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Abstract

With the rapid advancement of space technology, space missions have become
increasingly complex, significantly elevating the risk of failure. Accurate ground
verification is therefore essential. The key challenge lies in replicating the micro-/low-
gravity condition, where current air-bearing simulators can achieve high-precision five
degree-of-freedom (DOF) micro-/low-gravity simulation. However, in the gravity-affected
vertical axis, the support stiffness is difficult to reduce to near zero, the stable working stroke
is limited, and various complex disturbances exist. As a result, it is difficult to provide a
high-precision constant force over a large stroke to accomplish gravity offloading, which
has become a bottleneck restricting ground verification of spacecraft and even the leapfrog
development of the space industry.

This dissertation proposes a vertical microgravity simulation method for high-precision
ground verification of spacecraft. The method integrates a permanent-magnet quasi-zero-
stiffness (QZS) mechanism in series with a servo follow-up system and effectively
eliminates disturbances in vertical support and enables high-precision simulation over a
large stroke range. It consists of two key components: (1) a permanent-magnet QZS
mechanism that passively releases the vertical DOF of the simulated object within a small
stroke; and (2) a servo follow-up system that performs gravity offloading and parasitic mass
compensation during large-stroke motion.

By paralleling magnetic negative-stiffness springs with primary springs, a heavy-load
QZS support can be achieved. To overcome the challenge of designing wide-range, highly
linear negative-stiffness magnetic springs under magnetic nonlinearity, we propose a new
inverse design paradigm of magnet shaping. A microelement model and convolution
algorithm are developed for efficient 3D force computation between arbitrarily shaped PMs.
Crucially, a deconvolution-based magnet modulation method is proposed, which further
reduces the high-dimensional magnet design problem into a series of two-dimensional
optimizations, enabling programmable force and stiffness characteristics with extensive
design freedom. This extends the effective QZS stroke to the order of tens of millimeters.

A displacement-based servo control scheme is developed to eliminate simulation errors
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caused by residual stiffness and parasitic mass, which are critical for high-precision vertical
microgravity simulation. The controller integrates PID feedback, disturbance observation,
and zero-pole correction to maintain quasi-zero deformation of the QZS mechanism during
large-stroke motion for gravity offloading. Building on this, a local feedback loop is
introduced into the controller for parasitic mass compensation, where the deformation of
the QZS mechanism is adjusted according to the acceleration commands. In conjunction
with a linear extended state observer, the control system achieves decoupled disturbance
rejection and compliant tracking, effectively suppressing loop-induced oscillations and
ensuring both high-precision gravity oftfloading and stable mass compensation.

To validate the proposed method, a vertical microgravity simulation prototype is
developed and tested. Results show that the prototype accurately simulates spacecraft free-
floating and contact-rebound behaviors in microgravity, with high-precision performance
adaptable to various scenarios. Furthermore, a heavy-load vertical microgravity component
is developed to meet the ground verification needs of the “XX-2" small body exploration
and sampling mission. This component is integrated into the simulation system, enabling 6-
DOF simulation and providing strong support for ground verification of the probe landing
buffer conditions.

In summary, the proposed method offers three outstanding advantages: (1) a frictionless
QZS mechanism that passively releases vertical DOF within a small stroke and, through the
inverse design of magnetic spring, extends the stroke to ease servo performance
requirements; (2) a displacement-based follow-up control system that bypasses the accuracy
limits of heavy-load force sensors, enabling high-precision gravity offloading over large
strokes; and (3) a controller-level local feedback loop that generates virtual mass without
additional sensors or actuators, effectively eliminating inertia errors from parasitic mass.
This study provides valuable methodological insights and technical support for future

ground verification of advanced space missions.

Key words: Spacecraft ground verification; Micro-/Low-gravity simulation; Magnetic

quasi-zero stiffness; Gravity offloading; Parasitic mass compensation
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