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Abstract: In response to the common pain points in the traditional CNC machine tool spindle system, such as high-speed oscillation,
temperature rise loss control, stiffness attenuation, and mechanical and electrical matching disconnection, this study focuses on the
spindle system of small and medium-sized vertical machining centers. By integrating new technologies such as spindle multi physics
field simulation optimization, intelligent control of bearing dynamic clearance, mechanical and electrical collaborative inertia
matching, and active thermal compensation, the study breaks through the limitations of traditional single parameter static design and
constructs a comprehensive optimization system of spindle system consisting of "structural innovation+dynamic control+intelligent
compensation+mechanical and electrical collaboration™. Through innovative synchronous toothed belt elastic coupling transmission
structure, angular contact ball bearing speed grading clearance design, 38CrMoAIA spindle surface ion nitriding modification process,
combined with ANSY'S multi physics field simulation optimization of spindle support span, a semi closed loop servo system dynamic
inertia matching model is established to achieve high-precision and high stability operation of the spindle in the full speed range of
50-8,000rpm. The test results show that the optimized spindle rotation runout accuracy is < 1.8 p m, the temperature rise after running
at full load for 2 hours at 8,000rpm is only 5.2 °C, the torsional stiffness is increased by 45%, the transmission efficiency reaches
98.7%, and the tool change response speed is increased by 35%. This optimization scheme has been successfully applied to the mass
production of VL series vertical machining centers, with a surface roughness Ra < 1.6 p m of machined parts and a stable batch pass
rate of over 99.8%. It provides an engineering and replicable technical solution for high-performance innovative design of CNC
machine tool spindle systems, with significant technological innovation and industrial value.

Keywords: CNC machine tools; spindle system; multi physics field simulation; dynamic gap regulation; active thermal compensation;
mechanical and electrical collaborative matching; elastic coupling transmission
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