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Table 1. Comparison of existing electrohydraulic actuator modeling approaches. (Main text, Section 2.4)
	Reference
	Modeling method
	Constant Cd?
	CFD integration
	Transient fluid inertia
	Reduced-order model
	Validation method
	Main limitation

	Merritt [32]
	Classical lumped-parameter hydraulic control model
	Yes
	No
	No
	Yes
	Classical experimental benchmark
	Assumes fully turbulent orifice flow; no regime-dependent Cd(Re)

	Blackburn et al. [33]
	Quasi-steady orifice and flow-force model
	Yes
	No
	No
	Yes
	Experimental / analytical
	Neglects laminar–transitional–turbulent transition and unsteady inertia

	Ashoori et al. [9]
	Empirical / semi-empirical Cd correlation
	No; variable Cd(Re)
	Partial
	No
	Partial
	Experimental / correlation fitting
	Not embedded in a full actuator dynamic model

	Lisowski and Rajda [37]
	CFD-based valve flow-force analysis
	N/A; field-resolved
	Yes
	No
	No
	CFD; limited experimental comparison
	Mostly steady-state; no real-time ROM or closed-loop dynamics

	Vacca et al. [39]
	Numerical flow-force evaluation for spool valves
	Partial
	Yes
	Partial
	No
	Numerical / experimental
	Does not couple regime-aware metering to full system dynamics

	Rossi and Vacca [43]
	Multi-scale CFD-to-system modeling
	Partial
	Yes
	Partial
	Yes
	Experimental
	Lacks a continuous closed-form Cd(Re) closure and explicit transient-inertia propagation

	Garcia et al. [44]
	Predictive commissioning for high-bandwidth hydraulic systems
	No explicit Cd(Re) closure
	Partial
	Partial
	Yes
	HIL / experimental
	Limited micro-scale CFD physics

	Liang et al. [45]
	Physics-informed digital twin for valve prognostics
	Partial
	Partial
	Partial
	Yes
	Experimental / prognostic demonstration
	Targets health monitoring rather than high-bandwidth dynamic prediction

	Sitte et al. [46]
	Physics-informed machine-learning identification
	No explicit Cd(Re) physics
	No
	No
	Yes
	Experimental
	Extrapolation limited by the training domain; weaker physical interpretability

	This work
	Unified micro–meso–macro physics-informed framework
	No; CFD-derived Cd(Re)
	Yes
	Yes
	Yes
	Laboratory test, HIL, operating-condition emulation
	Validated on a laboratory NG10 sharp-edged geometry; isothermal, non-cavitating assumptions


Note. The table establishes that the contribution of this work is the unified coupling of regime-aware micro-scale metering physics, meso-scale flow forces, and macro-scale reduced-order dynamics, rather than the isolated invention of CFD or variable discharge-coefficient modeling.

Table 2. Geometric and physical parameters of the representative electrohydraulic actuator. (Main text, Section 3.3)
	Category
	Parameter
	Symbol
	Value
	Unit
	Source / note

	Valve architecture
	Valve type
	–
	NG10 four-way, three-position direct-drive spool valve
	–
	ISO 4401-05 manifold

	Valve architecture
	Spool diameter
	ds
	10
	mm
	Laboratory valve geometry

	Valve architecture
	Spool travel
	xv,max
	0–3.5
	mm
	Direct-drive stroke

	Valve architecture
	Pressure-sensitive spool area
	As
	78.5
	mm2
	NG10 spool geometry

	Valve architecture
	Prototype envelope
	–
	180 × 120 × 95
	mm
	Measured

	Valve architecture
	Prototype mass
	–
	2.4
	kg
	Measured

	Metering orifice
	Orifice type
	–
	Sharp-edged rectangular slot
	–
	Representative servo-valve metering edge

	Metering orifice
	Orifice length
	L
	1.0
	mm
	CFD domain

	Metering orifice
	Orifice depth
	d
	0.5
	mm
	CFD domain

	Metering orifice
	Slot width
	w
	10
	mm
	CFD / experiment

	Metering orifice
	Orifice opening range
	h
	0.3–3.5
	mm
	CFD / experiment sweep

	Mechanical spool
	Spool mass
	ms
	0.045
	kg
	CAD and scale measurement

	Mechanical spool
	Identified effective spring stiffness
	Ks
	1000
	N/m
	Static deflection test

	Mechanical spool
	Mechanical / fluid viscous damping
	Bs
	8
	N·s/m
	Step-response log-decay fit

	Hydraulic fluid
	Fluid type
	–
	ISO VG 46 hydraulic oil
	–
	Laboratory test fluid

	Hydraulic fluid
	Density
	ρ
	860
	kg/m3
	Datasheet / model assumption

	Hydraulic fluid
	Dynamic viscosity
	μ
	0.03
	Pa·s
	≈ 25 °C assumption

	Hydraulic fluid
	Cleanliness level
	–
	ISO 4406:18/16/13
	–
	Laboratory filtration

	Supply and flow
	Rated manifold pressure
	–
	21
	MPa
	Manifold rating

	Supply and flow
	Pilot relief pressure
	–
	18
	MPa
	Manifold specification

	Supply and flow
	Tested supply pressure range
	–
	15–21
	MPa
	Experimental matrix

	Supply and flow
	Maximum flow capacity
	Qmax
	55
	L/min
	Full-open condition

	Load emulator
	Load cylinder bore
	–
	32
	mm
	Double-acting cylinder

	Load emulator
	Load cylinder rod diameter
	–
	16
	mm
	Double-acting cylinder

	Load emulator
	Load stroke
	–
	100
	mm
	Load cylinder

	Load emulator
	Effective load mass
	mL
	1.5–2.5
	kg
	Adjustable inertial load

	Load emulator
	Load spring stiffness
	–
	≈ 5
	N/mm
	Spring–damper fixture

	Motor
	Motor type
	–
	12 V DC servo motor
	–
	Direct spool drive

	Motor
	Rated voltage
	Va
	12
	V
	Nominal

	Motor
	Armature resistance
	Ra
	3.5
	Ω
	Bench measurement

	Motor
	Armature inductance
	La
	1.2 × 10−3
	H
	AC impedance test

	Motor
	Torque constant
	Km
	0.086
	N·m/A
	Bench calibration

	Motor
	Back-EMF constant
	Kb
	0.086
	V·s/rad
	Equal to Km

	Motor
	Rotor inertia
	Jm
	2 × 10−6
	kg·m2
	CAD / coast-down

	Motor
	Motor viscous friction
	Bm
	5 × 10−4
	N·m·s/rad
	No-load test

	Motor
	Coupling radius
	r
	5
	mm
	Mechanical coupling

	Motor
	Continuous torque (manufacturer rating)
	Tcont
	3.7
	mN·m
	Manufacturer data

	Motor
	Peak dynamic torque inferred from step tests
	Tpeak
	0.45
	N·m
	Experimental inference

	Controller
	Controller
	–
	PIC16F877A, 4 MHz
	–
	Supervisory control

	Controller
	Drive PWM
	–
	500
	Hz
	H-bridge drive

	Data acquisition
	DAQ
	–
	NI CompactDAQ, 16-bit, 10 kHz
	–
	Phase-coherent dynamic identification


Note. The motor continuous torque (3.7 mN·m) is the manufacturer-rated continuous specification, while the peak dynamic torque (0.45 N·m) is the experimentally inferred maximum under transient step excitation. The identified effective spring stiffness Ks = 1000 N/m supersedes the nominal 0.5 N/mm catalogue value and is used throughout the model.

Table 3. Mesh independence, Richardson extrapolation, and Grid Convergence Index analysis. (Main text, Section 4.2.1)
	Opening h
	Mesh level
	Elements
	Cd
	ΔP (kPa)
	Deviation from fine mesh

	0.3 mm
	Coarse
	8,000
	0.486
	142.8
	4.1%

	0.3 mm
	Medium
	18,000
	0.512
	141.2
	0.4%

	0.3 mm
	Fine
	35,000
	0.512
	141.5
	Reference

	1.0 mm
	Coarse
	8,000
	0.621
	58.3
	2.9%

	1.0 mm
	Medium
	18,000
	0.638
	58.1
	0.2%

	1.0 mm
	Fine
	35,000
	0.638
	58.2
	Reference

	3.0 mm
	Coarse
	8,000
	0.656
	21.5
	1.8%

	3.0 mm
	Medium
	18,000
	0.662
	21.4
	0.1%

	3.0 mm
	Fine
	35,000
	0.662
	21.3
	Reference


Note. For the discharge coefficient, the medium and fine meshes agree to the reported precision, indicating asymptotic convergence. The medium mesh was selected for the 112-case production campaign because it reproduced the fine-mesh discharge coefficient within 0.4% at a fraction of the cost; the full campaign required approximately 48 hours on a 12-core workstation.

Table 4. Experimental instrumentation and measurement uncertainty. (Main text, Section 5.3)
	Instrument
	Measured variable
	Range
	Resolution / key specification
	Accuracy
	Sampling rate
	Approx. standard uncertainty
	Role in validation

	WIKA PS-23 pressure transducer
	Supply / load pressure
	0–25 MPa
	Transducer-grade output
	±0.5% FS
	1 kHz
	±0.07 MPa (Type B, rectangular assumption)
	Pressure drop, flow force, load pressure

	Micro-Epsilon ILD1700 laser sensor
	Spool displacement
	Short-range laser triangulation
	0.01 mm resolution; sub-μm repeatability reported
	Manufacturer specification
	1 kHz
	≈ ±0.003 mm (resolution-limited)
	Spool position, static metering, dynamic response

	Turbine flow meter
	Return-line flow
	5–80 L/min
	±1% accuracy
	±1% of reading
	100 Hz
	≈ ±0.32 L/min at 55 L/min
	Steady-state flow calibration

	Shunt resistor + instrumentation amplifier
	Motor current
	Laboratory drive range
	10 mΩ shunt, 0.1% tolerance
	±0.1% shunt tolerance
	1 kHz
	≈ ±0.1% of reading
	Torque inference

	Precision voltage divider
	Supply voltage
	0–15 V class
	Precision resistive network
	High stability
	100 Hz
	≈ ±0.1% of reading
	Power-rail monitoring

	NI CompactDAQ (NI 9172)
	Multi-channel acquisition
	16-bit analog inputs
	1 μs hardware synchronization
	16-bit quantization
	Up to 10 kHz
	±0.5 LSB quantization
	Phase-coherent Bode and transient identification


Note. Standard uncertainties are indicative Type B estimates based on manufacturer specifications and should be finalized according to ISO GUM propagation. All dynamic channels used for bandwidth identification were sampled at or above 1 kHz, with hardware synchronization minimizing inter-channel phase drift.

Table 5. Dynamic model parameters and identified constants. (Appendix A; first cited in Section 4.4.4)
	Parameter group
	Parameter
	Symbol
	Value
	Unit
	Identification method

	Spool mechanics
	Spool mass
	ms
	0.045
	kg
	CAD and scale

	Spool mechanics
	Effective spring stiffness
	Ks
	1000
	N/m
	Static deflection test

	Spool mechanics
	Mechanical / fluid viscous damping
	Bs
	8
	N·s/m
	Step-response log-decay

	Spool mechanics
	Pressure-sensitive area
	As
	78.5 × 10−6
	m2
	NG10 geometry

	Flow-force model
	Fluid density
	ρ
	860
	kg/m3
	ISO VG 46 datasheet

	Flow-force model
	Effective fluid-column length
	Le
	0.015
	m
	Geometry and transient pressure fit

	Flow-force model
	Jet deflection angle
	θ
	18
	deg
	CFD exit-plane velocity field

	Flow-force model
	Flow-force damping coefficient
	Kf
	1.2
	N·s/m
	Step-response fitting

	Flow-force model
	Distributed transient-inertia coefficient
	ρLe
	12.9
	kg/m2
	Reynolds-transport closure

	Flow-force model
	Equivalent lumped transient inertia
	Mt
	0.013
	kg
	Frequency-response identification

	Motor electromechanics
	Armature resistance
	Ra
	3.5
	Ω
	DC measurement

	Motor electromechanics
	Armature inductance
	La
	1.2 × 10−3
	H
	AC impedance at 1 kHz

	Motor electromechanics
	Torque constant
	Km
	0.086
	N·m/A
	Bench calibration

	Motor electromechanics
	Back-EMF constant
	Kb
	0.086
	V·s/rad
	No-load speed test

	Motor electromechanics
	Rotor inertia
	Jm
	2 × 10−6
	kg·m2
	CAD / coast-down

	Motor electromechanics
	Motor friction coefficient
	Bm
	5 × 10−4
	N·m·s/rad
	No-load rotation test

	Motor electromechanics
	Coupling radius
	r
	0.005
	m
	CAD measurement

	Hydraulic line impedance
	Line resistance
	Rline
	0.5
	bar/(L/s)
	Steady-flow pressure drop

	Hydraulic line impedance
	Line inertance
	Lline
	2 × 107
	Pa·s2/m5
	Step-response oscillation frequency

	Hydraulic line impedance
	Line compliance
	Cline
	0.5 × 10−9
	m3/Pa
	Hose volume and elasticity estimate

	Reduced-order effective
	Effective moving mass (lumped ROM)
	Meff
	ms + Mt = 0.058
	kg
	Lumped reduced-order model

	Reduced-order effective
	Effective damping
	Beff
	Bs + Kf = 9.2
	N·s/m
	Linearized ROM

	Reduced-order effective
	Hydraulic stiffness
	Kh
	3.5 × 107
	N/m
	Line-impedance coupling / identified ROM

	Reduced-order effective
	Effective stiffness
	Keff
	Ks + Kh ≈ 3.5001 × 107
	N/m
	Linearized ROM

	Reduced-order effective
	Natural frequency
	fn
	950
	Hz
	Closed-loop frequency response

	Reduced-order effective
	Closed-loop bandwidth
	fBW
	650
	Hz
	−3 dB point

	Reduced-order effective
	Damping ratio
	ζ
	0.65–0.75
	–
	Frequency-response fit

	Reduced-order effective
	Phase margin
	PM
	55
	deg
	Bode crossover


Note. The distributed transient-fluid-inertia coefficient ρLe = 12.9 kg/m2 appears in the Reynolds-transport flow-force expression Fx,trans = ρLe dQ/dt. The equivalent lumped inertia Mt = 0.013 kg is obtained after projection of the distributed fluid inertia into the reduced-order spool coordinate and subsequent frequency-response identification. Accordingly, ρLe must not be interpreted as a lumped mass, and Mt must not be obtained by direct numerical substitution of ρLe into the second-order mechanical equation without coordinate projection.

Table 6. Ablation study: influence of physics simplifications. (Main text, Section 6.5)
	Model variant
	Displacement RMSE
	Pressure RMSE
	Maximum overshoot
	Relative RMSE increase
	Phase-margin error
	Bandwidth / natural-frequency error

	Full model: Cd(Re) + transient inertia
	0.032 mm
	1.2 bar
	2.1%
	Baseline
	< 2°
	< 3.2%

	Constant Cd + transient inertia
	0.048 mm
	1.8 bar
	5.4%
	+50%
	Up to 18° near Re ≈ 1500
	Exceeds full-model bound

	Cd(Re) only, no transient inertia
	0.041 mm
	2.1 bar
	8.6%
	+28%
	Not separately archived
	10–15% natural-frequency error

	Baseline: constant Cd, no transient inertia
	0.072 mm
	3.4 bar
	15.3%
	+125%
	Up to 18° degradation
	Largest deviation; > 15% inferred


Note. RMSE and overshoot values are measured from 500 ms step-response tests with N = 5 repeats. The phase-margin degradation of approximately 18° is associated primarily with constant-Cd modeling in the transitional regime, Re ≈ 500–2500.

Table 7. Model validation summary. (Appendix B; cited in Section 6.7)
	Validation metric
	Experimental result
	Model prediction
	Error / deviation
	Acceptance criterion
	Status

	Cd(Re) correlation accuracy
	112 CFD / experimental comparison points
	Eq. (5) fit
	R2 = 0.978, RMSE = 0.022
	R2 > 0.95
	Pass

	Mesh independence
	Medium / fine mesh comparison
	Medium mesh selected
	< 0.4% deviation; GCI32 for Cd ≤ 0.02%
	< 1% deviation
	Pass

	Static metering agreement
	Measured Cd,exp
	CFD-derived Cd(Re)
	≈ ±2%
	±5%
	Pass

	Current–displacement linearity
	R2 = 0.998
	Linear small-signal assumption
	< 1% deviation
	R2 > 0.99
	Pass

	Displacement uncertainty
	±0.08 mm
	–
	–
	Consistent with sensor resolution
	Pass

	Rise time (10–90%)
	0.18 s
	≈ 0.18 s
	< 5%
	≤ 10%
	Pass

	Settling time (±2%)
	0.45 s
	≈ 0.45 s
	< 5%
	≤ 10%
	Pass

	Step-response overshoot
	2.1%
	2.1%
	< 1 percentage point
	≤ 5 percentage points
	Pass

	Natural frequency
	950 Hz
	955 Hz
	≈ 0.5%
	≤ 5%
	Pass

	Closed-loop bandwidth
	650 Hz
	650 Hz
	< 3.2%
	≤ 5%
	Pass

	Phase margin
	55°
	55°
	< 2°
	PM ≥ 45°
	Pass

	Magnitude error, 1–800 Hz
	Measured Bode
	Predicted Bode
	< 5%
	≤ 5%
	Pass

	Phase error, up to 600 Hz
	Measured Bode
	Predicted Bode
	< 10°
	≤ 10°
	Pass

	Robustness across pressure / load
	15–21 MPa, 1.5–2.5 kg
	Same operating matrix
	96.8% of predictions within ±3.2%
	≥ 95% within ±5%
	Pass


Note. Acceptance criteria are selected to be consistent with high-bandwidth electrohydraulic validation practice. The phase-margin criterion is intentionally conservative relative to typical aerospace-inspired stability-margin expectations [56], without claiming certification compliance.

Table 8. Comparison with published electrohydraulic actuator models. (Appendix B; cited in Section 6.7)
	Study
	CFD used
	Variable Cd(Re)
	Transient inertia
	Multi-scale coupling
	Experimental validation
	Maximum reported prediction error

	Merritt [32]
	No
	No
	No
	No
	Yes
	Not reported; constant-Cd assumption

	Blackburn et al. [33]
	No
	No
	No
	No
	Yes
	Not reported; quasi-steady model

	Ashoori et al. [9]
	Partial
	Yes
	No
	No
	Yes (correlation level)
	RMSE ≈ 0.022 for Cd fit

	Lisowski and Rajda [37]
	Yes
	Field-resolved
	No
	No
	Partial
	Not reported at system level

	Vacca et al. [39]
	Yes
	Partial
	Partial
	No
	Partial
	Not reported at closed-loop level

	Rossi and Vacca [43]
	Yes
	Partial
	Partial
	Yes
	Yes
	Not reported in unified bandwidth / phase-margin form

	Sitte et al. [46]
	No
	No explicit physics closure
	No
	Partial
	Yes
	Data-driven; extrapolation not fully quantified

	This work
	Yes
	Yes; closed-form Cd(Re)
	Yes
	Yes; micro–meso–macro
	Laboratory, HIL, operating-condition emulation
	< 3.2% bandwidth error; < 10° phase error up to 600 Hz


Note. The comparison emphasizes modeling capability rather than hardware certification. The present work is validated on a representative laboratory-scale direct-drive electrohydraulic actuator whose operating physics overlap with aerospace-relevant servo-valve conditions, particularly the transitional Reynolds-number regime.
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