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Abstract: Stable platforms are widely used in many fields to keep the environment stable for the
load under the influence of the motion of the craft and other carriers. However, its stability has
always been an important and serious challenge for researchers. In order to further improve its
shock absorption performance, a dynamic model based on the stable platform with the series elastic
actuator (SEA) is established. Meanwhile, a dynamic reference trajectory based on the X-shaped
structure is designed for ignorance of the beneficial nonlinearity in the fixed reference trajectory of
the stable platform. In addition, a backstepping control method is proposed to accomplish stronger
and faster stabilization with more robustness. Simulations are carried out, and the effectiveness of
the proposed method is verified by comparative simulations with a PID controller.

Keywords: stable platform; X-shaped structure; series elastic actuator; backstepping control

1. Introduction

In order to maintain system stability, it is important to eliminate oscillation and vi-
bration. This problem is widespread in many systems, such as flexible-joint robots and
crane systems [1–4]. Stable platforms are also widely used to maintain a stable working
environment for equipment [5,6]. They are used in a variety of bluescenarios such as
shipboard and mobile platforms. For example, radar antennas, anti-aircraft guns, gravime-
ters, and other equipment installed on ships or tanks need to eliminate the impact of
environmental-induced ship sway or vehicle bumps [7]; mobile cameras need gimbals as
support platforms to eliminate camera shake or displacement interference with picture
quality [8]. However, most existing stable platforms are connected by rigid actuators, while
there is less research on flexible actuators. Rigid actuators have the advantage of a simple
structure and easy implementation, but their output torque accuracy is difficult to meet
the requirements with the iterative upgrading of products. In addition, rigid actuators
often make the mechanical system get stuck due to assembly errors and other problems. In
recent years, flexible actuators have begun to receive attention. The advantages of flexible
actuators are that they can achieve more accurate torque output, smoother motion, and
higher error tolerance by adding some energy absorption and buffer structures.

The stable platform discussed in this paper adopts the flexible actuator—series elastic
actuator (SEA). The SEA connects the elastic element in series between the motor output
and the end-effector, which reduces the peak acceleration, and the output is not susceptible
to interference from external factors [9]. In comparison with rigid actuators, SEAs have
the characteristics of impact resistance, low energy consumption, and high torque output
accuracy [10]. SEAs can be divided into linear SEAs and nonlinear SEAs [11]. In detail,
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early studies focus on linear SEAs, which have been widely used in the field of human–
robot interaction [12]. J. Hurst et al. use linear SEAs to reduce the energy loss during robot
motion [13]. A. Jafari et al. use them to reduce the peak motor power [14]. Recently, some
researchers have used viscoelastic elements or nonlinear mechanical structures to replace
the springs in SEAs, thereby facilitating the emergence of nonlinear SEAs. Compared to
linear SEAs, nonlinear SEAs have many benefits, such as a larger range of movement and
inherent damping [15]. Owing to the built-in elastic element, nonlinear SEAs have a passive
immunity mechanism against disturbances. The nonlinear SEA is adopted in the stable
platform of this paper. However, in contrast to the active control, the passive immunity
mechanism has a delay and cannot respond to the disturbance in a targeted manner [16].
In addition, the existing stable platform based on the SEA cannot exploit the beneficial
nonlinearity in the perturbation. Therefore, the X-shaped structure is introduced into the
stable platform. It is used as a virtual component to generate the desired trajectory.

The X-shaped structure, inspired by the stability of birds in motion, has been widely
studied for car shock absorbers. As a compliant vibration isolation system, the X-shaped
structure can take full advantage of the beneficial nonlinear characteristics, including
nonlinear stiffness and nonlinear damping, to improve the control performance [6]. The X-
shaped structure is increased to two layers; new nonlinear damping is introduced into the X-
shaped structure model to improve its damping characteristics, suppress the resonant peak,
and maintain the vibration isolation performance in the non-resonant region [17]. A new
compensation mechanism is introduced to solve the problem of the input hysteresis [18].
In addition, the neural network is proposed to approximate the unknown dynamics, and
the finite-time adaptive control is adopted. In [19], the fuzzy logic system is designed to
compensate for system parameter uncertainty, external interference, and input dead time
saturation; the tracking error can converge to zero in a limited time. Aiming at making full
use of the beneficial perturbation, an energy-saving robust saturation control method is
designed; meanwhile, the bounded perturbation and the actuator saturation constraints are
taken into consideration to achieve less energy consumption [20]. To sum up, the X-shaped
structure is used as a biological vibration isolation system, which allows the system to take
advantage of beneficial nonlinear properties and effectively improves control performance.
However, this advantage of the X-shaped structure has not been applied to the perturbation
suppression of the stable platform.

In this paper, to obtain better stabilization performance, we establish a dynamic
model based on a stable platform with the SEA. The X-shaped structure is designed to
generate the dynamic reference trajectory for the exploitation of beneficial nonlinearity.
Figure 1 shows the overall control block diagram of the stable platform, where the desired
trajectory is obtained according to the X-shaped structure. The SEA is controlled as the main
actuator component in the stable platform to track the desired trajectory. A backstepping
controller is designed. Then, simulations are carried out to verify the effectiveness of the
proposed method.

The main contribution of this paper is as follows:

1. The X-shaped structure is introduced to generate the dynamic reference trajectory;
2. A backstepping controller is proposed for the stable platform;
3. Comparative simulations are carried out to verify the effectiveness of the

proposed method.

The basic structure of this paper is as follows: the model of the stable platform with the
SEA based on the X-shaped structure is established in Section 2, the backstepping controller
is proposed in Section 3, and simulations are carried out in Section 4.
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Figure 1. Control block diagram of the stable platform with the SEA based on the X-shaped structure.

2. X-Shaped Structure-Based Modeling for the Stable Platform with the SEA

This section is structured as follows: first, the stable platform and the SEA are intro-
duced; then, the X-shaped structure is introduced to provide the reference trajectory. Our
overall control objective is to stabilize the load of the stable platform by trajectory tracking.
Detailed analysis will be provided in the subsequent subsections.

2.1. Modeling of the Stable Platform

Figure 2 shows the schematic diagram of the stable platform with the SEA [21]. This
platform can be divided into the motion module P1 and the static platform P2. P1 and P2
are connected by two rods (named Rod 1 and Rod 2, respectively). P1 is fixedly connected
to the smooth straight rod and can slide on the smooth guide rail. P2 can slide on the
smooth straight rod. The movement of P1 can be measured by the encoder. The torque
output of the SEA can drive Rod 1 to move and change the position of P2. Regarding the
motion of P1 under external force as the vibration signal, the control objective is to keep the
position of P2 unchanged under the signal. Some relative parameters are listed in Table 1.

Motion module P1

SEA

Rod 1Rod 2

Encoder

Smooth straight rod

Static platform P2

Figure 2. Self-built experimental stable platform.
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Table 1. Parameters of the Stable Platform.

Parameters Pysical Meanings Values

l1 length of Rod 1 0.2 m
l2 length of Rod 2 0.3 m
r1 distance from P1 to the SEA 0.15 m
r2 distance from P2 to Rod 2 0.05 m
ma mass of Rod 1 0.15 kg
mb mass of Rod 2 0.14 kg
mc mass of the load 10 kg

As shown in Figure 3, z is set as the distance between P1 and P2. ψ denotes the joint
angle between the axis of P1 and Rod 1. According to the geometric relationship, the
following equation can be obtained as

z =
√

l2
2 − (l1 cos ψ + r1 − r2)2 + l1 sin ψ. (1)

SEA

P1

P2

Figure 3. Model of the stable platform with the SEA.

The Jacobian matrix of the stable platform can be obtained by deriving z with respect
to ψ as follows:

J =
(l1 cos ψ + r1 − r2)l1 sin ψ√

l2
2 − (l1 cos ψ + r1 − r2)2

+ l1 cos ψ. (2)

Here, the mass of Rod 2 is distributed to Rod 1 and P2 in a certain proportion. Ac-
cording to the virtual work principle, the dynamic model of the stable platform can be
established as

mbcχ̈ δχ = (τSEA − Iabψ̈) δψ, (3)

where χ̈ represents the movement acceleration of P2, δχ represents the Cartesian space
displacement, δψ represents the joint space displacement, mbc represents the equivalent
mass of P2 and can be calculated by mbc =

1
2 mb +mc, Iab represents the equivalent rotational

inertia of Rod 1 and can be calculated by Iab = ( 1
2 ma +

1
2 mb)l2

1 , and τSEA denotes the output
torque generated by the SEA.

By substituting δχ = Jδψ into (3), the dynamic model of the stable platform can be
obtained as follows:

τSEA = Iabψ̈ + Jmbcχ̈. (4)

Furthermore, the desired output of ψ can be obtained according to the desired output
of z based on (1). The desired output of τSEA can be obtained from the desired output of ψ
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according to (4). In the range ψ ∈
(

0,
π

2

)
, z increases monotonically with the increase of ψ,

and there is an inverse function of (1) as follows:

ψ = arccos

(
0.5z2

√
6− 25z2 − 0.25z2 + 0.01

z2 + 0.01

)
, (5)

where the values of parameters have been introduced to avoid the expression being too
long. The subsequent equations are all dealt with like this.

Considering that χ = zu − z can be obtained according to Figure 3 (zu represents the
displacement of P2), by substituting it and (5) into (4), the expected output torque of the
SEA is derived as follows:

τSEA_d = Iabψ̈ + Jmbc(z̈u − z̈), (6)

where ψ̈ can be calculated as follows:

ψ̈ =
d2ψ

dz2 ż2 +
dψ

dz
z̈

= 20
√

5z4(88212.5z2√σ2 − 1274375z4√σ2 + 6500000z6√σ2 + 6250000z8√σ2 − 226825z2

+ 3563125z4 − 21718750z6 + 25000000z8 + 312500000z10 − 2109
√

σ2 + 5166)/[σ
3
2

2 σ2
1 z3

(20z2√σ2 − 45z2 + 500z4 − 0.8
√

σ2 + 2)
3
2 ]ż2 +

0.5z + 1.25
z3

σ4
− 0.4zσ3 +

10zσ3

z2 + 0.01√
(z2 + 0.01)2 − 0.25σ2

3

z̈,

(7)

where σ1 = 100z2 + 1, σ2 = 6− 25z2, σ3 = z2σ2
4 − 0.05z2 + 0.02, σ4 =

√
0.06− 0.25z2.

2.2. Modeling of the SEA

The SEA is used to provide flexible drive and accurate torque output. The SEA serves
as the main driver of the stable platform to provide precise torque output while introducing
a passive immunity mechanism. Figure 4 shows the mechanical structure of the SEA.
The end-effector is connected with the output end of the motor through the axial spring,
and the motor torque indirectly drives the end-effector. The basic principle of operation
is that when the end-effector rotates under the action of an external force, it generates a
relative angular difference ϕ with the motor end. Then, the motor drives the rollers to
rotate along the circular orbit to deform the three springs in the middle and generate the
output torque [22].

End-

effector
Motor

Figure 4. Mechanical structure of the SEA.
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From the analysis of the mechanical structure of the SEA, the following equations can
be derived as follows [21]:

sin θ =
cϕ

R− r
,

∆y = (R− r)(1− cos θ),

F = 3ks∆y,

τSEA = Fc tan θ,

(8)

where θ denotes the angle of the roller rolling along the circular arc track, c represents the
radius of the motor runner, R represents the radius of the circular arc track, r represents the
radius of the roller, ∆y denotes the length of the spring deformation, F denotes the total
force generated by the three springs, and ks represents the elastic coefficient of the spring.
Among them, ks, c, R, and r are known parameters, as shown in Table 2.

Table 2. Parameters of the SEA.

Parameters Values

ks 13,600 N/m
c 0.018 m
R 0.020 m
r 0.005 m

JM 0.082 kg ·m2

cM 0.75 kg ·m2/s

Figure 5 shows the simplified structure of the SEA. According to (8), τSEA is determined
by ϕ, which is expressed as follows:

τSEA = f (ϕ) = 3ksc2 ϕ

 1√
1− (

cϕ

R− r
)2
− 1

. (9)

Motor Payload
End-

effector

Figure 5. Model of the SEA (the end-effector connects to Rod 1).

The models of the motor and the end-effector are as follows [22]:

JM θ̈M + cM θ̇M + d1 = τ − τSEA,

JL θ̈L + cL θ̇L + d2 = τSEA,
(10)

where θM and θL represent the rotation angle of the motor and the end-effector, respectively,
JM and JL represent the moment of inertia of the motor and the end-effector, respectively,
cM and cL represent the Coriolis force factors of the motor and the end-effector, respectively,
d1 represents the unmodeled dynamics and perturbation of the motor, d2 represents those
of the end-effector, and τ is the control input.
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Redefining two states as x1 = θM − θL, x2 = θ̇M, the above SEA model (10) is changed
into a new form as follows [23]:{

ẋ1 = x2 − θ̇L,
ẋ2 = (τ − f (x1)− cMx2 − d)/JM,

(11)

where d = JM θ̈L + cM θ̇L + d1.
According to the relationship between ψ and θL (∆ψ = ∆θL ⇒ ψ̇ = θ̇L) and the

indirectly measurable characteristics of ψ̇, θ̇L can be regarded as a compensable disturbance;
that is, the model can be rewritten as{

ẋ1 = x2 − d1,
ẋ2 = (τ − f (x1)− cMx2 − d2)/JM,

(12)

where d1 = θ̇L, d2 = d. The disturbance term d1 is compensable. Therefore, one does not
need to take care of the parameters JL and L, which vary with θL and θ̇L. The transformed
model also shows a more obvious result under the effect of the end-effector motion θ̇L [24].

In addition, the control objective can be simplified. According to (9), there is a bijection
between τSEA and ϕ. Thus, the control objective can be transformed as follows [25]:

τSEA → τSEA_d =⇒ ϕ→ ϕd. (13)

To sum up, the controller is designed to make x1 track f−1(τSEA_d), where f−1(·) is
the inverse function of (9), and τSEA_d can be calculated from (6).

2.3. Dynamic Trajectory Based on the X-Shaped Structure

The purpose of introducing the X-shaped structure is to design a dynamic reference
trajectory to replace the original, fixed reference trajectory, so that the beneficial nonlineari-
ties in the vibration signal can be exploited [6,17–20]. The X-shaped structure is composed
of connecting rods, joints, and springs. Figure 6 is the model diagram of the X-shaped
structure [6]. L1 and L2 represent the length of the left and right connecting rods, respec-
tively. θ1 and θ2 represent the initial angles with respect to the horizontal direction, and
L1 sin θ1 = L2 sin θ2 holds constantly. kv and kh are the elastic coefficient of the linear spring
in the vertical and horizontal directions, respectively. y is the absolute displacement of
the load. zu represents the displacement of the base. yr = y− zu represents the relative

displacement between the load and the base. v(yr) = L1 sin θ +
yr

2
is defined. nx = 4

denotes the number of joints. Specific values of the parameters are given in Table 3.

BaseBase

(a) (b) (c)

Figure 6. X-shaped structure (a) with the original state, (b) with the deformation, and (c) the
comparison diagram.
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Table 3. Parameters of the X-shaped structure.

Parameters Values

kh 500 N/m
kv 250 N/m
L1 0.1 m
L2 0.2 m
θ1 0.167 rad
µ1 1 Ns/m
µ2 0.155 Ns/m

According to Lagrange’s method, the X-shaped structure dynamic model can be
obtained as follows [6]:

mcÿr + h1(yr) + kvyr + µ1ẏr + µ2nxh2(yr)ẏr = −mc z̈u, (14)

where

h1(yr) =
kh
2

(
L1 cos θ1 + L2 cos θ2 −

√
L2

1 − v2(yr)−
√

L2
2 − v2(yr)

)
 v(yr)√

L2
1 − v2(yr)

+
v(yr)√

L2
2 − v2(yr)

,

h2(yr) =

 1

2
√

L2
1 − v2(yr)

+
1

2
√

L2
2 − v2(yr)

2

.

(15)

As for how the X-shaped structure generates the desired trajectory, the following
approach is taken. yr, ẏr, and ÿr generated from the dynamic equation of the X-shaped
structure (14) are used to replace z,ż, and z̈ in (6), respectively, and the desired output
torque τSEA_d is obtained. Under the action of function f−1, τSEA_d can be converted to ϕd.

3. Controller Design

In this section, the backstepping method is proposed for the stable platform with the
SEA, and the details are described below.

The controlled object model is (12), and the control objective is to make x1 track xd,
which can be calculated from f−1(τSEA_d). In this paper, the disturbance is not taken into
account in the control law design. The model is transformed as

z1 = x1 − xd,

z2 = x2 − α1,
(16)

where α1 is the virtual controller.
According to (16), the following equation can be obtained as

ż1 = z2 + α1 − ẋd. (17)

Substituting (12) into (16), ż2 can be expressed as follows:

ż2 = (τ − f (x1)− cMx2)/JM − α̇1. (18)

The virtual controller is designed as α1 = −k1z1 + ẋd, where k1 is the positive control
gain. The control law is designed as

τ = JM(−k1ż1 − k2z2 − z1 + ẍd) + f (x1) + cMx2. (19)
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Substituting the control law (19) into the expression of ż2 (18), the following equations
can be obtained as

z1ż1 = z1z2 − k1z2
1,

z2ż2 = −k2z2
2 − z1z2.

(20)

The Lyapunov candidate function is defined as V = 1
2 z2

1 +
1
2 z2

2, and the derivative of
V is

V̇ = z1ż1 + z2ż2

= −k1z2
1 − k2z2

2.
(21)

Considering that V is positive definite and V̇ is negative definite, the control law (19)
can asymptotically stabilize the system (12) according to Lyapunov theory.

4. Simulation Results

To verify the effectiveness of the proposed method, the comparative simulations of
the PID controller and the proposed backstepping controller are carried out. Parameters of
the stable platform mechanical structure can be found in Table 1; parameters of the SEA
are shown in Table 2; parameters of the X-shaped structure can be referred to in Table 3.
The control objective is to make the angle ϕ track the desired trajectory ϕd generated by
the X-shaped structure. The parameters of the PID controller are kp = 500, ki = 1, kd = 50,
where kp is the proportional coefficient, ki is the integral coefficient, and kd is the derivative
coefficient. The parameters of the backstepping controller are k1 = 100, k2 = 100. k1 and k2
represent the convergence rate of z1 and z2, respectively. The initial value of x1 is 0. A limit
of 30 N·m is added to the control input in the simulations of both controllers by considering
the motor drive capacity limitations.

4.1. Simulation 1: Effectiveness Verification

The error is defined as e = xd − x1, and the tracking results of both controllers are
shown in Figure 7. Moreover, the values of the dynamic performance indices are shown in
Table 4. ts is defined as the total time that the error exceeds ±0.0017 rad; vp is defined as
the maximum value of e, while vn is defined as the absolute value of the minimum value of
e. It can be visualized from Figure 7 that the proposed method has better tracking accuracy
than the PID controller and requires less control force. Further, it can be seen from the
quantization data in Table 4 that the proposed method’s ts, 0.02 s, is less than that of the
PID controller, 0.135 s. In addition, the backstepping vp, 0.026 rad, and vn, 0.014 rad are
smaller than that of PID, 0.032 rad, and 0.032 rad.

4.2. Simulation 2: With Disturbances

In order to verify the robustness of the controllers, Simulation 2 is performed with the
same desired trajectory in Figure 7. The sinusoidal disturbances of amplitude 0.01 rad and
the period being 0.25 s between 8 and 9 s are added.

The tracking errors of both controllers are shown in Figure 8. It is obvious from
Figure 8 that the backstepping controller has a smaller tracking error. The maximum
tracking error of the backstepping controller, 0.0005 rad, is smaller than that of the PID
controller, 0.0053 rad. The proposed method can track the ϕd of SEA well. In addition,
during the perturbation period, the maximum input motor torque τ of the SEA is 3.231 N·m
with the backstepping controller smaller than that of the PID controller, 8.603 N·m, which
means it has lower hardware drive capability requirements.
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Figure 7. Comparative results with mc = 10 kg and no disturbances.

Table 4. Values of the Dynamic Performance Indices.

Controllers ts (s) vp (rad) vn (rad)

Backstepping 0.020 0.026 0.014
PID 0.135 0.032 0.032

Improvement 85.19% 37.50% 56.25%
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Figure 8. Comparative results with mc = 10 kg and disturbances.
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Defining a performance index of Simulation 2 as E =
∫ 20

0 |e| dt, the index value of
the backstepping controller, 0.003, is smaller than that of the PID controller, 0.016. From
the data, it can be seen that the backstepping controller has a smaller value of E, which
means the backstepping controller has stronger resistance to sinusoidal disturbances than
the PID controller.

4.3. Simulation 3: With Parameter Uncertainty

To test the robustness of the controller against parameter uncertainty, mc is changed in
Simulation 3 from 10 to 5 kg. Without readjusting the control gain, the proposed method is
still able to achieve accurate trajectory tracking, as shown in Figure 9. From Figures 7 and 9,
it can be known that the maximum error before and after load mass change are 0.0257 and
0.0204 rad, respectively. The proposed backstepping method can effectively deal with the
uncertainty of parameters.

0 2 4 6 8 10 12 14 16 18 20
-0.1

-0.05

0

0.05

0.1

0 2 4 6 8 10 12 14 16 18 20
-0.04

-0.02

0

0.02

0.04

0 2 4 6 8 10 12 14 16 18 20

Time[s]

-40

-20

0

20

40

Figure 9. The simulation results with load mass uncertainty.

5. Conclusions

In this paper, the dynamic model of the stable platform with the SEA is established.
The dynamic reference trajectory based on the X-shaped structure is designed to exploit
its beneficial nonlinearity. In addition, the backstepping controller is proposed, and the
simulations are carried out to verify the effectiveness of the proposed method. The backstep-
ping controller shows better tracking performance, faster response, and greater robustness
against disturbances than the PID controller. Compared with the PID controller, the positive
peak of the tracking error of the proposed backstepping controller is reduced by 18.75%,
and the negative peak is reduced by 56.25%. Considering the disturbances, the value of
the indicator E is reduced by 81.25%. Furthermore, the proposed backstepping method
can effectively deal with parameter uncertainty, and the maximum error is changed by no
more than 2% before and after changing the parameters. In the future, other more effective
control methods will be explored, and the experiment on the physical experiment platform
will be conducted.
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