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A Gravity Compensation System for Touchdown
Process Verification of Large Spacecraft With
Quasi-Zero Stiffness Mechanism and
Passivity-Based Controller

Ronggiao Zhang™, Zhengqing Li*, Haining Sun“, Member, IEEE, and Xiaoqaing Tang

Abstract—To ensure the reliability of an extraterrestrial lander
during its touchdown process, it is crucial to replicate the
landing dynamics within a simulated low-gravity environment.
In this study, a servo-driven system(SDS) is proposed and
integrated with a quasi-zero stiffness(QZS) system to address the
limitations of traditional methods, including restricted accuracy
and limited movement range. An analytical method for describ-
ing the dynamic characteristics of the low-gravity simulation
system is presented based on passivity theory, enhancing the
compensation accuracy. Subsequently, a fuzzy controller for
the QZS-SDS composite system is designed to autonomously
adjust the equilibrium point and convergence speed, ensuring
rapid error reduction in tension control. Furthermore, the global
asymptotic stability conditions of the closed-loop system are
established and analyzed, and the quantitative parameter design
guidelines for practical implementation are provided. Finally, a
series of physical experiments demonstrate the efficiency and
robustness of the proposed system. Compared to conventional
methods using only QZS, the proposed approach reduces the
maximum force compensation error from 13.9% to 4.0%,
and extends the supported simulation range from 800mm to
over 12,000mm.

Note to Practitioners—This study addresses the challenges of
providing a reliable low-gravity environment for the touchdown
phase of extraterrestrial landers. The primary motivation is to
verify the robustness of the engine shutdown algorithm and
evaluate the strength/stiffness design of the landing legs under
realistic impact conditions. While some low-gravity compensation
systems have been widely used in orbiting and descent phases,
their effectiveness during the touchdown process, where strong
impacts occur, remains insufficiently explored. At higher landing
velocities(approximately 1.1 m/s), most low-gravity compensation
systems struggle to maintain accuracy due to bandwidth limi-
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tations, except for quasi-zero stiffness(QZS) systems. However,
QZS-based approaches suffer from mechanical deviations such
as stiffness inconsistencies in energy storage components and fric-
tion, leading to reduced compensation accuracy. Additionally, the
movement range of QZS is constrained by mechanical structures,
restricting their application in spacecraft landing missions. To
overcome these limitations, we propose an actively controlled
servo-drive system with a passivity-based control law for precise
force compensation. The introduction of servo motors not only
improves compensation accuray but also significantly extends the
system’s operational range, enabling it to meet the requirements
of various landing tasks. This work has direct implications
for practitioners developing ground-based low-gravity simulation
systems for extraterrestrial exploration. In the future, we aim
to extend our low-gravity compensation technology to sup-
port extraterrestrial launch missions, broadening its application
from single-degree-of-freedom landing tasks to multi-degree-of-
freedom non-vertical take-off scenarios.

Index Terms—Gravity compensation system, ground verifica-
tion, passivity-based control, quasi-zero stiffness, underactuated
mechanical systems.

NOMENCLATURE
Notations
O ono/ot.
o oo/ox.
fo]m| Variation of O.
Variables
l Distance of QZS fulcrums vertically.
I Distance of QZS lever fulcrum and spring
connection posint.
L Length of QZS lever.
6 Rotation angle of QZS lever.
s Length of QZS spring.
50 Original length of QZS spring.
k Stiffness of QZS spring.
Mass of QZS lever.
Ty Rotational friction of QZS lever.
T, Static rotational friction of QZS lever.
Cu Coulomb rotational friction of QZS lever.
f Output force of QZS on the end of rod.
Xy Cable length released by SDS motor.
k* Desired spring QZS stiffness.
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fr Desired output force of QZS.

ok Stiffness deviation of QZS springs.

fe Output force error of QZS.

Sak Force error caused by QZS spring stiffness
deviation.

w(x, 1) Deformation field of cable.

u(t) Displacement constraint of cable on x = 0.

E Young’s modulus of cable.

A Cross-section area of cable.

P Linear density of cable.

L Undeformed length of cable.

¢i,i=1,...,N Trial functions of cable deformation field.

gi,i=1,...,N Coefficients of cable trial functions.

N Number of cable trial functions.

M, Mass of the payload on the cable.

kg Contact stiffness of the payload with
ground.

Cq Contact damping of the payload with
ground.

I. INTRODUCTION

HE moon, as Earth’s sole natural satellite, has become

the hotspot of human space exploration activities with the
new developments in extraterrestrial exploration technologies
and the discovery of new lunar resources. However, among
all lunar landing missions, only 3 agencies have successfully
soft-landed on the lunar surface [1]. An important factor
affecting the success of lunar soft landing [2] is the reliability
of the lander during the touchdown process in a low-gravity
environment: In 2023, Russia’s Luna 25 explorer experienced
a rollover during touchdown due to the engine’s failure to shut
down properly [3], [4]; In 2024, the American Odysseus lunar
lander suffered damage to its landing legs due to an excessively
high touchdown velocity [5]. To ensure the stability and
reliability of the lander during the touchdown process, it is
necessary to conduct verification tests on touchdown stability
in low-gravity environments on Earth [6].

Various effective methods can be employed to provide low-
gravity environments, which can be categorized into 2 classes
based on the simulation principles [7], [8]. One class of
methods involves generating a constant force field to replicate
a low-gravity environment, with typical methods including
the underwater method [9], parabolic flight, and the drop
tower method [7]. Some scholars also use magnetic levita-
tion technology to provide low-gravity environments, but the
experiments are still in the early stages [10]. Additionally,
the air-floating method can be used to simulate a zero-gravity
environment on a flat surface. However, this method restricts
movement perpendicular to the plane [11], [12], [13], [14],
[15]. The field force methods are generally used for small-
scale tasks with light mass, such as researching material
and fluid properties in a low-gravity environment [10]. These
methods are unsuitable for the touchdown process verification
of large-scale landers due to their limited motion range and
low simulation speed.

Another approach simulates a low-gravity environment by
applying a constant concentrated force at the center of mass of
the experiment object, which generally uses cable-suspended
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counterweights [16], [17], [18], [19], series elastic actua-
tors(SEA) [20], [21], or quasi-zero stiffness(QZS) mechanisms
[22], [23] for constant force output. Unlike the orbiting or
descending phases which are the majority of low-gravity
researches, the touchdown process is characterized by high
velocities and strong impacts. This necessitates that the sim-
ulation equipment providing the low-gravity field be capable
of withstanding significant external disturbances. Furthermore,
the touchdown process involves the interaction between the
lander and ground, which is complicated by the ground’s
unstructured nature. This introduces unknown parameters,
reducing compensation accuracy. Consequently, methods rely-
ing on counterweights or servo motors for constant force
output face challenges due to limited response bandwidth [18].

To mitigate the impact of external disturbances on the force
output of low-gravity simulation equipment, researchers have
explored reducing stiffness at the force output side to enhances
the system’s ability against external perturbations, leading to
the application of SEA in low-gravity simulation tasks [24],
[25], [26], [27]. Qu directly used springs as the stiffness buffer-
ing device and employed the torque loop of a servo motor
as the actuator for low-gravity compensation experiments,
achieving a tension compensation error of 5%. However, the
relatively high stiffness of conventional springs limited further
improvement in constant force control accuracy [27]. Jia et al.
designed a buffer-assisted pinion-rack mechanism to simulate
the zero-gravity environment of space orbital missions and
conducted experiments using a six-degree-of-freedom manip-
ulator, achieving 95% gravity compensation accuracy [24].
Building on Jia’s work, Duan et al. developed a control law
based on sliding mode control and error observers, ensuring
system stability under bounded external disturbances and
improved force compensation accuracy [25]. It is worth noting
that the SEA methods used for low-gravity compensation of
spacecraft can also be applied to human rehabilitation training.
By leveraging the high-precision force output and low-stiffness
characteristics of SEA, precise control and support of human
motion can be achieved, thereby improving the effectiveness
of rehabilitation training [28].

However, the SEA mechanism’s stiffness is generally non-
zero, which can lead to significant force output errors when
the system is subjected to strong disturbances. When the
stiffness at the force output side is reduced to zero, the
system’s output force remains constant regardless of external
disturbances, transitioning the SEA mechanism into a quasi-
zero stiffness(QZS) mechanism [29], [30], [31], [32], [33],
[34], [35]. There are various designs for QZS mechanisms,
but generally they must ensure that the system’s potential
energy remains constant with respect to the output displace-
ment. Some approaches achieve this by directly constraining
the system’s potential energy through special mechanism
designs [36], while others realize zero-stiffness characteristics
by combining structures with different stiffness properties
(i.e., potential energy-displacement curves exhibiting both
convex and concave segments) [35], [37]. In our previous
work, a QZS based on constant force springs was designed
to provide a low-gravity simulation environment, which has
been successfully applied in the landing simulation test of
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Fig. 1. The relationship between the actual force output of the QZS and the
lever angle is depicted. The blue solid line reveals the relationship between
the QZS output force and angle. The yellow area indicates the actual working
range, while the gray shaded area represents the upper limit of the angle due
to mechanical constraints. Although the theoretical QZS stiffness should be
0 N/deg, the actual measured stiffness is 8.3 N/deg due to QZS parameter
deviations.

China’s Mars lander, achieving a maximum compensation
force error of 13.9% under 1100mm/s touchdown velocity
[36]. Ding et al. proposed a novel QZS by paralleling a
diamond-shaped mechanism with a nonlinear bi-stable beam,
and applied it to a vibration isolation platform, achieving a
resonance frequency of 0.18 Hz [38]. Liu and Niu directly
embedded the compression springs and torsion bar into the
output winch, realizing a pulley-free QZS mechanism and
increasing the output bandwidth to 6 Hz. Under an excitation
input of 17 mm/s, the tension regulation accuracy reached 96%
[34], [35]. Zhou et al. introduced a QZS mechanism based on
magnetic negative stiffness springs to provide a low-gravity
environment for the spacecraft under 200mm movement range.
Due to the frictionless feature of the magnetic QZS supporting
unit, the system achieved a maximum compensation force
error of 0.7% under 400mm/s collision test [31].

However, subsequent testing identified certain deficiencies
in using QZS alone for low-gravity simulation. One key
issue is the accuracy of compensation force, which is entirely
dependent on the mechanism’s integrity. Any deviations in
the mechanism’s parameters can lead to increased errors in
force output. For example, since the force generated by QZS
is directly related to the stiffness of the energy-storing ele-
ments(such as springs), inevitable discrepancies between the
designed and actual stiffness values lead to reduced precision
in the output force. Additionally, the significant output force of
low-gravity simulation devices causes non-negligible frictional
effects in the QZS, further compromising the precision of the
force output. A set of QZS output force and movement angle
curves is depicted in Fig. 1. Ideally, the output force should
be independent of the lever angle, but due to the presence
of friction and spring stiffness errors, the force output curve
shows deviations. Another challenge is the limited movement
range provided by QZS. To meet the varying stroke and
velocity requirements of different simulation objectives, it
is necessary to expand the motion range of the low-gravity
simulation device, that is difficult to achieve with QZS alone.

To address the aforementioned issues, this study introduces
an additional motor in conjunction with QZS for active force
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control. By using a force sensor to feedback the actual force
applied to the lander, the motor can compensate for force
errors caused by QZS deviations. Additionally, the incorpora-
tion of the motor significantly expands the system’s operation
range. There is currently little research that combines quasi-
zero stiffness (QZS) systems with motor-driven active tension
control under strong disturbances, as achieving stable and pre-
cise regulation in such conditions remains highly challenging.
Since the cable-driven mechanism is an under-actuated system
with infinite degrees-of-freedoms, it is difficult to estimate the
internal states by measuring the output force alone. Therefore,
the designed controller should stabilize the system through
output feedback [39]. Furthermore, the force sensor and the
motor are non-collocated in general cable-driven mechanisms
[40], which complicates controller design. Finally, designing
and analyzing controllers for the coupled nonlinear system
with cable-driven mechanism and the QZS subsystem poses a
significant challenge.

To design an appropriate output feedback controller, we first
analyzed the dynamic input-output characteristics of the QZS
and the cable-lander subsystem using passivity theory [41],
[42], [43], demonstrating that relying solely on the QZS for
force compensation leads to accuracy issues when there are
stiffness deviations and friction in the QZS. Subsequently,
to ensure the stability of the composite system, we utilized
the stability theorem for interconnected systems to analyze
the conditions that the active controller should met. Finally,
a fuzzy controller was designed to guarantee the globally
asymptotic stability of the closed-loop system. Simulations and
experiments demonstrated the effectiveness of the designed
controller and the low-gravity compensation system.

The contributions of this paper are summarized as follows:

1) An analysis method based on passivity theory is pro-
posed for describing the dynamic characteristics of a
gravity compensation system(GCS), which reveals the
limitations of using only QZS for low gravity simulation.
The results indicate that in the presence of deviations in
mechanism parameters, the force compensation error of
QZS alone can reach up to 7.1%, which can be reduced
to 1.9% with the active force control.

2) A fuzzy controller is designed for the hybrid system
combining QZS mechanisms and motors, which can
autonomously adjust the system’s equilibrium point and
convergence speed, ensuring rapid convergence of ten-
sion control errors. The conditions for global asymptotic
stability of the closed-loop system are established, and
the controller’s robustness against external disturbances
is demonstrated under different circumstances(such as
touchdown stiffness and velocity). Moreover, quantita-
tive guidelines for the design parameters of the GCS in
practical applications are provided.

3) Touchdown experiments are conducted on a self-
built physical platform, and the results confirmed the
effectiveness and robustness of the proposed method.
At a touchdown speed of 1.1 m/s, the maximum tension
control error is only 4%. A comparison with other
low gravity simulation methods is provided in Table I,
demonstrating that the system proposed in this study
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TABLE 1
GCS COMPENSATION RESULTS OF MULTIPLE METHODS

Method Velocity  Movement Range  Payload Force

(mm/s) (mm)*t (kg) Error

Counter-Weight [17] 4 200 10 30.0%
Counter-Weight [18] 1000 5000 0.3 20.0%
Magnetic Levitation [10] / 50 / 1.00%
SEA [24] 14 300(400) 30 5.00%
SEA [25] 5 300(400) 15 4.00%
QZS(torsion bar) [34], [35] 17.3 62.8(100) 1000 4.00%
QZS(magnetic) [31] 400 200(60) 35 0.70%
QZS [36] 1100 800(1000) 836 13.9%
QZS-SDS(our) 1100 12000(800) 409 4.00%

1 The SEA/QZS structure sizes of gravity direction are also listed in the table,
with form “movement range(structure size)”. The dimensions listed refer only
to the characteristic structural elements of the QZS mechanism (such as the
free length of the spring, MNS spring structure size, etc.), and do not include
additional accessories or frame dimensions.

A 1. Start Stage 2. Falling Stage ||3. Touchdown Stage|| 4. Stop Stage
b Bl

Height To Ground(m)

Touchdown Process Verification Experiment Stages

Fig. 2. Experiment stages of touchdown process verification of lander using
an equivalent mass.

achieved superior results in terms of simulated motion
range, speed, and tension control precision.

The structure of this paper is organized as follows: Section II
introduces the application background and the dynamic model
of the GCS. Section III presents some basic conclusions of
passivity theory and uses them to analyze the input-output
characteristics of the GCS, followed by the design and stability
analysis of the controller. Section IV describes the results of
the simulations and physical experiments. Section V concludes
with the specific findings and main contributions of this study.

II. BACKGROUND AND MODELING
A. Problem Formulation

To ensure the stability of an extraterrestrial lander during its
touchdown process, it is essential to simulate its operational
conditions on Earth. This simulation is conducted to verify the
reliability of the engine’s ignition and shutdown algorithms
post-landing, as well as to assess the adequacy of the landing
legs’ design in terms of strength and stiffness. The experiment
stages for verifying the touchdown process are illustrated in
Fig. 2. During the simulation tests of the touchdown process,
the load is released from a height of approximately 4m, which
can increase to 12m in specific tests, and impacts the ground at
a speed between 0.4m/s to 1.1m/s, eventually coming to a stop.
The release height (4m—12m) and touchdown velocity range
(0.4m/s—1.1m/s) used here are typical for soft-lander touch-
down velocity tests [44], [45], [46]. Under ideal controlled
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Fig. 3. Simplified schematic of the GCS structure. The QZS reduces endpoint
stiffness, while the SDS provides active regulation.

conditions, the lander’s touchdown velocity should be around
1.0m/s [47], [48]. Throughout this descent, a consistent low-
gravity environment must be maintained. The key performance
indicator for these tests is the precision of the low-gravity
environment during the lander’s Stage 3 touchdown process.
The outcomes of this stage are crucial for establishing the
validity and reliability of the ground verification experiments.

To accurately simulate a low-gravity environment during
the landing process, the proposed GCS employs a QZS
mechanism to apply force and withstand disturbances. It also
integrates a Servo Drive System(SDS) to proactively regulate
and minimize compensation force discrepancies. The system’s
design is depicted in Fig. 4. The QZS is a lever mechanism
driven by an adjustable-length spring structure, which ensures
parallel connections through a slide rail. By varying the
spring stiffness, the QZS outputs constant force with varying
magnitudes within a specific range of motion. The springs
connect to the base frame via a T-shaped screw rod and to the
cable via a flange, which passes through a pulley and links to
the QZS lever. By adjusting the length of screw rod, springs’
preload length can be adjusted.

The Servo Drive System(SDS) consists of 2 main compo-
nents: a servo motor and cable-winch structures. The servo
motor drives the winch through a reducer to apply a specified
force on the cable wound around it. This cable is connected
to the lander via a pulley system across the QZS lever.
A brake is installed at the end of the SDS winch to rapidly
stop the motor shaft, ensuring experimental safety. The GCS
can be simplified as the structure shown in Fig. 3, where the
SDS directly provides the low-gravity simulation environment
for the lander, while the QZS acts to reduce the endpoint
stiffness, ensuring that the output force of the SDS remains
stable under the strong impact disturbances during touchdown.
Furthermore, since the motion range of the GCS is essentially
determined by the travel of the SDS motor, this approach
effectively extends the limited stroke of the QZS imposed by
mechanical constraints. In this study, the GCS is required to
provide at least a 12m low-gravity simulation range, whereas
the QZS mechanism alone is limited to about 0.9m due to
mechanical size restrictions. By introducing the SDS, the
operational range of the GCS can be extended beyond 12m.
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Gravity compensation system
working status

Servo drive system

3P| ). »

Fig. 5. Schematic model of the QZS.

In summary, the active regulation of the SDS, in combination
with the QZS, enables effective low-gravity verification during
the lander’s touchdown process.

B. Dynamic Model of GCS

1. QZS Dynamic Model: The schematic model of the QZS
is shown in Fig. 5, which is simplified as a spring-suspended
lever structure. The dynamic model of the QZS is given by
(D:

m

3

When the QZS is in equilibrium, the force balance equation
is given by (2) with sy = 0:

120 = —%glz cosf— Ty — flycosf + ks_—ssolll cosf (1)

I Ty mg
=k— - ——-—= 2
L lhcos@ 2 2)

By ignoring the frictional force Ty, the force output of the
QZS remains constant. In our previous research [36], the QZS
is designed to output specified force f* with ideal spring
stiffness k* = (f* +mg/2) L/(l,). In practical scenarios,
several challenges emerge. Firstly, manufacturing variations

— .,
u (t) |—> w(z,t) o
<—>-—|fe [QZS| k, \
L |
]

Fig. 6. Schematic model of the cable-mass system.

in spring stiffness (k = k* + 6k) lead to discrepancies between
the desired force f* and the actual force f. Moreover, when
the intended compensation force is significant, the rotational
friction acting on pivot B becomes noteworthy. These factors
collectively contribute to inaccuracies in the QZS’s force
output. Under these circumstances, the dynamic model of the
QZS can be represented as (3).
1 I

) l
§ml§9= (f*—f+6k-l—) Lcos®— Ty (3)
2

where:
1) f. = f* - f is the error of target force and actual force.
2) far = Oklly /1, is the force error caused by spring stiffness
deviation.
Taken the friction model of lever as Coulomb type as (4).

T =T,sgnd + C,0 “
Substitute the (4) into (3) yields the model of QZS as (5):

1 . . .
gnge = (f, + fur) b cos O — (T,sgnd + C,0) (5)

2. Cable-Mass Dynamic Model: For the cable-mass sys-
tem(CMS), the cable is considered as a continuous elastic
medium. A coordinate is established for the cable under
the deformation field of the desired tension. Using a string
vibration model, the vibration equation of the CMS system is
represented by (6), and its structure is shown in Fig. 6.

Pw Pw

EAZY - 0
oz For

(6
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The boundary conditions of (6) can be expressed as below:

1) w(,) = —u(t) = —(x, + b sinf), which means the
cable is constrained by QZS and SDS together, and the
constraint force is f,.

2) w(L,?) is constrained by a spring-mass system.

Applying the assumed mode methods, the vibration equation
of CMS can be expressed as (7):

N
winn =Y ¢;(x)q ) (7)

i=1
Hence, the kinetic and potential energy of CMS can be
expressed as (8):

1
M;iGiq; + = Mpi?* (L, 1)

_'F{Z
M=

T =
, 2
i=1 j=1
1 en 1
U=22 0 Kidiaj+ skew’ (L.1) ®)
i=1 j=1
where:
L
M= | pAg;(x)p;(x)dx
0
L
Kij = / PA; (x) ¢'; (x) dx ©)
0
Take ¢q = [ql,...,qN]T as the state variable of CMS, the
virtual work Q - 6¢ can be expressed as (10):
Q-6q =—cyw(L,t)ow(L,t) + foow (0,1) (10)
Applying the generalized Hamiltonian principle, the
dynamic equation of CMS can be expressed as (11):
[5)
/ OWL-0Q-6q)dt=0 (11)
n

where the lagrangian is £ = T — U. Substitute (8) into (11)
yields the dynamic equation of CMS as (12):

Mg+Cq+Kq=F (12)
where:
My ... My
M=| @ . + Mp, ]
| Myi ... Myy
C =ci$, 9]
K ... Kin
K=| @ g, 1 |+koud]
| Kt ... Kwy
F=¢,f. (13)
q=[a1®.....av@®]"
¢, =[61(D),....on D]
$o = [61(0),....65 0] (14)

To solve the constraint force f, at x = 0, transform the
constraint equation at x = 0 as (15):

®(q.)=¢og+u)=0 (15)
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where u () = x,+1, sin 8 is the displacement constraint. Notice
that the boundary constraint is holonomic, the constraint force
can be solved by the Lagrange multiplier method [49] as (16):

[«% %OM_Hz[—Ciz_;Kq}

Moreover, because the matrix M is full rank, then § can be
expressed as (17):

4=M"¢yf. - M ' (Cq+Kq)

(16)

a7

Substitute (17) into constraint equation (16) yields (18):

—ii+ ¢ M (Cq + Kq)
¢ M ¢,

Hence the constraint force f, can be solved by extended

state space model and the internal states can be updated via
boundary constraint u (t) = x,, + [ sin 6.

Je= (18)

III. SYSTEM ANALYSIS AND CONTROLLER DESIGN
A. Basic Knowledge of Passivity Theory

In this section, some main results of passivity theory are
introduced [42], [43].
Considering following dynamic system (19):

d
X0 =fGO.u@®) f0.0)=0
YO=hx®,u@®) h©,0=0 (19

where x (1) e R", u (t) e R", y (t) € R, with f : R" xR" —» R"
is a continuous differentiable map. The definition of passivity
is introduced through the system’s input-output characteristics,
with the core concept being a scalar-valued supply rate s (u, y)
used to constrain the system’s “energy”.
Definition 1: If a map V : R" — R satisfies V(0) =
0,V (x) > 0,Vx, and the following inequality holds:
Vx(1)-V(x(0) < /O s(u(n),y®)dt (20)
for any input signal u(f) and time 7 > 0, the system is
dissipative. When s (u,y) = u”y, the system is passive. When
su,y) = u'y — g|ly|*> with & > 0, the system is output
strictly passive. V() serves as the storage function for the
system. If a class of systems exhibits passive characteristics,
it becomes convenient to assess the Lyapunov stability of their
interconnected structure. We first give the passivity criteria for
system which is affine in the input u.
Theorem 1 (passivity criteria for system which is affine in
input u:) For an affine system (21):
dx
@ =f(x)+gx)u
y=nh(x)
The necessary and sufficient condition for a system to be

passive is the existence of a storage function V that ensures
(22), where VV = 9V /ox.

21

VvV (x)" f(x)<0,Yx eR"

vV (x)! g(x) =h(x),Vx e R" @2)
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Fig. 7. Interconnection structure of multiple passive system.

The previously mentioned theorem 1 can be utilized to
ascertain whether affine systems are passive. In structures
where multiple passive systems are interconnected, the sub-
sequent theorem can be employed to confirm their Lyapunov
stability.

Theorem 2 (criteria of Lyapunov stability for multi-system
interconnected structure:) Consider multiple system Gj,i =
1,...,N as (2):

d
axl- ([) = fi (x,- (t) S U (t))

yi(@®) = h; (x; (), u; (1)

The interconnection structure is shown as Fig. 7. The
composite input vector u = [ulT,...,u]f,]T and the output
vector is y = [y7, ..,y{,]T, where u = Sy.

Each subsystem is (output strict) passive, hence the supply
rate of system G; can be expressed as (24):

(23)

T
u; u;
Si\u;,Yy;) = ! Xi ! 24
( y) |:yi:| |:J’i:| @4
where:
0 ir
_ 2 )
X; |:%I—e,-1:|’8’>0 (25)

Then the following theorem exists: If the entire system of
interconnected subsystems is Lyapunov stable, its Lyapunov
function can be represented as a linear combination of the
storage functions of each subsystem (26):

V=pVix)+...+pyVn(xn),pi20,i=1,...,N (26)
Which should meet (27):

PS-E)+S-ET"P<0 27

where P = diag (p1,...,pn), E = diag(ey,...,&en).
According to theorem 2, it can be readily inferred that
when two passive systems are interconnected via feedback,
the compound system is Lyapunov stable if at least one of
the systems is output strictly passive. Furthermore, additional
analysis leads to the well-known Small Gain Theorem.

B. QZS and CMS Passivity Analysis

The feedback control loop structure of the GCS is depicted
in Fig. 8. The feedback interconnection between the QZS
and the Cable-Mass System(CMS) illustrates a scheme where
only the QZS is utilized for force compensation. Incorporating
a controller into this structure forms the complete feedback
interconnection system examined in this paper.We first apply
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Fig. 8. Control loop structure of the GCS.

passivity theory to analyze the shortcomings of the scheme
where only the QZS and CMS are interconnected to regulate
the output force.

1. QZS Passivity Analysis: The dynamic model of QZS can
be expressed as (5), the input and output signal of QZS in the
feedback loop is uqzs = f. and yqzs = d (I sin6)/dt = I, cos 60
respectively. Denote x| = 0, x, = 9, x = [x1,x2]", the dynamic
model of QZS can be further simplified as an affine system
(28):

dxl
Fr
de
v =H(x)+ g (x)fe (23)
where:
3
f] (x) = W (fdklz COS X1 — Tﬂsgnxz - C;,)Cz)
2
3
g1 (x)= il COS X (29

Accodring to theorem 1, the necessary and sufficient con-
dition for QZS to be passive is that there exists a storage
function V (x) which ensure (22), hence:

oV
—81 (x1) = (lhcosxy) x2

30
P (30)
which means that (31) should holds:
1
V=V (x)+ gml§x§ (31)
Substitute (31) into (22) yields (32):
dv 1
—L x4 =mBx, - fi (x1,x) <0 VxeR> (32
dx1 3
Substitute (29) into (32) yields (33):
d .
X3 =Vi(a) < Tyl + C,x5 Vx eR? (33)
1

where V; (x1) = Vi (x1) + ful sin(x)). Because C, > 0,7, >
0, (33) is equivalent to (34).

d .
—Vi(x1)

<T,
dxl H

(34)

This implies that Vi(x)) is Lipschitz continuous. Take
dVi(x1)/dx; = 0, which makes the QZS passive, thereby
validating (35).

1 .
V= gngaz — faulr sin (35)
Take time derivative to V yields (36):

N B .
V= 5ml§99 — fuly cos 6
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= f.hcos0 - T, |0 - C.6
= ”(TQZSYQZS — Ty ”‘9” - Cygz

< ubysyazs — VY (36)

where y* = C,,/15. In summary, the analysis presented demon-
strates that the QZS system is output strict passive.

Remark 1 (35) also indicates that if the QZS is passive, the
storage function V must be non-negative. This implies that
when fy = 0, meaning there are no spring stiffness deviations,
the QZS is always passive. If fy # 0, choosing fz < O ensures
the passivity of the QZS. Since the lever angle 6 is restricted
to be positive (8 > 0) by the mechanism, the storage function
V > 0 within the working range. Furthermore, (34) indicates
that under certain conditions, the passivity of the QZS can be
ensured even when fy > 0. For instance, consider V; (x;) =
Ty sin(x)). If T, > fulo, then V = 1/6 mB36* + (T, —ful>) sin @
remains a suitable energy storage function. This implies that
in practical scenarios, if the friction 7, is sufficiently large, the
system remains passive despite the presence of spring stiffness
deviation fy > 0.

Remark 2 (35) reveals the passivity property of the QZS, a
conclusion that can be generalized to all similar QZS struc-
tures. The core reason lies in the fact that these QZS systems
require a constant potential energy to maintain quasi-zero
stiffness. Consequently, when deriving the system dynamics
model using the Lagrange principle, it contains only kinetic
energy terms, resulting in a similar equation structure.

2. CMS Passivity Analysis: The dynamic model of the
CMS can be expressed as (16). Denote X = [q, q]T, and
define the CMS input-output signals as ucys = [ cos 60 + X,
and ycms = —f, to maintain physical significance. Assume
the LTI system has a quadratic storage function V as given
in (37):

velgprg+ tapy

= 2‘1 19 2‘1 29

where Py, P, are positive semi-definite real symmetric matrix.

If CMS is passive, then according to definition 1, (38) should
holds.

(37

Q" Pig+§" Py <¢iaf. (38)
Substitute (17) into (38) yields (39):
¢ (P -P:K) g+ q" (P.-1)¢of. <q"P.Cqg  (39)

where P, = P,M~'. Notice that f. is affine to constraint i
according to (18), (39) can be further simplified as (40):

g7 (P, —1) ¢, =0
g (P~ 1) ¢y (40)
Pi-P,K=0
Hence (41) holds:
P,=M
’ 1)
Pi=K
Substitute (41) into (37) yields (42):
1 1
V=>q"Kqg+¢"Mq (42)

2 2
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Take time derivative of V and substitute ¢5 ¢ = —ucmMs into
it returns (43):

V=q"Kqg+q" Mg
=q'F-q'Cq
=q"¢of. - 4" Cq
= ulysyems — 47 Cq

< ulpsyoms 43)

Which suggests that CMS is passive.

3. QZS and CMS Control Error Analysis: Without incor-
porating an external control system(i.e. SDS), the QZS and
CMS systems are interconnected through negative feedback.
According to theorem 2, since the QZS system is output
strictly passive and the CMS system is passive, their feedback
interconnection system is globally asymptotically stable. A
suitable candidate Lyapunov function for this system can be
considered as follows:

1 . 1 1
V= gngez — fulr sin@ + EqTMq + EqTKq (44)

Take time derivative of (44) yields (45):
V=-T,|0| -C.*-4"Cq<0 (45)

Applying the LaSalle Invariance Principle, QZS and CMS
interconnected system is globally asymptotically stable.

However, the aforementioned system faces a fundamental
issue: the equilibrium region does not contains the point where
f. = 0. Analyzing the stability region of the interconnected
system reveals that it satisfies the following condition:

0=0,4=0 (46)
Substitute (46) into (18) yields (47):
TM—lK
fe= % 47)
¢ M~ ¢
Moreover, substitute (46) into (5) yields (48):
0= (fe + fax) Lo cos & (48)

Which means that f, will asymptotically converge to — fy.

Remark 3 The QZS friction model utilizes a Coulomb model
instead of a state-based model like the LuGre model, which
can estimate static friction. This results in § = 0 = T, = 0.
However, in reality, rotational friction Ty is non-zero when
6 = 0, causing higher compensation force error in the equi-
librium region. This issue can be addressed by integrating an
external control system, such as the SDS, to compensate for
the friction force.

C. SDS Controller Design

As previously mentioned, relying solely on the feedback
interconnection between the QZS and CMS systems ensures
that the overall system asymptotically converges to an equilib-
rium point where f, = —fu, significant force deviations exist
in practical applications. To address this issue, we introduce a
new controller that meets two main criteria: first, it must ensure
that the complete system, including the new controller, remains
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globally asymptotically stable; second, it must guarantee that
the force error f, = 0 at the system’s equilibrium region.
As the Fig. 8 depicts, denote the QZS, CMS and controller
as follows:
1) Subsysteml: QZS with input-output map f, — I cos 60
2) Subsystem2: CMS with input-output map I, cos 68 +
X, — _ﬁf
3) Subsystem3: Controller with input-output map f, — %,
The feedback interconnection matrix S is (49).

0-10
S=|101 (49)
0-10

Accodring to theorem 2, the necessary and sufficient
condition for the interconnected system to be globally asymp-
totically stable is equivalent to (50):

-2e1pr -p1+p2 O
-prtp2 2&py pp-p3| <0 (50)
0 D2 —Dp3 —2&3p3
Take matrix P = diag (1,1, 1) into (50) yields (51):
&1
& >0 (51

&3

Because QZS and CMS system is passive, the globally
asymptotically stablility of composite system is met by choos-
ing €3 > 0, which means that the SDS controller is passive.
Additionally, the selection of SDS controller should ensure that
the force error f, = O in the equilibrium region. Among the
various structures of passive controllers, fuzzy controllers are
widely employed in engineering practice due to their robust-
ness to parameter variations [50], [S51], [52], [53]. Therefore, in
this study, we exemplify a fuzzy PID controller for simulation
and experimental purposes.

Remark 4 We have demonstrated that as long as the SDS
controller is passive and its storage function’s stability region
encompasses the desired point, this class of controllers is
applicable for designing the GCS. The selection of a fuzzy
PID controller in this context is made for the convenience of
experimental implementation.

Take the SDS fuzzy controller as (52):

Xy = pfe + kdf;z + h(fes %)

where h(f,,x,) is the fuzzy controller. The two inputs of
the fuzzy controller are the force error f, and the movement
velocity x,, and the output is the regulation signal. Based on
prior knowledge, f, is divided into 3 fuzzy subsets, which are
labeled as NF, MF and PF. The fuzzy subsets of touchdown
velocity are also defined in terms of 3 language variables,
noted as LV, MV and HV. The output compensation velocity
is divided into 6 subsets as NHU, NMU, NLU, PLU, PMU
and PHU. The specific membership functions of fuzzy subsets
determine the inference results of fuzzy controller as Fig. 9
and Fig. 10. Trapmf membership functions are selected for
the force error and touchdown velocity input, while the trimf
membership functions are chosen for the compensation veloc-
ity output. The fuzzy inference rules are listed in Table II

(52)
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Fig. 9. Input membership functions of the fuzzy controller.

& [=NF--MF- PF — LV-- MV~ HV]
$1.0 — 1.0 =
c / \
S ! ‘\ )
g ! \ / \\
! \
Sos5f 1 \ {05 \ L REEE
[ U \ ! \
[} ¥ ’ \
Qo ! \ ! \
£0.0 —_— 0.0 L—= L
s -30 0 300 600 1200
Force Error(N) Velocity(mm/s)

§ [—=NHU--NMU- NLU — PLU— PMU —- PHU
51.0 == : 7

=4 N

=1 4 N

w ’ \

o 4 \

% 0.5F , AN .
@ ’ N

E 0. ! L * L L

2 -600 -300 00 600

3
Output Velocity(mm/s)

Fig. 10. Output membership functions of the fuzzy controller.

TABLE I
INFERENCE RULES OF THE FuzzY CONTROLLER

Input Output
Force Error  Touchdown Velocity ~ Compensation Velocity
NF LV NLU
NF MV NMU
NF HV NHU
PF LV PLU
PF MV PMU
PF HV PHU
1200

600

Velocity(mm/s)

0+ T .
-300 -150 0
Force Error|

600
U 0
T i -600
150 300
(N)

Fig. 11. Input-Output mapping surface of the fuzzy controller.

and the output versus input variables of the fuzzy controller is
shown in Fig. 11. The logical operators follows the Mamdani
style, where “And” operator is replaced by ‘“Min”, “Or”
operator is replaced by “Max”. The implication method is
chosen as “Min”, the aggregation method is chosen as “Max”
and the defuzzification method is chosen as “centroid”.

Take the candidate Lyapunov function of fuzzy control
system as (53):

v:%@ﬁ (53)
Take time derivative of V yields (54):
V =kifefe
= dufe = kpf? = Jeh (fer %) (54)
According to Fig. 11, the fuzzy controller satisfies

feh (fe,x,) = 0, which ensures the passivity of the fuzzy
controller. Meanwhile, with the existence of the fuzzy con-
troller, the equilibrium region of the GCS system is expanded
to include the point where f, = 0. By adjusting the fuzzy
membership functions and inference rules, the energy dissipa-
tion rate of the system can be further enlarged with the whole
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Fig. 12. GCS structure overview. (a)The GCS hardware overview. (b)The working status of the GCS. (c)Simulated lander used in the experiment. The rated

mass is 420kg and the rated spring stiffness is 11.2N/mm.

TABLE III
PROTOTYPE COMPONENTS MANUFACTURERS

Component Characteristics

SDS Motor Rated torque 93Nm, speed 2000rpm

SDS Driver Rated voltage 3x400V AC, current 104A
Reducer Gear ratio 1:4, inertia 24kgcrn2
Spring Stiffness 3.95N/mm x5, external diameter 97mm

Control PLC
Force Sensor
Force Acquisitor

Control loop 1kHz, CPU Intel Atom® 1.75 GHz
Sensitivity 0.5mV/V, relative linearity 0.5%
Sample rate 1kHz, resolution 24bit

energy unchanged to increase the convergence speed of the
system.

By incorporating the fuzzy controller (52) into the GCS
system, and take the matrix P = diag(l, 1, 1), the candidate
Lyapunov function of interconnected system is (55):

1
6
Take time derivative of V yields (56):

V=-T,|0]| - Cub® — 4" Cq — kpf} = foh (for %u) <O (56)

. 1 1 1
V = —mB# — fulysin + EqTMq + 5qTKq + 3k 12 (55)

It is clear that the interconnected system is globally asymp-
totically stable. Moreover, the equilibrium region of the system
is expanded to include the point where f, = 0. The fuzzy
controller ensures that the force error f, converges to zero
in the equilibrium region, which is beneficial for practical
applications.

IV. EXPERIMENTS
A. Experimental Setup

Based on previous analysis, a physical prototype of the
GCS has been constructed, as depicted in Fig. 12. The cable-
driven mounting base remains stationary when the GCS begins
operation. The simulated lander comprises an adjustable mass
and springs, designed to mimic the stiffness characteristics of
the lander’s legs.

The parameters of the main components are listed in
Table III. In the experiment, the lander initiates its descent
from a height of 4-12m above the ground with velocities
ranging from 0.4 to 1.1m/s. Due to the stiffness of the
lander’s legs, the touchdown process will extend over a certain

—A— actual —A— simulation]|

Touchdown Stage

L 280014 >SS 7 AR s )
oA A-oa. A
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Time(ms)
? 400
£
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(9}
= _400 AT
0 100 200 300 400 500 600 700
Time(ms)

Fig. 13. Touchdown experiment in 0.4m/s velocity.

TABLE IV
EXPERIMENT GROUPS AND RESULTS

Group Velocity — Target Force Stiffness Maximum Force Error
(m/s) N) (N/mm) N)
1(Fig.13) 0.4 2813 11.2 53.67(1.9%)
2(Fig.14) 0.6 2813 11.2 66.64(2.4%)
3(Fig.15) 0.8 2813 11.2 110.16(3.9%)
4(Fig.16) 1.1 2813 11.2 111.99(4.0%)
5(Fig.17) 0.4, 0.6, 2813 6.4 -50.42, -45.68, 41.95, 14.42
0.8, 1.1 (5.8%, 4.6%, 4.3%, 5.2%)
6(Fig.18) 0.4, 0.6, 2813 11.2 53.67, 66.64, 110.16, 111.99
0.8, 1.1 (1.9%, 2.4%, 3.9%, 4.0%)
7(Fig.19)  0.4,0.6, 2813 16 14.38, 78.57, 110.67, 119.63
0.8, 1.1 (0.5%, 2.8%, 3.9%, 4.2%)
8(Fig.20) 0.4, 0.6, 3341 11.2 14.02, 85.79, 150.0, 162.15
0.8, 1.1 (0.4%, 2.5%, 4.5%, 4.8%)

duration. Throughout this process, a 5/6 acceleration of Earth
gravity compensation is required. The maximum mass of the
lander is 420kg, hence the maximum compensation force
is 3430N.

To demonstrate the effectiveness of the control law, a
series of experiments are proposed under various conditions.
The experiment groups and results are listed in Table IV.
Initially, experiments are conducted at different touchdown
velocities(0.4 to 1.1m/s) and stiffness levels(6.4 to 16.0N/mm).
Next, to show the versatility of the proposed method, tests
with higher target forces are performed by replacing the
QZS springs, thus validating the method’s effectiveness under
various payload conditions. Finally, compared to tests using
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Fig. 14. Touchdown experiment in 0.6m/s velocity.
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Fig. 15. Touchdown experiment in 0.8m/s velocity.

only the QZS and SDS, the significance of the proposed
method for high-precision low-gravity simulation is confirmed.

B. Variable Touchdown Velocities Experiments

The touchdown experiments conducted at varying velocities
are depicted in Fig. 13 to Fig. 16. In all 4 experiments, the
target compensation force is set at 2813N, and the contact stiff-
ness between the lander and the ground is fixed at 11.2N/mm.
Throughout the touchdown process, the controller functions
to mitigate the force reduction caused by impact, with its
operation lasting approximately 400ms.

The experimental results indicate that an increase in the
lander’s touchdown velocity leads to a higher deviation in the
compensation force during the touchdown stage. For instance,
when the touchdown velocity is 0.4 m/s, the maximum devia-
tion of the GCS compensating force is 53.67 N, corresponding
to a force compensation error of 1.9%. Conversely, at a
velocity of 1.1 my/s, this deviation increased to 111.99 N,
resulting in a 4.0% error. Compare to the simulation results,
both the output force and velocity demonstrate consistency.

It is noteworthy that in the actual experimental results, force
curves fluctuate both before and after the touchdown stage.
Prior to entering the touchdown stage, the fluctuation occurs
due to the limited output response bandwidth of the SDS motor
in the physical world. As the touchdown velocity increases, the
feedforward force compensation error applied before ground
contact gradually intensifies. In simulations, this fluctuation is
absent since the motor’s internal torque regulation limitations
are not considered. Following the touchdown stage, the GCS
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Fig. 16. Touchdown experiment in 1.1m/s velocity.
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Fig. 17. Touchdown experiment with 6.4N/mm contact stiffness. Results of
velocity 0.4m/s-1.1m/s are shown.

controller stops operating and actively increases the motor’s
output force to maintain a minimal ground contact force for the
lander. Despite the fluctuation in compensation force around
the touchdown stage in actual experiments, the main objective
is to preserve the accuracy of the low-gravity simulation
environment for the lander during this critical phase. Thus,
this study primarily assesses the accuracy of the GCS com-
pensation force output during the touchdown stage.

In conclusion, both the simulation and experimental results
across various ground touchdown velocities affirm the robust-
ness of the proposed controller against variations in touchdown
velocity. Furthermore, the GCS can maintain a control error
of 4% even at a velocity of 1.1m/s.

C. Variable Touchdown Stiffness Experiments

To simulate the lander’s touchdown process under various
stiffness conditions, a series of experiments are conducted. The
results are depicted in Fig 17(6.4N/mm), Fig. 18(11.2N/mm),
and Fig 19(16.0N/mm). The compensation force is con-
sistently set at 2813N, while the velocity ranges from
0.4 to 1.1m/s.

Experiments with varying contact stiffness demonstrate that
lower stiffness results in a slower rate of force change during
touchdown. Specifically, at a contact stiffness of 6.4 N/mm,
the force error during touchdown is smaller than in the other
groups. Notably, there is a positive deviation in the control
force at velocities of 0.4 m/s and 0.6 m/s. Similarly, the
force error at 0.8 m/s and 1.1 m/s is also reduced, remaining
within 40 N at a contact stiffness of 6.4 N/mm.
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Fig. 18. Touchdown experiment with 11.2N/mm contact stiffness. Results of
velocity 0.4m/s-1.1m/s are shown.
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Fig. 19. Touchdown experiment with 16.0N/mm contact stiffness. Results of
velocity 0.4m/s-1.1m/s are shown.

In a hypothetical scenario with 0 N/mm contact stiffness,
which is equivalent to the lander undergoing free fall, the
system is designed to maintain its previous motion state,
keeping the lever stationary. This trend in the ideal experiment
closely aligns with the actual experimental results.

Comparing the 11.2 N/mm and 16 N/mm stiffness exper-
iments, it’s clear that the 16 N/mm case has a shorter
touchdown duration. Unlike the 6.4 N/mm results, this exper-
iment shows a longer touchdown duration. Analyzing the
3 groups with different ground contact stiffness levels, higher
impact velocities are seen to extend touchdown durations.
Across 3 stiffness conditions, the controller consistently main-
tains stable force deviation and high accuracy.

D. Variable Target Force Experiments

By increasing the lander’s mass to 409kg, the target com-
pensation force is set at 3341N, and the QZS’s output force is
fine-tuned by adjusting the springs. With a contact stiffness of
11.2N/mm, a series of touchdown experiments are conducted
at various velocities under the increased compensation force,
as illustrated in Fig. 20. The experiments with a target force
of 2813N(Fig. 18) and those with 3341N as the target force
exhibit similar outcomes. In the 2813N experiments, the peak
force error is 53.67N(1.9%) at a velocity of 0.4m/s, increasing
to 111.99N(4.0%) at 1.1m/s. Similarly, the 3341N experi-
ments demonstrate a maximum force error of 14.02N(0.4%) at
0.4 m/s and 162.15N(4.8%) at 1.1m/s. Furthermore, the dura-
tion of the touchdown process remains nearly identical in both
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Fig. 20. Touchdown experiment with 3341N target force. Results of velocity
0.4m/s-1.1m/s are shown.
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Fig. 21. Touchdown experiment of GCS compared with QZS and SDS in
0.4m/s velocity.

experiments. Consequently, it can be inferred that the proposed
controller is robust against variations in the lander’s mass.

E. Comparison Experiments With QZS and SDS

To assess the proposed GCS’s effectiveness, comparative
experiments are conducted at a touchdown velocity of 0.4m/s,
with a target force of 2813N and a contact stiffness of
11.2N/mm. The GCS’s control efficacy is compared against
the QZS and SDS force compensation results(Fig. 21), high-
lighting the GCS’s superior control performance.

The SDS exhibits significant fluctuations in force error
during the touchdown process, with a peak force error
of 550N, accompanied by pronounced oscillations. In contrast,
the QZS maintains a relatively stable force throughout the
touchdown process, with a compensation force error that is
relatively smaller compared to the SDS(approximately 250N),
albeit without a converging trend. Due to the absence of active
force regulation, the compensation force error increases further
as the touchdown phase progresses. Furthermore, the GCS
demonstrates a stable force deviation of approximately 40N,
with a maximum error of 1.4%.

The suboptimal control performance of the SDS is pre-
dictable. The high stiffness of the cable means that minor
position fluctuations, caused by the servomotor’s speed control
commands, lead to substantial force deviations at the endpoint.
This contributes to oscillations during motion. Addition-
ally, the unpredictable nature of the touchdown environment
impedes the controller’s ability to determine the exact moment
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of touchdown, preventing the enhancement of system response
speed through feed-forward compensation. Limited by the
control system’s bandwidth and exacerbated by the cable’s
high stiffness, the SDS demonstrates a narrow phase margin
and an inadequate response speed to force deviations during
touchdown. This results in significant force deviations.

Theoretically, the QZS should maintain a consistent force
in a quasi-static environment. However, practical challenges,
including friction and inaccuracies in spring stiffness, prevent
the QZS from realizing an ideal quasi-zero stiffness state.
The relationship between the QZS’s output force curve and
the lever angle is illustrated in Fig. 1. Within the specified
operational range, the QZS exhibits 2 primary issues:

1) hysteresis phenomenon in the force curve.

2) force-angle stiffness is 8.3N/deg instead of ON/deg.

The hysteresis observed in the force curve signifies that
the output force is influenced by the direction of the lever’s
movement, typically attributable to friction within the mech-
anism. When comparing the hysteresis force value of the
stiffness curve with the touchdown force curve from the
QZS experiment, it is evident that both exhibit a force error
of approximately 250N. This correlation suggests that the
accuracy of force compensation in the QZS is compromised
by frictional effects.

The non-zero force-angle stiffness is mainly due to the
inherent errors in the QZS mechanism. In practical exper-
iments, errors in spring stiffness lead to deviations in the
pre-tensioning length, introducing non-zero stiffness and ten-
sion deviations in the QZS. While this does compromise the
accuracy of the QZS, it is important to note that it also
broadens the system’s operational range. Ideally, a spring with
specific stiffness should be custom-designed for each pulling
force magnitude. However, by adjusting the pre-tensioning
length, a set of springs with specific stiffness, supported by the
SDS controller, can adapt to a wide range of target force vari-
ations with minimal compensation accuracy loss(theoretical
analysis is detailed in remark 1, where it is explained that the
force deviation fy due to QZS spring stiffness error may not
lead to the loss of QZS passivity). Our experiments showed
that a set of springs with specific stiffness could handle a force
range of approximately £50N.

V. CONCLUSION

This paper proposed a large-scale and high accuracy GCS to
provide a low-gravity environment for the lander touchdown
experiment. To address the limitations of traditional quasi-zero
stiffness(QZS) methods in terms of accuracy and operational
range, a servo-driven system is proposed and integrated with
QZS to form a composite system. The input-output dynamic
characteristics of the gravity compensation system(GCS) are
analyzed using passivity theory, providing a theoretical expla-
nation for the compensation errors in QZS. The conditions
for the global asymptotic stability of GCS are derived, and
a fuzzy controller is introduced to regulate the system’s
equilibrium point and convergence speed, ensuring rapid error
reduction in force compensation. With the proposed control
law, the maximum force compensation error is reduced from
13.9% to 4.0%, while the supported simulation range expands
from 800 mm to over 12,000 mm. Additionally, the robustness
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of the controller against external disturbances is demonstrated,
and parameter design guidelines for practical applications of
GCS are provided. Various physical experiments are conducted
on the experimental platform, verifying the effectiveness of the
proposed system. Compared to other low-gravity simulation
methods in Table I, this study achieves satisfactory perfor-
mance in terms of supported motion range, motion velocity,
and force compensation accuracy.
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