots, Kim et al. (2017) used
impedance and admittance control algorithms to compensate
for respiratory motion during robotic needle insertion. Hernandez et al. (2014) presented numerical results regarding
the beneficial effects of error compensation in the legs, as
well as in the end effector. In the same study, a numerical
methodology was introduced for error compensation modeling and numerical simulation of its effects. An iterative approach was used in the inverse kinematic solution to compensate for the offset error (Chen et al., 2002). Du et al. (2019a)
analyzed the calculation of passive rotation in different kinds
of joints with 2-DOF in rotation. In addition to this, Du et
al. (2016, 2019b) also calculated the angle of passive rotation caused by rotational joints in the parallel manipulator.
However, their research still stays in the analysis stage and
lacks the support of simulation and experiments.
In this study, precise modeling of PR in EDSP and a compensation control strategy are provided. The calculation and
analysis of PR are presented in Sect. 2. A control strategy
with a compensation function is described in Sect. 3. Section 4 presents the details of simulation with two control
strategies. Section 5 covers the design of experiment and
its implementation. The simulation and experimental results
verify the correctness of analysis of PR and the effective
pose accuracy improvement, as provided by the compensation control.
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Figure 1. Configuration and Cartesian coordinate systems of a 6-

DOF Stewart platform.

2

Modeling and analysis of passive rotation

2.1

Electrically driven Stewart platform (EDSP)

An EDSP consists of a moving platform, a base platform,
six driven branch chains, and 12 spherical joints or Hooke’s
joints connecting each chain to the two platforms, as shown
in Fig. 1. Compared to spherical joints, Hooke’s joints have
a relatively larger workspace and higher payload capacity.
Consequently, in most situations, Hooke’s joints are assembled on the EDSP. In this study, Hooke’s joint was chosen
for the experiments. Each branch chain includes a motor, a
gearbox, and a lead screw, acting as an actuator of the EDSP.
In the study of the kinematic and dynamic performance of
the EDSP, two Cartesian coordinate systems need to be built
on the EDSP. System {B} is fixed at the center of the base
platform as the reference coordinate system. System {M} is
located at the center of the moving platform and follows its
movement. {A1}3×6 and {A2}3×6 are the center position matrices of the Hooke’s joints connected to the moving and base
platforms, respectively. The 3-DOF linear motions and 3DOF rotational motions constitute the 6-DOF motion of the
moving platform. The linear motions are denoted as surge
(q1 ), sway (q2 ), and heave (q3 ), representing motion along
the xB -, yB -, and zB axes, respectively. The rotational motions include roll (q4 ), pitch (q5 ), and yaw (q6 ), representing
rotation around the xB -, yB -, and zB axes, respectively. In
other words, q = [ q1 q2 . . . q6 ] expresses the 6-DOF
motion of the EDSP.
2.2

Inverse kinematics

The inverse kinematics solution of the system indicates the
mapping of each chain’s length to the position and attitude
of the moving platform. The position vector of the branch
chain can be expressed as the vector from one Hooke’s joint
on the base platform to the corresponding one on the moving
platform.
B

M
B
B
L = (B
M R · A1 − A2) + c,

(1)

where L3×6 is the matrix of the position vector of six branch
chains, and c3×6 is the combined matrix of linear motion on
the moving platform.
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(2)

The rotation matrix B
M R expresses the rotational motion of
the moving platform with respect to the base; this matrix
transfers the coordinate values of {A1}, from {M} to {B} in
Eq. (1).
"
B
MR

=

Cq5 · Cq6
Cq5 · Sq6
−Sq5

Sq4 · Sq5 · Cq6 − Cq4 · Sq6
Sq4 · Sq5 · Sq6 + Cq4 · Cq6
Sq4 · Cq5

Cq4 · Sq5 · Cq6 + Sq4 · Sq6
Cq4 · Sq5 · Sq6 − Sq4 · Cq6
Cq4 · Cq5

#

, (3)

where C and S are short forms for cos and sin functions.
By computing the 2-norm of each column vector L in
Eq. (1), the length of each driven branch chain can be obtained.
Figure 2. Driven branch chain and joint axle.

leni = norm (L (:, i)),

i = 1, 2, . . ., 6

(4)

Inverse kinematics could be applied in control strategy, as
indicated in Sect. 3.
2.3

Calculation of passive rotation and length error of
driven branch chain

The driven branch chain and the axle of the connecting joint
are shown in Fig. 2. Li is the direction vector of the ith
driven branch chain, which is expressed by Eq. (1). Each
Hooke’s joint has 2 DOFs of rotation. The axes of rotation
of the Hooke’s joints (Fig. 2) are j ai , j bi , j ei , and j di . For
each Hooke’s joint, another axis, indicating the direction of
the connected driven branch chain in Fig. 2, can be defined
to support our understanding of PR in the following, such
as j ci and j fi parallel to LEGi (Fig. 2). It should be noted
that the Hooke’s joint does not provide a rotational DOF on
this axis. According to Gruebler’s formula (Norton, 1999),
to realize 6-DOF motion on a moving platform, each driven
branch chain should have 6-DOF mobility. Thus, the driven
branch chains applied in EDSP could have the structures of
2-1-3 (U-P-S) or 2-2-2 (U-C-U) DOF. When equipped with
a Hooke’s joint, the branch chain on EDSP has 2-2-2 DOF
mobility. Except for the 2 degrees of rotational freedom offered by each Hooke’s joint, each lead screw has 1 degree
of rotational freedom and 1 degree of translational freedom,
and these 2 DOFs have a linear interaction with each other.
When the moving platform experiences a relative rotation of
the base platform, the two Hooke’s joints on one branch chain
will have a related rotation around j ci (j fi ). However, these
Hooke’s joints do not provide rotational DOFs for j ci and
j fi . Thus, this type of PR can occur only on the lead screw,
because the lead screw can provide extra rotational freedom
on its axis Li . The PR will cause undesired linear motion on
the lead screw, and it will not be considered by the control
system. This accompanying linear motion has an effect on
pose accuracy. To understand the error from the source of the
https://doi.org/10.5194/ms-12-1027-2021

PR and improve the pose accuracy, the PR angle must be calculated. The generated length shift must also be compensated
for.
In the following equation, j ai and j di are the unit vectors on the axis of the Hooke’s joint connecting the base and
moving platforms, respectively (Figs. 2 and 3), as described
in the reference coordinate system {B} (Fig. 3).
" √
#
3 1
j a1 = j a6 = −
; ;0 ,
2 2
#
"√
3 1
; ;0 ,
j a2 = j a3 =
2 2
j a4 = j a5 = [0; −1; 0];

(5)

j d1 = j d2 = B
M R · [0;

1; 0],
#
"√
3
1
B
j d3 = j d4 = M R ·
;− ;0 ,
2
2
" √
#
3
1
B
j d5 = j d6 = M R · −
;− ;0 .
2
2

(6)

In the following equation, j bi and j ei represent unit vectors of the axes of the universal joints on the side of the
branch chain. The variation in angle between j bi and j ei
can be regarded as the angle of PR during operation. Based
on the configuration of the EDSP and characteristics of the
Hooke’s joint, the aforementioned vectors will have interrelation as given below.
j ai ⊥ j bi j ci k LEGi ⊥ j bi
j di ⊥ j ei j fi k LEGi ⊥ j ei

(7)
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Figure 3. Axes of Hooke’s joints at the base and moving platform.

Based on Eq. (7), j bi and j ei can be expressed by the vector
cross product as follows.
LEGi × j ai
,
|LEGi × j ai |
LEGi × j di
j ei =
.
|LEGi × j di |
j bi =

(8)

The angle between j bi and j ei is
θi = arccos(j bi j ei ).

(9)

Thus, the length error of the ith driven branch chain caused
by PR is
lenPi =

1θi
· Ph ,
2π

(10)

where Ph is the lead of screw.
The length error of the actuators cannot be measured by
the sensor located on the motors. Thus, the length error
caused by PR cannot be compensated for by the control system, which is based on the motor feedback signal.
3

Compensation for the effect of PR

To minimize the effect of PR, the length error of the respective chains should be modeled and considered in the control
strategy. As mentioned in Sect. 2, the length error can be calculated using the EDSP configuration, target position, and
posture of the moving platform. Thus, it is possible to compensate for the error by considering the PR in the control loop
to achieve a higher pose accuracy.
1leni = leni − leni0

i = 1, 2, . . ., 6

(11)

In the control strategy of the EDSP, marked within the blue
dotted frame shown in Fig. 4, the target displacement of each
Mech. Sci., 12, 1027–1036, 2021

branch chain, 1leni in Eq. (11), can be calculated by the inverse kinematic unit based on the input command of the target position and posture of the moving platform. The encoder
on the motor records the feedback signal of the rotor position
as a feedback signal in the control loop, which can be used to
deduce the real-time length of the driven branch chain. The
difference between the feedback length and the target length
of the driven branch chain 1len is provided as the input to
the controller. Then, the controller outputs the control signals
to drive each motor and branch chain. In most cases, PID
(proportion integration differentiation) has been chosen because of its simple principle and reliable properties. Finally,
the motor drives the lead screw to reach the target position
and posture of the moving platform.
A brief and simple strategy to avoid the effect of PR is
to reverse the length shift caused by PR to the commanded
length as a component of the control input. Thus, the corrected length lenCi of the driven branch chain can be corrected for the error to reach an ideal value that can be used to
achieve the target position and posture.
lenCi = 1leni − lenPi

i = 1, 2, . . ., 6

(12)

To eliminate the effect of PR, additional units need to be
added to the general control loop to correct the command
length of the driven branch chains. Based on the input of the
structure’s parameters and target position and posture, the
PR angle and length error on each driven branch chain can
be precisely calculated using Eqs. (1)–(8). The length error
caused by PR should be considered for the control system.
The target length pluses its length error to correct the length
of each branch chain. Thus, the target length, compensating
length, and feedback length of the driven branch chains consist of the input to the controller with the compensate function.
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Figure 4. Compensation control strategy for PR.

center of {M} on the edge of a moving object will exhibit
the highest error and fluctuation during motion. The furthest
point that has a worst performance in motion accuracy because the distance would amplify the error. For example, if
the moving platform has a posture error in angle α, point p
in the moving platform has the position error PEp = dp · α.
A longer distance dp would bring a larger position error Ep .
Thus, the observation point was set at the edge of the moving
platform (marked as point A in Figs. 1–5). For each test, the
actual position of the observation point was compared to its
ideal position. The distance between them is regarded as the
pose error to evaluate the movement accuracy.
Figure 5. Structure parameters.

4

System simulation

To demonstrate the effectiveness of PR compensation, a simulation model was built, which includes an inverse solution
and length error. The EDSP chosen here is considered on
a large scale, which shows a heavy payload capacity. The
configuration parameters are as follows: Ra = 1.2, Rb = 1.5,
da = 0.2, db = 0.3, and H = 1.511 (units: m), as shown in
Fig. 5.
4.1

Schematic design and evaluation index

Considering the 6-DOF movement abilities of the EDSP,
both linear and rotational motions are included in the virtual test. Considering the lead screw motion range and the
possibility of interference with other components, the movement range of the EDSP is limited to ±0.5 m (for linear motion) and ±30◦ (for rotational motion). In view of its 6-DOF
movement ability and symmetrical structure, rotational motion around the y and z directions (Ry and Rz) and linear
motion along the x and z directions (Lx and Lz) were selected for testing during simulation.
To verify the pose accuracy, an observation point was chosen to represent the moving platform’s position and posture.
It is well known that the point has the furthest distance to the
https://doi.org/10.5194/ms-12-1027-2021

4.2

Simulation result and analysis

In this section, the simulation results are analyzed to demonstrate the influence of PR and the improvement in accuracy
by using a compensation control strategy.
Figure 6 shows the pose error in linear motion along the
z direction. First, as the displacement in the z direction advances further, the pose error caused by the PR gradually
accumulates and grows. After compensating for the length
shift, as it is changed by the PR, the motion accuracy shows
a significant improvement.
The error in linear translation along the x direction is
shown in Fig. 7. This error in linear motion shows a trend
very similar to that along the z direction, with error accumulation as well as with optimization effect from the compensation control scheme. The compensation function works well
to improve the pose accuracy by reducing the PR-induced
error.
A similar situation for rotational motion is shown in Figs. 8
and 9. The regularity of the rotational error and the effectiveness of the optimization are consistent with those of the linear
motion.
Considering the simulation results, excluding the abovementioned performance, PR shows different effects along
different directions. It is important to realize that the motion
in different directions causes PR on different scales. Further
movement would result in a more severe inaccuracy, affected
by PR. The movement accuracy of the EDSP shows a signifMech. Sci., 12, 1027–1036, 2021
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Figure 6. Comparison of posture errors in linear motion along z di-

rection.

Figure 8. Comparison of posture errors in rotational motion around

z axis.

Figure 7. Comparison of posture errors in linear motion along x di-

rection.
Figure 9. Comparison of posture errors in rotational motion around

y axis.

icant improvement after compensating for the length error of
the driven branch chain caused by PR.
5.1
5

Experiments and measurement equipment

In this section, the motion performances of the two aforementioned control strategies are evaluated experimentally.
The results are analyzed and compared with the simulation
results.

Mech. Sci., 12, 1027–1036, 2021

Design of the experiment

The EDSP chosen for the experiment had the same configuration parameters as the simulation model. Almost all the
components were made of stainless steel. The encoders attached to the motor side are regarded as the feedback elements of the control system. The large size parameters and
the stainless-steel structure imply a heavy, moving platform
load, which will have a significant effect on the control effect
and movement performance, such as a relatively observable
overshoot.
https://doi.org/10.5194/ms-12-1027-2021
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Figure 10. Experimental setup of electrically driven Stewart platform and laser tracker.

Figure 12. Comparison of posture errors in linear motion in x diFigure 11. Comparison of posture errors in linear motion in z di-

rection.

rection.

The experiment was designed using the same process as
in the case of the simulation mentioned in Sect. 4. First, an
observation point is set at the edge of the moving platform,
similar to the observation point in the simulation. The position of the observation point was recorded by the LECIA
laser tracker AT960 during each motion. However, in position measurement, the laser tracker has a higher measuring
accuracy when the target gets closer to the lens (Conte et al.,
2014). Thus, in our work, we set the observation point near
to the LECIA laser tracker AT960. The experimental setup
of the electrically driven Stewart platform and laser tracker is
https://doi.org/10.5194/ms-12-1027-2021

shown in Fig. 10. All the position data were recorded in the
SpatialAnalyzer software and then processed using the same
program as the one used in the simulation. Finally, the experimental results of the two control strategies are presented and
compared.
5.2

Experiment results and discussion

The experimental results are presented in Figs. 11–14. In this
section, all the results are analyzed and compared with the
simulation results.

Mech. Sci., 12, 1027–1036, 2021
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Table 1. Comparison of maximum error in simulation and experiment (unit: mm).

Linear motion

Rotational motion

z

x

z

y

Posture error
in simulation

Conventional method
Using error compensation

0.03006
0.002486

0.02431
0.003283

0.04637
0.01097

0.05836
0.02955

Posture error
in experiment

Conventional method
Using error compensation

0.2694
0.1431

1.726
0.4954

1.292
0.7534

1.164
0.6362

Figure 13. Comparison of posture errors in rotational motion

around z axis.

Figure 14. Comparison of posture errors in rotational motion

around y axis.

The pose error in linear motion in the z direction is shown
in Fig. 11. Based on the result, the compensation function
in the control system was proven to provide a significant
improvement in the pose accuracy. Compared to other motions in the experiment, the linear motion in the z direction
exhibits a relatively smaller pose error. However, its performance does not exhibit regularity, unlike in the case of simulation.
Regarding the linear motion in the x direction, the experiment yielded a curve similar to that obtained in the simulation. In addition, as in the simulation, the error increases with
an increase in distance from the starting point. In addition,
the pose accuracy improves significantly after compensating
for the effect of PR.
In the case of rotational motion, the performance observed
in the experiments matches with that in the simulation. In the
rotational motion around the z and y axes, the compensation
control strategy improves the pose accuracy.
In conclusion, the experimental results demonstrate that
the effect of PR is the same as that deduced by calculation.
The pose error in the experiments, caused by PR, matches
Mech. Sci., 12, 1027–1036, 2021

the movement performance obtained in the simulations. The
PR compensation control works well in the pose accuracy
improvement of the EDSP. In addition, the EDSP showed
better pose accuracy in linear motion along the z direction.
6

Conclusion

A control method to compensate for posture errors caused by
PR for one type of 6-DOF EDSP is presented. The calculation of the PR angle was based on the inverse kinematics and
configuration parameters. A general PR compensation control strategy was designed to avoid the effects on pose accuracy. The calculation and control strategies were verified in
the simulation, where linear and rotational motions were designed for the comparison of control strategies. The results
of the simulation were compared for different motions and
their performance before and after compensation. Finally, experiments were designed based on the simulation conditions
to test the effectiveness of the compensation. Based on the
discussion on the results of the simulation and experiment,
https://doi.org/10.5194/ms-12-1027-2021
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the PR shows a certain regularity in some types of motion,
whereas the compensation function demonstrates effectiveness in reducing the influence of PR on the movement performance of the 6-DOF EDSP.
7

Future work

In the next step, a more precise dynamic model could be set
up to realize a closer simulation with the physical test platform. At the same time, the friction and inertia of the structure would be included in simulation.
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