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EXECUTIVE ABSTRACT: Professional simulator steering wheelbases have fully transitioned from geared and dual-belt drivetrains to direct-drive
permanent magnet synchronous motors (PMSM). By mounting the steering rim directly onto an outrunner or industrial servomotor shaft, direct
drive eliminates belt compliance, mechanical backlash, and friction damping. This engineering dossier analyzes electromagnetic torque
generation, 22-bit optical encoder feedback loops, torque slew rate physics (Nm/ms), and cogging torque suppression.

Wheelbase Architecture Direct Drive PMSM (Industrial) Dual-Belt Drive (Brushless) Helical Gear Drive (Brushed)

Peak Holding Torque 15.0 - 25.0 Nm 6.0 - 8.0 Nm 2.2 - 3.5 Nm

Torque Slew Rate >9.5 Nm / millisecond 2.1 Nm / millisecond 0.6 Nm / millisecond

Mechanical Compliance Zero Backlash / Rigid Shaft Elastic Belt Stretching Gear Tooth Lash & Play

Encoder Resolution 22-bit (4,194,304 CPR) 16-bit (65,536 CPR) 12-bit (4,096 CPR)

1. Motor Electrodynamics & Direct Coupling

Traditional consumer wheelbases use high-RPM, low-torque motors paired with 1:5 to 1:10 belt reductions. While cost-effective, belts act as
low-pass mechanical filters, damping micro-vibrations and introducing elastic phase lag. Direct drive utilizes high-pole-count (typically 10 to 14 pole
pairs) industrial AC servomotors engineered for high stall torque, transmitting tire slip angles and curb textures with zero phase delay.

2. Field-Oriented Control (FOC) & Current Loops

Direct-drive controllers execute Field-Oriented Control (FOC) at loop frequencies of 20 kHz to 40 kHz. By decoupling stator current into magnetic
flux-generating direct-axis current (I_d = 0) and torque-generating quadrature-axis current (I_q), the motor controller delivers instantaneous torque
strictly proportional to software physics telemetry: Tau = 1.5 * p * lambda_m * I_q.
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3. Cogging Torque Ripple & Stator Skewing

A fundamental challenge in permanent magnet motors is cogging torque—the mechanical reluctance force caused by rotor magnets aligning with
stator teeth. In high-end wheelbases, stator laminations are dynamically skewed by half a slot pitch, or slotless stator windings are employed,
reducing residual detent torque ripple to under 0.02 Nm, ensuring buttery-smooth steering rotation.

4. Slew Rate Dynamics & Haptic High-Frequency Detail

Torque slew rate (measured in Nm/ms) defines how fast a wheelbase transitions between torque states. Direct drive systems routinely achieve
slew rates exceeding 9.5 Nm/ms, enabling instantaneous tactile recreation of curb strikes, ABS vibration cycles (50-100 Hz), and violent
snap-oversteer countersteering forces that lower-tier belt bases physically cannot accelerate fast enough to reproduce.

Key Strategic Architecture Takeaways
•  Direct-drive eliminated mechanical reduction stages, providing infinite mechanical bandwidth and zero elastic phase delay.

•  Field-Oriented Control (FOC) at 20-40 kHz current sampling ensures absolute linear torque reproduction across 0-25 Nm.

•  Stator slot skewing and algorithmic harmonic compensation attenuate cogging ripple below human tactile detection limits.

•  High slew rates (>9.5 Nm/ms) allow competitive racers to sense tire slip thresholds milliseconds earlier than belt systems.


