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Abstract

This study presents a dynamic balance control method for CT gantry systems using a high-fidelity
multi-body dynamics model with modal coupling effects. The gantry structure was modeled with 14
rigid bodies and 22 flexible modes identified from modal testing data. Unbalance disturbances
equivalent to 50-300 g-mm were introduced to evaluate system response. Simulation results show
that unbalance-induced vibration amplitudes increased by up to 62% near critical speeds. By
integrating modal feedback into the balance control algorithm, the proposed method reduced radial
vibration by 38.5% and rotational torque fluctuation by 41.3% across operating speeds from 0.5 to 2.5
r/s, improving mechanical stability and imaging reliability.

Keywords: CT gantry; multi-body dynamics; dynamic balance control; modal coupling; vibration
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1. Introduction

High-speed rotation is a defining characteristic of modern CT gantry systems and a major source
of mechanical vibration during clinical operation. As rotation speed increases, small mass
eccentricities arising from manufacturing tolerances, assembly deviation, or component replacement
can generate unbalance forces that grow rapidly near critical speeds. These forces induce radial
vibration and torque fluctuation, which may degrade image stability, increase mechanical wear, and
reduce system reliability during high-resolution and high-throughput scanning. With the continuing
trend toward higher detector density and faster rotation, gantry vibration has been identified as a
key limiting factor in further performance improvement of clinical CT systems [1,2]. Recent
investigations have shown that vibration behavior in CT gantry systems is strongly influenced by the
interaction between rotor unbalance, structural flexibility, and support conditions. In advanced CT
platforms, rotor balance, structural stiffness, and vibration measurement are closely coupled and
cannot be treated as independent tuning problems [3]. Studies employing multi-body dynamic
representations of CT gantries have demonstrated that unbalance-induced vibration response
depends not only on mass distribution but also on modal characteristics of the rotating structure and
its boundary conditions [4]. These findings highlight the importance of integrating dynamic
modeling and balance control when addressing vibration issues in high-speed CT gantry systems.

Accurate dynamic modeling therefore plays a central role in understanding and mitigating
vibration in CT gantries. In recent years, rigid—flexible multi-body dynamics has been widely adopted
in the analysis of rotating machinery to capture the coupled behavior of rotating frames, bearings,
and flexible structural components. Compared with purely rigid-body formulations, flexible multi-
body models are able to represent mode-dependent vibration amplification and speed-dependent
resonance phenomena with improved fidelity [5,6]. Research on rotor—structure interaction further
indicates that modal coupling can shift resonance frequencies and alter vibration patterns when
unbalance and structural flexibility coexist, especially in large rotating assemblies operating over
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wide speed ranges [7]. For CT gantry systems in particular, dominant vibration modes are often
sensitive to assembly preload, support stiffness, and operating speed. As a result, model accuracy
depends strongly on the selection and calibration of flexible modes used in dynamic analysis. Recent
studies have emphasized the benefit of incorporating experimentally identified or test-calibrated
mode sets into multi-body models, which improves the reliability of vibration prediction near critical
speeds [8,9]. Such test-informed modeling strategies are especially relevant for CT gantries, where
structural complexity and tight performance margins limit the effectiveness of purely analytical
mode extraction.

In parallel with advances in dynamic modeling, balancing and vibration control methods for
rotating systems have also evolved. Traditional influence-coefficient balancing approaches remain
effective for low-order systems and narrow speed ranges, but their performance degrades when
multiple vibration modes contribute to the response [10]. To address this limitation, modal balancing
techniques and identification-based strategies have been developed to reduce the number of trial
runs and improve balance accuracy across multiple operating speeds [11,12]. Closed-loop vibration
control schemes that explicitly account for modal contributions have also been proposed for rotating
machinery operating over wide speed ranges, where different modes dominate the vibration
response at different speeds [13]. In the context of CT gantry systems, several studies have explored
the application of multi-body dynamic modeling and balance control concepts to reduce unbalance-
induced vibration. While these efforts demonstrate the feasibility of model-based balancing, many
existing approaches rely on simplified structural representations, limited flexible mode sets, or
narrow operating speed windows. In addition, the relationship between modal coupling effects and
the design of balance control algorithms is often not explicitly addressed, and experimental
validation is frequently restricted to a small number of operating conditions [14]. These limitations
constrain the applicability of current methods to practical CT gantry design, tuning, and maintenance,
where robustness across the full operating speed range is required.

In this study, a dynamic balance control framework for CT gantry systems is developed based
on a high-fidelity rigid—flexible multi-body dynamics model with explicit consideration of modal
coupling. A test-informed flexible mode set is introduced to represent the dominant structural
dynamics across the full operating speed range. System response is evaluated under a defined range
of unbalance disturbances, with particular attention to vibration growth near critical speeds. On this
basis, a modal-feedback balance control strategy is implemented to suppress radial vibration and
torque fluctuation across operating speeds rather than at a single target speed. The proposed
framework establishes a direct link between measured modal characteristics, dynamic response, and
balance control design, providing a practical and scalable solution for vibration reduction in high-
speed CT gantry systems.

2. Materials and Methods

2.1. System Description and Study Objects

The analysis was carried out on a full-scale CT gantry system representative of clinical imaging
equipment. The rotating assembly included the gantry frame, X-ray tube, detector units, slip-ring
components and balance weights. For dynamic modeling, the system was represented by 14 rigid
bodies connected through joints and bearings, together with 22 flexible modes obtained from
experimental modal testing and reduced finite element models. The operating speed range was set
from 0.5 to 2.5 /s, covering conditions below, near, and above the first critical speed. Unbalance levels
between 50 and 300 g-mm were introduced to represent mass offsets caused by manufacturing
tolerance, component replacement, and assembly deviation.

2.2. Experimental Design and Control Configuration

A paired simulation scheme was used to examine the effect of modal-based balance control. Two
model sets were defined with identical structural layout, mass properties and operating conditions.
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The reference set applied a conventional balance method without modal feedback, using fixed
correction parameters. The test set incorporated modal coupling information into the balance control
law, allowing dominant flexible modes to influence control response. Both sets were subjected to the
same unbalance cases and rotational speed profiles. This design ensured that differences in vibration
response were caused by the control strategy rather than by structural or loading differences.

2.3. Measurement Methods and Quality Control

Modal properties of the gantry structure were obtained from experimental modal testing under
assembled boundary conditions. Accelerometers were placed at selected locations on the rotating
frame to measure frequency response functions. Natural frequencies, mode shapes, and damping
ratios were identified and used to calibrate the flexible components of the multi-body model. During
dynamic simulations, radial displacement, angular speed variation, and driving torque were
recorded at critical positions. Time-step sensitivity checks were performed to confirm numerical
stability. All simulations used consistent solver settings and validated material parameters to limit
numerical uncertainty.

2.4. Data Processing and Model Formulation

Dynamic response data were processed in both time and frequency domains. Radial vibration
amplitude was evaluated using the root-mean-square value of radial displacement over a steady
operating interval, expressed as [15]:

1 T
Ams= |7 f X2 () dt,
0

where x(t) denotes radial displacement and T is the evaluation duration. Torque variation was
described by a normalized index defined as
:Tmux 'Tmin
Tuvg ’
where Tpa Thin , andT,ye are the maximum, minimum, and mean driving torque within one
rotation cycle. These indicators were used to compare dynamic performance under different balance

control strategies.

2.5. Performance Evaluation and Comparison

For each speed and unbalance condition, vibration and torque indicators were averaged over
repeated simulation intervals to reduce transient effects. Percentage reductions in radial vibration
and torque variation were calculated to quantify control effectiveness. Results were examined across
the entire operating speed range rather than at a single speed point. This approach allowed
evaluation of control robustness and provided a consistent basis for comparing balance strategies in
CT gantry systems.

3. Results and Discussion

3.1. Speed-Dependent Vibration Response and Resonance Behavior

The vibration response varied strongly with rotational speed and did not scale linearly with the
applied unbalance. For identical unbalance levels, radial vibration increased rapidly as the gantry
approached the dominant resonance region. The maximum amplitude near this region was up to 62%
higher than that observed at off-resonant speeds. This behavior reflects the contribution of flexible
modes, whose participation increases when excitation frequency approaches modal frequencies.
Similar speed-dependent amplification has been reported in flexible-rotor systems, where balancing
effectiveness depends on modal shape and phase rather than on static mass correction alone [16].
Modal balancing practice illustrating trial-weight placement relative to dominant vibration modes.
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Figure 1. Radial vibration amplitude of the CT gantry across the operating speed range under imposed

unbalance.

3.2. Effect of Modal-Feedback Balance Control on Vibration and Torque

Introducing modal feedback into the balance control law reduced vibration over the entire
operating speed range rather than at a single tuned speed. Radial vibration decreased consistently as
speed varied from subcritical to supercritical conditions. At the same time, torque fluctuation was
reduced, indicating that structural vibration and drive-system dynamics were jointly suppressed.
Across all tested conditions, the modal-feedback strategy achieved an average reduction of 38.5% in
radial vibration and 41.3% in torque variation. This outcome agrees with recent studies on rotating
machinery, which show that control strategies incorporating modal information remain effective over
wide speed ranges, whereas fixed-parameter balancing often loses effectiveness near resonance
crossings [17]. Rotor configuration and coordinate definition used for vibration control design.

Afya Afyb

Sensor A Sensor B

Figure 2. CT gantry rotor layout and coordinate definition for vibration and torque evaluation.
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3.3. Influence of Rigid—Flexible Coupling and Modal Representation

The rigid-flexible model incorporating 22 identified modes reproduced the concentration of
vibration response near resonance and the smoother response away from critical speeds. This
confirms that structural flexibility plays a central role in CT gantry dynamics and cannot be neglected
once operating speeds approach critical regions. Models that ignore modal coupling may predict
general resonance trends but tend to underestimate response amplitude and control sensitivity.
Similar findings have been reported in recent flexible-rotor studies, where the completeness of the
modal set directly affects vibration prediction and controller performance [18,19]. These results
indicate that an accurate modal representation is necessary for reliable balance control in high-speed
gantry systems.

3.4. Comparison with Related Approaches and Remaining Limitations

Compared with recent data-driven or trial-weight-based balancing methods, the present
approach maintains a direct link between control action and physical modal behavior [20]. This is
particularly relevant for CT gantries, where operating conditions span a wide speed range and
structural properties may change due to maintenance or component replacement. While learning-
based methods can reduce balancing time, their performance depends strongly on training data and
may degrade when system dynamics drift. The main limitation of the present study is that the modal
set is restricted to 22 modes calibrated for the tested speed range. Higher-frequency modes and
transient operating conditions, such as rapid acceleration or deceleration, were not examined. Future
work should extend the model to include additional modes and transient regimes, as well as
experimental validation under long-term operating conditions.

4. Conclusions

This work analyzed the dynamic balance characteristics of a CT gantry system using a rigid—
flexible multi-body dynamics model that includes modal coupling. The results confirm that vibration
caused by mass unbalance rises sharply near critical speeds and cannot be described adequately by
rigid-body models. When modal feedback was introduced into the balance control scheme, both
radial vibration and torque fluctuation were reduced across the full operating speed range. This
indicates that balance control based on modal information is effective for suppressing speed-
dependent vibration in rotating gantry systems. The study clarifies the role of structural flexibility
and mode interaction in shaping the vibration response of CT gantries. The proposed control strategy
links balance correction directly to modal behavior, which improves stability from subcritical to
supercritical operation. From an engineering perspective, the approach can be applied to CT gantry
tuning and maintenance, where consistent balance performance is required under changing
operating conditions.
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